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Introduction

A hydraulic jump is a phenomenon that
occurs in an open flow when the flow depth
expands suddenly from less than the critical
depth to greater than the critical depth (Chow,
2009). The jump in practice has many ap-
plications, such as energy dissipation of the
flow, sludge thickening unit of water treat-
ment system or water oxygen saturation by
mixing air into water etc.

““ngocnm@hau.edu.vn

The jump is characterized by three basic
parameters, which are the conjugate depths
(11, ¥») and the jump length. The jump length
is distinguished by the length of the roller zone
(Giglou, Giglou & Minaei, 2013) and the es-
timated length of the jump (Movahed, Mozaf-
fari, Davoodmaghami & Akbari, 2018).

For rectangular channels, the length of the
jump has been studied in many different cas-
es, the equations for calculating the length are
very plentiful and the equations have consid-
ered many factors affecting the length of the
hydraulic jump. Meanwhile, research on the
length of the jump in the isosceles trapezoidal
channel is still few and studies are still lim-
ited, the studies are shown in Table 1.
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TABLE 1. The studies of the jump length in the trapezoidal channel

References

Equation

Characteristics

Posey & Hsing (1938)

T,-T
L, :5y2[1+4 %J

1

where 7;=b+2m - y;

Trapezoidal channel, still basin.

X; is the distance from the toe of the jump to

the end of the trapezoidal channel.

L
L= 7.1(1+10M)
Silvester (1964) Vo= N Trapezoidal channel, still basin
where M = % <0.25
Raj L 508 -7.82
ajaratnam —=0. n—1. . . .
& Subramanya (1968) » Trapezoidal channel, still basin.
with Fr; > 4.4
L,
log,, Ej =1.71n+0315m+1.58
Ohtsu (1976) Trapezoidal channel, still basin.
AH
where AE =E| —Eyand 1 =?
1
Wanoschek L, 101 . . .
—+=9.75(Fr,—1 .
& Hager (1989) 5 ( i —1) Trapezoidal channel, still basin
L.
—L=69(1-a)
Afzal & Bushra (2002) | V> Trapezoidal channel, still basin.
where o = 2L
Va
L,
— =9.58Fr, —24.59 - tal ehannel with anele of sid
ooy | bl s
346 < Fr, <13.17 pe 7. < m
with 1-0.005<7<0.02
0.031<M <£0.093
L/
—+=997Fr,—0.307 Trapezoidal channel with angle of
4 side slope 73°, bed width 0.2 m and
< < af = i i
Siad (2018) with 2.09< Fr, £10.51 lenth Lj et .4 m. This channel is
00<X,<1.0 continuous with rectangular channel

has dimension of a bed width 0.6 m
and length 7 m.

Fatehi Nobarian, Haji-
kandi, Hassanzadeh &
Jamali (2019)

Relationship diagrams between geometric
features (L; and y,/y) and energy of the jump

in the trapezoidal channel.

Trapezoidal channel, still basin with
three types of side slopes (1 : 1,
1:0.58 and 1:0.26) and bed width
0.2m
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In this study, we are only focusing on ana- From Equation (3) to write:

lyzing the length of the jump after a spillway
in the horizontal trapezoidal channel with a B[Lr,%,b, m, FrDlj “)
side slope 1 : 1 and upstream Froude number Nenh
from 4.0 to 9.0 (steady jump).

:>L’:CI)(yZ,M1,FrD1j 5)

N N

Analyzing factors affecting the
jump length in the trapezoidal
channel

The momentum equation for the roller
zone of the hydraulic jump, as flowing:

Fi—F,—F.=M, - M, (1

where:

F\, F, —hydrostatic forces,
M, M, — momentum fluxes,
(in which Subscripts 1 and 2 represent the
upstream and downstream cross-section of
the hydraulic jump, respectively).

