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Abstract
The water flow over a dam spillway has a lot of energy, and if this energy is not dissipated, the flowing water can cause dam-
age to the dam and downstream structures. One way to dissipate this extra energy is to expel water jets into a plunging pool. 
In the present study, the trajectories of free-falling jets are investigated both numerically and experimentally. Ansys Fluent 
software is used for numerical simulation, and laboratory work is carried out in the hydraulic laboratory of University of 
Tabriz, Iran. The results showed that a free-falling jet in a laboratory experiment has a shorter trajectory than its calculated 
value using projectile equations and simulations using Ansys Fluent software; this difference is because of air resistance. 
By reducing the outlet cross section of the free-falling jet and increasing the head passing through the dam spillway, the 
free-falling jet reaches the ground at a greater distance from the dam body. Since none of the equations presented for cal-
culating the trajectory of jets have been obtained using laboratory results and have not considered air resistance, they over 
estimate by 21%, the trajectory jet. In the present study, equations are provided to calculate the trajectory of a free-falling 
jet including air resistance. The simulation results also showed that the velocity experiences a 247% increase compared to 
the velocity at the end of the dam overflow, when hits the ground. This increase in velocity requires more attention in the 
design of stilling basins at the end of dams.
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1  Introduction

Falling jets are one of the most important issues in hydraulic 
structures. Often these jets enter the plunge pool and lose 
their energy. The main mechanism of energy dissipation is 
the scattering of the jet into the air, followed by the entry 
of air into the jet, and finally the scattering and turbulence 

of the jet at the plunge pool (Salmasi and Abraham 2022). 
Falling water jets have a core that projects some distance and 
causes pressure increases on the bed and the wall of the pool. 
Along its trajectory, the jet core gradually shrinks because 
of the infiltration of air and from turbulence and eventually 
breaks apart (Salemnia and Fathi Moghadam 2019).

A falling jet with a velocity of v0 is launched from the 
dam crest. Considering the dam crest as the origin of the 
coordinates, the vertical position equation is taken from 
(USBR 1960):

In Eq. 1, x and y are the coordinates of the lower edge 
of the jet, v0 is the initial velocity of the jet, θ0 is the initial 
angle of the jet from the horizon (zero if the jet is horizon-
tal, positive if the jet issues upward, and negative if the jet 
is initially inclined downward), and g is the gravitational 
acceleration. When the jet begins horizontally (the initial 
angle of the jet from the horizon is zero), the equation is 
simplified as follows:

(1)y = x tan �0 −
gx2

2v2
0
cos2 �0
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These equations describe the motion of a projectile 
that is not affected by air resistance. In fact, the trajectory 
length calculated from these equations is greater than their 
true value due to air resistance. By placing hv = v0

2/2g, we 
can write:

The trajectory of the upper surface of the jet can also 
be easily calculated by adding the thickness of the watery 
jet (t0), assuming that the velocity and orientation angle 
are the same at the lower edge of the jet. This means that 
the jet does not spread as it falls. That is, the cross section 
stays constant. 

In Eq. 4, t0 is the thickness of the watery jet (USBR 
1976). It should be noted that although the above equa-
tion has used in the past, in reality, there is a shrinkage of 
the core of the jet along its path of motion; this fact limits 
the accuracy of Eq. 4. In the case of free fall of water 
from a dam, an equation similar to the equation of the jet 
trajectory is presented in the book Design of Small Dams 
(USBR 1960), which is used in the design of chutes in 
open canals, spillways, and other situations.

where d is the flow depth. Equation 5 describes the trajec-
tory of a free jet. This equation is modified by a factor of 
K. Research has shown that K values less than or equal to 1 
(0.9 and 0.75 are usually recommended) provide the best jet 
trajectory (closer to reality). Equation 5 has also been used 
in the book Design of Gravity Dams (USBR 1976), the book 
Design of Arched Dams (USBR 1977) and in Annandale 
(2006) to predict the free jet trajectory of water from a dam.

Salmanzadeh et al. (2016) investigated the path of a free 
jet and provided equations for determining their kinetic 
distribution, regardless of the frictional force of the air. 
The following equation was provided to calculate the 
downward jet trajectory under pressure:

In Eq. 6, h0 is the initial velocity head of the projectile.

