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characteristic was more than 30%. In predicting the horizontal distance of
the high point of the jet trajectory, the theoretical relationship and the
profile of Kawakami and USBR had an average error of less than 10%.
Theoretical relationships, Kawakami and USBR in estimating the
maximum height of the jet, have an estimate with an error of 23.7, 33.9, and
21.4% and according to the Nash-Sutcliffe criterion, none of these
relationships have been able to get a very good category.
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maintenance of this type of structure has made it
more practical. The purpose of this research is to
evaluate the various relationships related to the
prediction of jet trajectory characteristics, such as
the length of the jet along the water surface and
the edge of the bucket, the height of the jet and
the horizontal distance of the peak from the edge
of the bucket using the experimental data of two
models with different dimensions. In this
research, the accuracy of the relationships has

Introduction

The flow passing through the spillway, especially
during the flood, has the potential to destroy the
river bed due to excess energy. To depreciate this
kinetic energy and reduce its risks, they use
energy dissipiators structures. Flip bucket is one
of the energies dissipiators structures types,
which is of hydraulic engineers’ interest due to
its construction cost compared to other
structures. The ease of operation and
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been investigated and an attempt has been made
to introduce relationships with acceptable
predictions to be used in flip bucket design.

Material and Methods

In this research, the relationships of jet trajectory
prediction and the estimation of its geometric
characteristics are identified and the accuracy of
these relationships is evaluated. The relationships
evaluated in this research were USBR,
Kawakami, Gunko, Taraimovich and Gunko,
Lencastre, Attari, and Elvatorski. In this
research, two laboratory models with different
dimensions were designed and built in the
laboratory. The first laboratory model is made of
galvanized iron cut by CNC with 0.1 mm
precision. The width, height and length of this
model were 50, 45 and 49 cm. The radius of the
bucket is 15 cm and the edge angle is 45 °. The
second laboratory model has a height difference
between the overflow crest and the bottom of the
cup equal to 1.45 m, width 0.35 m, total length
1.94 m, edge angle 30° and bucket radius 0.36 m.
All cuts of this model are made by CNC. The
Bottom of this model is made of 2 mm fiberglass
and the walls are made of 4 mm thick glass. In
both models, grid plates and flow stabilizers are
installed between the inlet of the tank and the
weir to prevent the transfer of water turbulence
to the system. The chute before the bucket in the
first and second models had an angle of 55 and
44° with the horizon. The tests in the first model
1s done for the flow rates of 17.1, 14.8, 10.8, 7.5
and 4.8 1/s and in the second model it is done for
flow rates of 17.7, 15.5, 13.6, 12.9 and 9 I/s. The
Froude number range in these experiments was
from 6.8 to 12.3. The accuracy of relationships
was evaluated based on the statistical criteria of
coefficient of determination, R?>, Mean Squared
Error, MSE, Normalized Mean Square Error,
NMSE, Nash-Sutcliffe Effiency, NSE and Mean
Absolute Percentage Error, MAPE.

Results

In Fig. 1 the observed and calculated jet
trajectory profile is depicted by different
relationships for the maximum and minimum
flow, which are 4.8 and 1.17 1/s in the first model
and 9 and 17.7 1/s in the second model,
respectively. The predicted jet path by the
relations have higher error at low flow rates than
the higher flow rates. R, MAPE and NSE
criteria of the Kawakami relation for predicting
the jet path are 0.99, 28% and 0.98, these values
for the USBR relation are equal to 0.96, 22% and
0.94. MAPE criteria for USBR.
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Fig. 1 Observational and computational profile of the
jet trajectory for the a) first model Q=4.8 1/s b) first
model Q=17.1 I/s ¢) second model Q=9 d) second
model Q=17.7 I/s

Attari and jet theory profile in estimating the
length of the jet trajectory along the downstream
water level and the leve of the lip bucket have
been estimated with an error of less than 10%.
Other relationships did not have a good
prediction of this characteristic. The observed
and calculated values of different relationships
are included in Fig. 2.

MAPE criteria of theoretical relations, USBR,
Kawakami and Attari in estimating these
characteristics is less than 10%. These
relationships are in a very good category
according to the Nash-Sutcliffe criterion.
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MAPE criteria of Kawakami and USBR
(relationships in predicting the horizontal
distance of the peak point was 6 and 7%. This
criterion is equal to 23.7, 34 and 21% in
predicting the height of the peak point of
theoretical relations, Kawakami and USBR.
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Fig. 2 Observational and computational values of the
a) length of the jet trajectory along the downstream
water level and b) lip bucket level.