Equation (1) has been shown in some
studies about the hydraulic jump, such as the
study of Palermo and Pagliara (2017), Mova-
hed et al. (2018), in which integrated shear
stress (F';) is determined as follows:
=17 L. I_)

F 2

79 — average shear stress between the two
sections 1 and 2,
L, —roller length,

P —averaged of wet perimeter between
upstream and downstream sections.
Equation (2) was given by Frank (2016)
and Movahed et al. (2018) shown in studies
of the hydraulic jump.
According to P; theorem of Buckingham,
using Equation (1) for the horizontal trap-
ezoidal channel, it can be written:

](Lraylayb me,pa g) (3)

Equation (5) is consistent with experi-
mental studies on the jump length shown in
Table 1. Thus, the data that needs to be col-
lected on an experimental model for studying
the jump length include the sequent depths
(1, ¥») and the flow rate (Q).

Experimental setup

Experimental model was set up in the
Vietnam Academy for Water Resources
(KLORCE). The model consists of an ogee
spillway, a straight-line trapezoidal channel is
made of glass with the steel skeleton frame.

The experimental system (Figs. 1 and 2)
is designed with the components:

- Experimental tank (1): The water is con-
tinuously supplied to the tank by a pump,
with a supply flow equal to the flow over
the spillway.

- Spillway (2): is an ogee spillway and the
dimension of a 45 cm height, a 65 cm
width and radius of the toe R=1m.
The water flows through the spillway (2)
will create a supercritical flow, thereby
making the jump in the trapezoidal
channel (3).

- Trapezoidal channel (3): it has a smooth
bed, 0.55 m width, 0.8 m depth and 0.4 m
length with a side slope m=1:1, it is
placed horizontally and is set up with the
cross-section shown in the section (1-1).

- Downstream step (4): This is a hole 20 cm
deeper than the bottom of the channel,
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FIGURE 1. Plan of the experimental equipmen

FIGURE 2. Panoramic view of experimental model

@ Stabilizing water levels
® Control gate

FIGURE 3. Measuring data and hydraulic jump with Q= 118 1's™ and Frp,

used to create flow stability at the end of

the experimental model.

- Control gate (5): Controls the change of
water level in the channel (3), creating
different cases of the jump.

For each case of the jump in the trap-
ezoidal channel, the values to be collected
in the experiment include: the flow rate (Q),
the conjugate depths (v, ) and the roller

=4.19

length (L,). The conjugate depths were deter-
mined through a levelling staff (Fig. 3) and
a surveying equipment. The roller length (Z,)
is measured with a ruler, initially marking
the beginning of the jump (the position with
1), based on the observation of surface roller
and the water surface to determine the end of
the roller in the hydraulic jump. The experi-
mental values are shown in Tables 2 and 3.
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TABLE 2. Experimental data range

Parameter Symbol Unit Max Min
Discharge 0 m?s! 0.04 0.193
Initial depth of hydraulic jump R m 0.03 0.093
Secondary depth of hydraulic jump Vi m 0.141 0.396
Upstream Froude number Frp; - 35 8.9
Ratio coefficient of side slope and flow depth with bed width M - 0.169 0.058
TABLE 3. Data of the hydraulic jump in the trapezoidal channel of bed width b = 55 cm
L m-y, Y2 At

Value 5 M, = . Frp ¥, ¥,
Maximum 34.21 0.17 8.94 10.26 0.29
Minimum 14.49 0.05 3.55 3.48 0.10

Establishing an empirical
equation to determine the roller
length of the jump

Relationship between the jump length
and influential factors

Studying the factors affecting the jump
length, MS Excel 2019 software is used to
analyze the correlation functions, these rela-
tionships are expressed based on the largest
coefficient R%. The correlation relationships
between the characteristics of the jump are
shown as follows.

Effect of the conjugate depths

According to Figure 4, the correlation be-
tween the roller length (Z,) and the height of
the jump (v, — »;) is not high, the coefficient
R%is 0.72.

The height of the jump (v, — 1) has a re-
lationship with the jump length, this has been
shown in some studies of the jump length.
This relationship is shown in Figure 5.

The conjugate depths of the jump and the
jump length can have a rather deep relation-
ship, which is shown in the empirical equa-
tions for the jump length in rectangular and
trapezoidal channels.

The relationship between the jump length
and the conjugate depth features is shown in
Figure 5 and 6.