(2)y = −
gx2

2v2
0

(3)y = x tan �0 −
x2

4hv cos
2 �0

(4)y = t0 +x tan �0 −
x2

4hv cos
2 �0

(5)y = x tan �0 −
x2

4K(d + hv) cos
2 �0

(6)
y

h0
= −0.162

(

x

h0

)2

− 0.415

(

x

h0

)

+ 6.68

A dimensionless equation was proposed by the US Army 
Corp Engineers (USACE 1964) to calculate the free-fall jet 
trajectory; Eq. 7 shows the resulting dimensionless equation.

Figure 1 provides a photograph of Karun III dam in Iran. 
This figure shows free-falling jets from dam spillways (left 
and central sides) as well as dam outlets. A large amount of 
air entrainment can be seen in flow that creates a two-phase 
air–water mixture.

Davis et al. (1999) proposed similar equations to calcu-
late the upper nappe of water flow in a free-falling jet. They 
determined the initial velocity upstream of the edge of the 
free jet. Rouse (1943) referred to the Froude number in an 
upstream section and showed that the thickness of the verti-
cal jet is almost constant. Wahl et al. (2008) examined and 
compared the trajectory of the free and pressurized falling 
jets. The results showed that when calculating the trajectory 
of a free jet, the initial velocity of the jet (V0) or the initial 
velocity head (h0) should always be used. The incomplete 
model that forms the basis of Eq. 5 should not be used to 
describe a free jet. Rouse (1936) conducted a laboratory 
study of free-fall flow from spillway. The results showed 
that the flow should pass from the critical depth on the crest 
and fall from the crest as a supercritical flow. Rouse (1936) 
showed that a flow with a depth of yb = 0.715 yc is thrown 
from the edge of the spillway crest. (In this relation, yc is 
the critical depth on the spillway and yb is the depth at the 
end of the spillway (spill site).) Henderson (1966) provides 
an excerpt of early work in this area, including the Delleur 
(1956) results on a spillway shown in Fig. 2.

In practice, to determine the depth and velocity at the 
point of flow on the spillway crest (depth and velocity are 
required to calculate the jet trajectory), the spillway equa-
tion Q = CLH1.5 is used. In which Q is the discharge, C is the 
discharge coefficient, L is the length of the spillway, and H 
is the depth of the water over the spillway crest. The critical 
depth (yc) corresponding to the discharge is calculated from 
yc = (q2/g)1/3, where q is the discharge per unit width of the 
crest (q = Q/L).

The depth of water on the crest and at the location of the 
free-falling jet can be determined by using the equations 
given by Delleur (1956) or Rouse (1936), and the velocity of 
the flow at the crest and in the falling jet can be determined 
from the continuity equation. It should be noted that because 
the critical flow produces the minimum specific energy for 
a given flow rate, the specific energy at the edge of the spill-
way, where the flow is supercritical, will be greater than 
the specific energy in the critical section. This seems para-
doxical, but since the pressure distribution at the edge of the 
spillway is not hydrostatic, the specific energy at the edge is 

(7)
x

hv
= sin 2�0 + 2 cos �0

√

sin2 �0 +
y

hv



Iranian Journal of Science and Technology, Transactions of Civil Engineering	

1 3

not obtained from the simple sum of yb + vb2/2g. If the pres-
sure distribution at the edge of the spillway was hydrostatic, 
the flow would return to the dam (the flow would move from 
more energy to less energy), but since the pressure distribu-
tion is not hydrostatic, the flow would fall from the spillway 
crest.

Salemnia et al. (2019) investigated the length of jet frac-
ture and the parameters affecting it. The results showed that 
the velocity at the jet collision site is maximal and gradually 
decreases with distance from the collision site. The lowest 
speed and pressure as well as the lowest average fluctuations 
occur for the smallest jet diameters, which is related to a 
more substantial effect of air resistance.