The range of coefficient in relation to USBR is
announced from 0.85 to 0.9. In different models,
this coefficient can be different or even out of the
declared range, which has caused errors in the
predicted profile and other predicted
characteristics of relationships. The cause of
error in some relationships such as Elvatorski is
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due to the failure to predict all the influencing
factors in the proposed relationship. Some
relationships have also been experimental and
unique to the studied models. The Attari relation
is based on models made with different sizes in
Iran’s water research center, and in this research,
it had acceptable predictions.

Conclusions
The most important results of the present study
can be expressed as follows:

1. In the -evaluation of the prediction
relationships of the exit jet path, it was found that
in terms of the NSE criterion, the Kawakami
relationship with the NSE criterion of 0.9
compared to the USBR relationship of 0.685 was
able to predict the jet path better.

2. In predicting the length of the jet trajectory
along the downstream water level, theoretical
relationships, USBR and Attari, the MAPE
criteria was less than 10%

3. In estimating the length of the jet trajectory
along the edge of the flip bucket, USBR, Attari
and Kawakami relationships have an MAPE
criteria of about 10%. This criterion has been
more than 25% in other relationships.

4. The average absolute value of the relative
error for theoretical relationships, Kawakami and
USBR in estimating the horizontal distance of
the peak point is less than 10% and in estimating
the peak height, it is 23.7, 33.9 and 21.4%. All
three relationships have a high error in projectile
height estimation, and according to the Nash-
Sutcliffe criterion, none of these relationships
have been able to obtain an acceptable criterion.

Data Availability
The data can be sent on request by the
corresponding author via email.
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Table 1 Statistical criteria related to the evaluation of different methods of estimating the length of the jet
trajectory along the downstream water level

Relationship name MAPE (%) R? NMSE MSE (m?) NSE
Theorical 5.8 0.992 0.009 0.004 0.991
USBR (1977) 7.2 0.993 0.043 0.020 0.957
Gunko (1965) 29.6 0.896 1.003 0.473 -0.003
Taraimovich and Gunko (1980) 37.5 0.488 1.695 0.799 -0.695
Attari (2002) 7.8 0.480 0.011 0.005 0.989
Lencaster (1985) 47.9 0.885 0.523 0.247 0.477
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Table 2 Statistical criteria related to the evaluation of different methods of estimating the length of the jet
trajectory along the edge of the flip bucket

Relationship name MAPE (%) R? NMSE MSE (m?) NSE

Theorical 10.4 0.984 0.035 0.006 0.965
USBR (1977) 6.9 0.984 0.054 0.009 0.946
Kawakami (1973) 7.4 0.985 0.021 0.003 0.979
Elevatorski (1959) 87.9 0.912 6.095 0.989 -5.095
Gunko (1965) 28.3 0.596 1.195 0.194 -0.195
Taraimovich and Gunko (1980) 35.9 0.013 2.098 0.340 -1.098
Attari (2002) 10.4 0.464 0.035 0.006 0.965
Lencaster (1985) 46.3 0.929 0.770 0.125 0.230
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Table 3 Observational and computational values of peak point coordinates in the first and second models

Xp (M) z,(m)
Model-Q (I/s) Observed Kawakami Theorical USBR Observed Kawakami Theorical USBR
Model1-4.85 L/s 0.219 0.21 0.209 0.19 0.072 0.111 0.105 0.101
Model1-7.51 L/s 0.23 0.25 0.254 0.23 0.089 0.136 0.127 0.125
Model1-10.8 L/s 0.285 0.29 0.286 0.26 0.115 0.156 0.143 0.144
Model1-14.8 L/s 0.318 0.31 0.308 0.285 0.133 0.171 0.155 0.159
Model1-17.1 L/s 0.34 0.32 0.318 0.29 0.143 0.178 0.159 0.166
Model2-9 L/s 0.488 0.465 0.453 0.425 0.118 0.144 0.131 0.126
Model2-12.9 L/s 0.613 0.635 0.622 0.565 0.151 0.193 0.179 0.167
Model2-13.6 L/s 0.638 0.664 0.648 0.605 0.157 0.2 0.187 0.181
Model2-15.5 L/s 0.688 0.725 0.713 0.665 0.166 0.219 0.206 0.198
Model2-17.7 L/s 0.738 0.795 0.78 0.725 0.177 0.239 0.225 0.217
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