From the analysis charts (Figs. 5 and 6),
it is found that the relationship between the
jump length values and the conjugate depth
ratio is very close (R>>0.9), which is also
shown in the jump length equations in a pris-
matic channel. When the equation is estab-
lished to compute the jump length, the ratio
of the conjugate depths is also a necessary
and important parameter. The relationship
between the ratio L,/y, and y/y, or y,/y; is a
nonlinear function.

A general observation of the relationship
between the roller length ratio (L,/y1) with the
sequent depth ratio in Figures 6 and 7 shows
that these relationships are very strong, the
coefficient R > 0.9. Besides, Figure 5 shows
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FIGURE 5. Relationship between ratio L,/y; and y,/y,
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FIGURE 6. Relationship between ratio L,/y; and y,/y;

the relationship between the roller length
(L,) and the jump height (y, —y1) with the
coefficient R>=0.7 (moderate correlation).
Therefore, a relationship is to be found with
ahigher correlation coefficient by combining
the above analyzes. As a result of that, the

relationship between (L,/y;) and

( Yo =W )
. . i
is shown as Figure 7.

As shown in Figure 7, the correlation co-
efficient is very strong, the coefficient R? is
very large (R = 0.94), which shows the close
relationship of these factors with each other.
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FIGURE 7. Relationship between ratio L,/y; and ratio (y; —y1) / 11

Relationship between the roller length
and the inflow Froude number

The inflow Froude number is an impor-
tant parameter, from Equation (6) it can be
seen that the Froude number is closely re-
lated to the jump length.

From the experimental data of the physi-
cal model, we have the following relation-
ship presented in Figure 8.

The relationship between the ratio (L,/y)
and the inflow Froude number (Frp;) accord-
ing to Figure 8 is shown that the coefficient
R? is very strong (R*> = 0.93 > 0.9). Thus, the
relationship between the jump length and
Froude number tends to converge strongly,
which is consistent with some equations
for calculating the jump length in prismatic

40

channels and tends to be similar to studies
in the trapezoidal channel of Kateb (2014),
Siad (2018), Al-Fatlawi, Al-Mansori and
Othman (2020).

Relationship between the roller length
and Reynolds number

The Reynolds number is an important
parameter in the study of the flow, the Rey-
nolds number characterizes inertial and vis-
cous forces. The Reynolds number is also
a characteristic parameter for the flow state.
This relationship is expressed in Figure 9.

As shown in Figure 9, the relationship be-
tween the jump length and Reynolds number
is wide dispersion. Therefore, establishing the
relationship between the jump length and the

30 4

LYy,

20 1

10 iy

y =3.4615x + 4.4508
R*=0.9321

20 4.0

6.0 8.0
Fr

D1

10.0

FIGURE 8. The graph of the relationship between the ratio L,/y; and the inflow Froude number (F7p)

of the jump
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FIGURE 9. Relationship between the ratio L,/y; and the inflow Reynolds number

Reynolds number is not very meaningful and
it is difficult to establish the effect of the Rey-
nolds number on the jump length. This param-
eter is removed when analyzing the influenc-
ing factors in the jump length equation.

Relationship between the length
and the energy of the hydraulic jump

The jump length and the hydraulic jump
energy have a close relationship, which is
clearly shown in the empirical equations
for the jump length on the prismatic chan-
nel. The authors used the energy factor
to determine the empirical jump length
equation.

Comprehensively, to evaluate the factors
affecting the jump length, it is necessary to

define the relationship between the jump
length and the hydraulic jump energy. This
relationship is shown in Figures 10 and 11.

As the result in Figures 10 and 11, it
shows that the jump length is closely related
to the hydraulic jump energy, the coefficient
R? is very strong (R?>0.9). The relation-
ship between the jump length and the energy
has been demonstrated in the study of Ohtsu
(1976). This factor should be included in the
jump length equation.

Effecting the second depth on the roller
length of the hydraulic jump

From the above, it is shown that the ratio
between L,/yy is closely correlated with other
hydrodynamic factors of the jump. Consider-

40
y =-0.0268x? + 1.4666x+ 12.908 x
L R?=0.9139
30 T
- [
20 T
[ x
L =
B o B B B b e
0 5 10 15 20 25 30
AEly,

FIGURE 10. Relationship between ratio L,/y; and ratio AE/y,
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ing further the relationship between the jump
length and the downstream hydraulic jump
depth (1,).