Fluent software is one of the most powerful applied 
computational fluid dynamics (CFD) software and has been 
used to model fluid flow and heat transfer in complex geom-
etries. This software makes it possible to change the mesh 
completely and analyze the flow with unstructured meshes 
for complex geometries (Ansys Fluent 2015). Among the 
research done with CFD, the following studies are stated.

Yildz et al. (2020) modeled a broad-crested weir both 
experimentally and numerically using Ansys Fluent soft-
ware. An experimental and numerical simulation of flow 
over stepped spillways was carried out by Salmasi and Sam-
adi (2018) using Fluent numerical model, and the investiga-
tion of the effect of upstream and downstream face slopes 
of a broad-crested weir was carried out by and Malekzadeh 
et al. (2022) using Fluent. Salmasi et al. (2022) investi-
gated of wavelet flow conditions and flow rate coefficient 

Fig. 1   Photograph of free-falling jets in Karun III dam in Iran

Fig. 2   Ratio of water depth at the crest of a spillway to the critical 
depth for sloping and horizontal flows (Delleur 1956; Rouse 1936)
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in rectangular broad-crested weir using the Ansys Fluent 
software. Despite this past research, it appears that no stud-
ies have been performed on the trajectory of free-falling jets.

In the present study, the characteristics of free-falling 
jets are investigated using physical models and CFD. In the 
above referenced literature and equations, the effect of air 
resistance has not been studied. In the present study, the 
effect of air resistance on the free-falling jet trajectory is 
investigated with a goal of improving the accuracy of jet 
trajectory predictions. To calculate the jet more accurately, 
air resistance is incorporated into the equations using coef-
ficients. (In other words, the projectile motion equations 
are obtained in conditions where the effect of air resistance 
on the trajectory of the projectile is not taken into account. 
Therefore, the trajectory length calculated using the pro-
jectile equation (Eq. 3) is greater than its actual value due 
to the effect of air resistance. In the present study, Eq. 3 is 
modified to predict the trajectory of the projectile with less 
error.) The effect of the width of the outlet cross section 
of the free jet and the head passing through the dam to the 
jet is examined. A comparison is made between the equa-
tions presented by prior researchers, and the results of the 

laboratory and numerical studies of the present work will be 
used to calculate the trajectory of a free jet.

2 � Material and Methods

2.1 � Geometric Specifications of the Physical Model

In the present study, experiments were performed in the 
hydraulic laboratory of the Faculty of Agriculture, Depart-
ment of Water Engineering, University of Tabriz, Iran. A 
cubic tank with a length of 2 m, a width of 1.5 m, and a 
height of 1.2 m was used as a reservoir. A rectangular broad-
crested weir was installed on this tank. At the downstream 
section, a flume was installed to transfer water to the main 
underground reservoir. In upstream section, a vertical cylin-
drical water tower was provided to supply the water needed 
to simulate the downstream free-falling jet. To provide the 
height required for the fall of the jet, the water tank was 
elevated 2 m. Parameters that affect the launch jet trajectory 
are listed in Table 1. Figure 3 shows a schematic diagram 
of the laboratory arrangement for measuring the trajectory 
of the jet.

In Fig. 3, x and y are the coordinates of the lower edge of 
the jet (in the present study, the coordinates origin is at the 
end of the broad-crested weir), Xmax is the maximum range 
of the free-fall jets, and Hovertop is the water head over the 
spillway (overtopping head).

A camera was used to capture the data of the free-fall jet 
crash route. In this way, after establishing the flow of falling 

Table 1   Range of parameters used in study

Parameter V0 (m/s) Hovetop (m) D (m) Xmax (m)

Maximum 1.55 0.22 0.12 1.15
Minimum 0.30 0.03 0.01 0
Average 0.85 0.15 0.06 0.65

Fig. 3   Schematic of the free-falling jet laboratory facility
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jet from the dam spillway (a rectangular broad-crested weir 
installed on the tank), photographs were taken of the trajec-
tory of the falling jets. The x and y coordinates of the falling 
jets in these photographs were extracted using Plot-Digitizer 
software. The first four specific points on the image whose 
x and y values are known are entered into the software, and 
the coordinates are extracted. Thus, the coordinates of the 
trajectory of the falling jets are obtained. It should be noted 
that the discharge of the jet fall was measured by a volumet-
ric method in all experiments. It is necessary to explain that 
in each of the experiments of the present study, the water 
level inside the tank is fixed. When the water level inside the 
tank is constant, the initial jet velocity (V0) and head passing 
through the structure (overtopping head) remain constant.

The software used in the present study was calibrated, 
and numerical simulations were performed for the models. 
Table 1 shows the range of parameters in the present study.

In the above table, Hovertop is the water head over the spill-
way (overtopping head), V0 is the initial velocity of the jet, 
Xmax is the maximum range of the free-fall jets, and D is the 
width of the outlet of the free jet.

2.2 � Numerical Simulation with Fluent software 
(Governing Equations)

The basis of the numerical method is the solution of flow 
equations including continuity and momentum equations, 
which are known as Navier–Stokes equations. For an incom-
pressible flow with a constant viscosity, the equations are 
written in the form of Eqs. 8 and 9, respectively (Nourani 
et al. 2021).

In the above equation, Ui and Uj are the components of 
the velocity vector in the spatial direction i and j, P is the 
pressure, ρ is the fluid density, and δi,j is the Kronecker delta. 
(If i = j, its value is one, and otherwise its value is zero.) 
The first expression to the left of Eq. 9 is the transient term, 
and the second expression is the convective term. The first 
expression of the right of Eq. 9 is the pressure term, and the 
second expression is the Reynolds stress.

2.3 � Numerical Model

To incorporate turbulence, the k–ε (RNG) turbulence model 
was used. Readers are directed to Gorman et al. (2021) 
and Abraham et al. (2021) for a review of computational 
fluid dynamic models, turbulence approaches, and the 

(8)
�

� Xj

(Ui) = 0

(9)
�Ui

�t
+ Uj

�Ui

� Xj

=
1

�

�

� Xj

(−P �ij −�Ui Uj)

development of computational fluid dynamics. For solving 
free surface flow equation, the void of fluid (VOF) method 
was used (Hirt and Nichols 1981). To discretize the pressure 
expression, the pressure implicit with splitting of operator 
(PISO) method and the second-order upward (SOU) method 
were used to discretize the momentum expression. Numeri-
cal simulation of a flow passing over a broad-crested weir 
in an open channel is a two-phase and turbulent flow. The 
transfer ratio of the fluid fraction is expressed by Eq. 10.

This method is predicated on the fact that two or more 
fluids do not combine. So, the coordinates and values of 
each cell represent one of the phases, and the value of the 
relative volumetric fraction (F) varies from 0 to 1 depending 
on the concentration of a particular fluid species in the cell. 
If the cell is full of air, the value of the volume ratio is zero 
(F = 0). On the other hand, if it is completely full of water, 
F = 1. If the cell has both fluids contained within it, then 
0 < F < 1. For such a cell, it contains a free surface within it 
(Ansys Fluent 2015).

2.4 � Meshing and Boundary Conditions

In a numerical simulation, the computational mesh can affect 
the model results. In this section, the effect of mesh on mod-
eling results is investigated. To create the mesh, Gambit soft-
ware was used. The two-dimensional geometry of the model 
was designed, and then the solution domain was discretized 
with square-shaped elements.

A mesh-independence test was performed, and the appro-
priate number of elements was selected. It was found that 
with an increase in the number of elements from 314 to 
20,526, the difference between laboratory and numerical 
results decreased, as expected. When the number of elements 
exceeded approximately 16,000, the difference between the 
laboratory and numerical results no longer changed. There-
fore, in this simulation, the appropriate number of elements 
was 15,860, and the number of nodes was 16,157. Table 2 
shows the influence of element number on the jet trajectory 
for a constant hydraulic and geometric profile.

In the Table 2, N is the number of elements, Xmax-S is the 
maximum range of the free-falling jets that obtained from 
simulation, and Xmax−E is the maximum range of the free-
falling jet that obtained from experiments. According to 
Table 2, when the number of elements exceeded 15,860, the 
difference between the laboratory and numerical results no 
longer changed. Therefore, in this simulation, the appropri-
ate number of elements was 15,860.