As shown in Figures 12, 13 and 14, the
coefficients R is very small (R?<0.5), the
correlation is weak, the graph also shows the

dispersion of experimental points. So, this
relationship is not suitable to establish the
jump length equation.

From the analysis of empirical relation-
ships, it shows that Equation (6) clearly
presents the factors affecting the jump length,

°
N © y=4.7591x+3.2066 ©
o 8 R?=0.3917
°
3 Ll : L L L 4 :
0.10 0.15 0.20 0.25 0.30
Yily,
FIGURE 12. Relationship between the ratio L,/y, and y;/y,
5
a
“a , a y=-0.1527x+ 4.996
R?=0.4315
44"
~J
a
3 T T T
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Yty

FIGURE 13. Relationship between the ratio L,/y, and y,/y,
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FIGURE 14. Relationship between the ratio L,/y, and the ratio (y, — y1)/v;

thereby determining the basis for establishing
empirical equations about the jump length in
the smooth trapezoidal channel.

Establishing empirical equations

Based on the analysis of the relationship
between the influential factors and the jump
length, the measured data on the experimen-
tal model and the structure of the existing
equations were used to establish the roller
length equations in the trapezoidal channel.
Analyzing data and to build some empirical
equations in Table 4.

Analyzing and evaluating
the new experimental equations

Analyzing the observed data

Evaluating the experimental equations
(L,) according to strong statistical indicators
(MEA, MSE, RMSE, MAPE and R?) for the
experimental data is presented in Table 5.

The observation of Table 5 shows that
the coefficients R? of the empirical equations
are very strong (R” > 0.9). Evidently, the co-
efficient R? of the empirical equation L,4 is
not the largest (R?>=0.97), but the other sta-

TABLE 4. The empirical roller length of the hydraulic jump

Symbol | Equation R? Characteristics
L - AE
Ly | “-=2285+2.956Fr, +1.89622—1 01422 0.977 -
N Vi N
Ly L,.=1.850(1.716 + 10.872M)(y, — 1) 0.903 Silvester (1964)
L .
Ls L _ 495 Fr]o.gse +1.679 0.962 Rajaratnam & Subra.manya
Y (1968), Kateb (2014), Siad (2018)
0.276 2
Ly L 6607 [%J [1 - A;j Fris 0.970 -
N by 4,
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tistical indicators are in best level (MEA =
= 0.047, MSE =0.004, RMSE =0.062 and
MAPE = 4.8%)), so this equation will be used
to analyze the data of Wanoschek and Hager
(1989).

TABLE 5. Statistical indicators

Equation | MEA | MSE |RMSE| R* |MAPE [%]
Ly 0.098 | 0.015 | 0.121 |0.977| 10.395
L 0.079 | 0.012 | 0.111 |0.903| 8.138
L 0.186 | 0.043 | 0.207 |0.962| 18.333
Ly 0.047 | 0.004 | 0.062 |0.970| 4.846

Analyzing the testing data

Using data from the experiment of Wano-
schek and Hager (1989) with the bed width
0.2 m and side slope 1 : 1 to test the proposed
equation with the case of Froude numbers
from 4.0 to 9.0 and some data with condition
y1 <3 cm is to be removed.

The statistical analysis between the meas-
ured and calculated values is in Table 5.

As shown in Table 6, the calculation re-
sults of the empirical equation L,4 for the test-

ing data gave good results, in which the coeffi-
cients R? are strong (R? = 0.9), other statistical
indicators are also smaller than 0.11 and the
MAPE is 6.8%. This shows that the empirical
equation L, is very suitable in calculating the
jump length for the trapezoidal channel.

TABLE 6. Statistical indicators by Wanoschek
and Hager (1989)

Equation | MEA | MSE | RMSE | R*> | MAPE [%]

Ly 0.09710.013 | 0.113 | 0.892 6.844

The predicted and measured values of the
study are very concentrated and maximum
error within 10% (Fig. 15).

Applying the empirical equation L,4 to
the data of Wanoschek and Hager (1989),
has shown the agreement between the meas-
ured and calculated values, the largest error
is 12%.