The issue of free-falling jets is related to the drag force 
or the air resistance force against the movement of the 

(10)�F

�t
+

�UiF
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falling jet. Numerical simulation of a falling jet in an 
open channel is a two-phase flow. According to Table 2, 
it can be seen that the difference in the range of the free-
falling jets is still significant between simulations and 
experiments even by applying the relatively finer mesh 
by 15,860 elements. The reason for this difference can be 
due to the lack of air resistance force in this simulation. 
In Table 2, air resistance has not affected the trajectory 
for free jets in the calculations. In the simulation of resist-
ance force, the object must be placed against the moving 
flow or the moving object in the still fluid. In the Fluent 
software, to apply and calculate the resistance force on 
the object, that part of the object must be introduced to 
the software from the beginning. In falling jets simula-
tion, the water jet is formed by the software after solving 
the model. Before solving the model, it is not possible to 
introduce this part to apply air resistance. For this reason, 
the effect of air resistance on the trajectory of the falling 
jet has not been applied in the Fluent software.

Another important issue in numerical simulation 
is the proper definition of boundary conditions (BCs). 
The boundary condition at the inlet is an applied pres-
sure value. At the outlet flow location, a zero pressure 
is applied. At the downstream side of the rectangular 
broad-crested weir, a water pressure flow limit condition 
was used. In addition, the BCs at the channel invert and 
rectangular broad-crested weir inner surface were wall 
boundary conditions with a roughness of 0.0001 mm. At 
the channel top, the condition was a zero outlet pressure.

At the upper boundary of the channel, both zero pres-
sure conditions and symmetry conditions were used, and 
there was no difference in the results. The depth, veloc-
ity, hydraulic radius, and upstream turbulence intensity 
are entered into the software, and the openness of the 
upstream canal is determined. The computational mesh 
and the boundary conditions are shown in Fig. 4. Time 
step integration was carried out using a time step of 
0.001 s and continued until it reached steady conditions.

3 � Results and Discussion

3.1 � Proposed Equation for Trajectory of Free‑Falling 
Jet

One hundred experiments were performed with different 
discharges and widths of different sections. In total, 1600 
data points (x and y locations) were extracted from the 
trajectory of the jet. Figure 5 shows an example of the 
trajectory of free-falling jet. In Fig. 5, x and y coordinates 
were normalized with hv in which hv refers to velocity 
head and is defined by Eq. 11. In Eq. 11, V0 is the initial 
free-falling jet velocity (m/s) and g is the acceleration due 
to gravity (m/s2).

It can be seen that the trajectory length calculated using 
Eq. 3 is greater than its actual value because air resistance 
is ignored. In other words, the actual value of the projectile 
range is shorter than the value obtained from Eq. 3 due 
to air resistance. By analyzing the laboratory results and 
comparing it with the results of the projectile equation, it 
was found that the trajectory of the falling jet extracted 

(11)hv =
V0

2

2g

Table 2   Meshing independent test in the present study

N Xmax−S(m) Xmax−E(m) Xmax−S−Xmax−E

314 1.157 0.483 0.673
1582 1.148 0.483 0.665235
4341 1.129 0.483 0.645
6768 0.978 0.483 0.494
11,865 0.944 0.483 0.461
15,860 0.792 0.483 0.309
18,375 0.791 0.483 0.308
20,526 0.791 0.483 0.308 Fig. 4   Computational mesh and boundary conditions
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Fig. 5   Trajectory of a free-falling jet (laboratory measurements and 
projectile equation)
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from the equations, compared to its true value (laboratory 
data), has an average error of about 21%.

When the jet begins horizontally, the governing equation 
for the projectile is Eq. 2. By simplifying Eq. 2, the trajec-
tory of the jet plane at different altitudes is obtained from 
the following relation:

This equation describes the motion of a projectile that 
is not affected by air resistance. To incorporate the effect 
of air resistance on the range of the falling jet, Eq. 12 is 
modified to be:

In Eq. 13, ξ modifies the trajectory of the free jet. Labo-
ratory data were used to derive the equation to correct the 
trajectory of the jet plane. Approximately, 75% of the data 
were used for training (1200 data), and 25% of the data were 
reserved for testing (400 data). In order to achieve an equa-
tion that can correct the trajectory of the jet fall with reduced 
error, various equation forms were examined with Eq. 14, 
and the selected modified form is as follows:

In Eq. 14, y is the fall height of the free-fall jet and hv is 
the velocity head (m) defined by Eq. 11. Given the constant 
coefficients of Eq. 14, it is observed that the effect of the 
fall height is less than the approaching velocity (by a factor 
of 2). At the same time, these two factors work in opposite 
directions. By combining Eqs. (13) and (14), the trajectory 
of the jet plane is obtained as Eq. 15.

Equation 15 is a relation for predicting the trajectory of 
the jet plane (range of the falling jet from any altitude). In 
fact, Eq. 15 is the transform of Eq. 2 with a modification 
term (ξ) to account for air resistance. In addition, to Eq. 15, 
different relationships were fitted to predict the trajectory of 
the free-falling jet, and finally Eq. 16 is presented to calcu-
late the position of the jet.

In Eq. 16, x and y are the coordinates of the lower edge 
of the jet, D is the width of the outlet of the free jet, P is the 
height of the drop from the ground, and Hovertop is the head 

(12)x = 2
√

(−y) hv

(13)x = 2
√

(−y) hv − �

(14)� = −0.092hv + 0.041y

(15)x = 2
√

(−y) hv − (0.092hv − 0.041y)

(16)

x
D

= −0.1835
y
D

− 0.00072
( y
D

)2
− 0.04 P

D
− 0.000077

( P
D

)2

+ 5.833
Hovertop

D
− 0.573

(Hovertop

D

)2

− 0.00016
y × P × Hovertop

D3

passing through the structure. To investigate the accuracy of 
Eqs. (15) and 16), two scatter plots are provided for experi-
mental data (Fig. 6).

According to Fig. 6, it can be seen that most of the data 
are located near the semicircle of the first region, which 
indicates the accuracy of the relationships at calculating the 
trajectory of the free jet. Also, the high value of the correla-
tion coefficient (R) of these graphs shows the high accuracy 
of these graphs in predicting the trajectory of the free jet.

3.2 � Results of Numerical Simulations

Figure 7 shows the trajectory of the free-falling jet from 
the start until a steady state is achieved. In the figure, the 
spillway height is 2 m, the spillway crest length is 0.5 m, 
the spillway head height is 31 cm, and the upstream flow 
velocity of the canal is 0.15 m/s. In the figure, red colors 
correspond to water-filled regions, whereas blue cells are 
air-filled. Mixed cells (including air and water) are indicated 
by other contour colors.

Figure 7 shows the water surface profile in which the two 
phases (air and water) are separate. It can be seen that after 

(a) Scatter plot of Eq. (15) data using the test data (25% of data) 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

x 
(e

qu
at

io
n 

15
)

x (experimental)

R=0.945 
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Fig. 6   Scatter plots for test data. a Scatter plot of Eq. (15) data using 
the test data (25% of data) b Scatter plot of Eq. 16 data using test data 
(25% of data)



	 Iranian Journal of Science and Technology, Transactions of Civil Engineering

1 3

about 0.25 s, the jet reaches the end of the broad-crest weir, 
and after about one second, the falling jet hits the spillway 
toe. After 10 s, the jet reaches a steady-state condition. Also, 
according to Fig. 7, some of the free-falling jets returns 
toward the spillway face (the black rectangle in Fig. 7), and 
some moves downstream of the canal.

In the numerical simulation of rectangular broad-crested 
weir, if the wall condition is selected for the downstream 
side of the rectangular broad-crested weir, after the model 
is solved by the Ansys Fluent software, the falling jet sticks 
to the body of the structure. In this situation, the falling 
flow loses its projectile shape. In numerical simulations of 
the present study, at the downstream side of the rectangular 
broad-crested weir, a water pressure flow condition to aerate 
the weir and prevent the water jet from sticking to the body 
of the weir was used. According to Fig. 3, in the laboratory 
work, aeration is not required for rectangular broad-crested 
weir, and air is between the falling jet and weir. Figure 8 

shows the inlet and outlet hydrographs in the simulated 
channel.