In general, as the test results in Fig-
ures 15 and 16 show that the empirical
equation L,4 has good reliability when cal-
culating the hydraulic jump roller length
in the trapezoidal channel. The calculation
data error is about £10% compared to the
observed values.

2.0 1+ g
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0% e
” ”
a A,"‘10%
1.6 - -
8 ,/ ‘/
+= - -
2 L2A e
o - -7
T 12 4 > ’,’
el A& £ -
E "
.y Py e
038 S
’, /’,
’b”/
- e
04 T T T J
04 0.8 1.2 16 2

L, [m] measured

FIGURE 15. Comparison between the observed values and computed by the empirical equation Z,4
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FIGURE 16. Comparison between the observed values (Wanoschek & Hager, 1989) of the testing data

and those computed by the empirical equation L,4

Conclusions

Research on determining the roller length
in the trapezoidal channel plays an important
role in the design of constructions, which
uses the phenomenon of the jump. In prac-
tice, the jump length is often not determined
by theoretical equations, but through experi-
mentation to establish the equations.

In this study, empirical equations to de-
termine the jump length in trapezoidal chan-
nel has been established to serve as a basis
for studying the factors affecting the jump
length.

Since then, statistically, the factors af-
fecting the jump length have been drawn,
and through the experimental data of the
physical model, the correlation between the
roller length and the influential factors have
been found. It is relatively shown that close
relationship between the hydraulic jump
roller length and influential factors were de-
termined. The correlation coefficient of the
jump length with the inflow Froude number
is R =0.935, with the jump height (, — y;)
is R*=10.904, with the conjugate depth ra-
tio (y1/y; and yy/y;) of R>=0.9596 and

R?=0.972, respectively, with the energy dis-
sipation ratio (AE/y,) is R* = 0.915.

Based on the multivariable nonlinear
analysis for the factors affecting the jump
length, the empirical equation L,4 has been
established based.

The results of the analysis of statistical
indicators show that the empirical equa-
tion L,4 has the best indicators compared
to the remaining equation, such as the coef-
ficient R>=0.97 (very strong correlation).
The evaluation criteria such as MEA, MSE,
RMSE, have values of 0.047, 0.004 and
0.062, respectively, which is the smallest
in comparison to all equations, especially
the mean absolute percentage error is very
small (MAPE = 4.8%). Thus, the empirical
equation L,4 has great efficiency in calcu-
lating the jump length in the trapezoidal
channel.

The result of testing with data of Wano-
schek and Hager (1989) also showed that
the calculation efficiency of the formula is
very strong: the R? ~ 0.9 (strong correlation);
other statistical indicators are also very close
to zero (MEA=0.097, MSE =0.013); the
MAPE is very small (6.8%).
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In this study, it is proposed to use the em-
pirical equation L,4 to calculate the hydraulic
jump roller length in a horizontal trapezoidal
channel in the case with the side slop 1:1
and the inflow Froude number from 4.0 t0 9.0
(the steady jump). From there, it will serve as
a basis for the design of the energy dissipa-
tion construction or the other constructions
using the hydraulic jump phenomenon.
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Summary

Experimental study of the hydrau-
lic jump length in a smooth trapezoidal
channel. The paper showed the result of
investigation of the hydraulic jump length
in a trapezoidal channel. In this study, the
basic factors that affect the length (L)) and
roller length (L,) of the hydraulic jump were
investigated by a physical trapezoidal chan-
nel’s model. The experiment carried out in
purpose to establish a new empirical equa-
tion for calculating the roller length (L,) of
the jump in the horizontal trapezoidal chan-
nel with the upstream Froude number 4.0 to
9.0 (the steady jump). The hydraulic charac-
teristics of forced jump were measured and
statistically calculated using MS Excel soft-
ware. The results of data analysis showed
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that the MAPE was relatively small (< 5%),
and R? > 0.9 (strong correlation between pre-
dicted and observed values) and other statisti-
cal indicators are less than 0.1 (MSE = 0.004,
RMSE =0.062, MEA =0.047). Therefore,
the equation found could be appropriated
and applied to calculate characteristics of
hydraulic jump trapezoidal channel.