According to Fig. 8, the steady-state flow is 30 l/s. It can 
be seen that initially, no flow leaves the system; however, 
the outflow flow slowly increases until it reaches equilib-
rium with the inlet flow, as required for steady state. In other 
words, after 10 s, the amount of discharge that enters the 
channel is equal to the amount of discharge that leaves the 
channel, a requirement for a steady-state condition. Figure 8 
shows that for short instances, the exit flow exceeds the inlet 
discharge. When the free-falling jet hits the ground, some 
of the discharge returns to the structure. The reason for this 
increase in flow is the return of water from the toe of the 
dam to the outlet. In other words, in the hydrograph of Fig. 8 
and in the 7th second, the outlet flow rate from the model 
is higher than the inlet. At the beginning, when the free-
falling jet hits the ground, some of the discharge returns to 
the structure (according to Fig. 7b). When this flow hits the 
rectangular broad-crested weir, it moves downstream again. 
The reason for this increase in flow in 7th second is the 
return of water from the toe of the weir to the outlet.

Figure 9 shows the flow velocity contours after numerical 
simulation and after reaching a steady state (after 10 s) in the 
above flow conditions.

As shown in Fig. 9, the velocity is increased over the 
spillway and the flow velocity at the end of the spillway crest 
is 2.51 m/s and after the flow separates from the spillway and 
forms a free-falling jet and the jet collides with the bottom 
of the canal. The velocity at the end of the canal and in a 
position above the point of impact to the ground reaches its 
maximum value of 6.2 m/s. It can be noted that upstream of 
the broad-crested weir has been simulated as a dam reser-
voir, and thus, the approach velocity behind of weir is near 
zero as indicated in legend of Fig. 9.

In fluid mechanics, pressure is the normal force applied 
to a surface. Static pressure (sometimes called hydrostatic 
pressure) is the pressure exerted by a fluid at rest. This fluid 

Fig. 7   Free-fall jet trajectory in numerical simulation
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can be liquid or gas. Since the fluid does not move, the static 
pressure is the result of the weight of the fluid or the gravi-
tational force on the fluid particles. Dynamic pressure is 
a pressure associated with the movement of the fluid. In 
other word, dynamic pressure is dependent on fluid velocity 
and Bernoulli’s principle and is one of the terms of Ber-
noulli’s equation. In fluid dynamics, total pressure is equal 
to the sum of two dynamic and static pressures of a free 
flow. It should be noted that after simulating the flow of a 
free-falling jet in the Ansys Fluent software, by selecting 
each of these pressures, the software presents their values to 
the user. Figures 10a–c shows the static, dynamic, and total 
pressures (in Pascal or N/m2), respectively.

According to Fig. 10a, it is observed that downstream 
of the dam, the static pressure at the point of impact of the 
jet is higher than other points downstream of the dam. Fig-
ure 10b shows that the dynamic pressure increases due to 
the increase in velocity downstream of the channel. The total 
pressure, which is the sum of dynamic and static pressure, 
is shown in Fig. 10c. It can be seen that the total pressure 
upstream is mainly due to static pressure and downstream 
caused by both static and dynamic pressures.

Fig. 9   Velocity contours
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3.3 � Comparison of the Trajectory Equations

In this section, the free-fall jet trajectories are examined and 
compared using the laboratory results and numerical simula-
tions. In addition, the comparison includes results from other 
researchers (Fig. 11).

Figure 11 shows the trajectory of a free-falling jet under 
the conditions specified in the diagram using various rela-
tionships and laboratory data as well as data extracted 
from numerical simulations. In addition, an ogee spillway 

with the same water height on the spillway was designed 
for this comparison. Valuable studies have been performed 
by USBR (1987) to design this type of dam spillway. 
Based on data from this organization, the Water Research 
Institute at USACE has provided several shapes to deter-
mine the downstream curve in ogee spillways. If a general 
ogee spillway is considered, the curve in front of the crest 
of this type of spillway (the downstream face) follows 
Eq. 16 (Kabiri Samani and Bagheri 2014). In the present 
study, Eq. 16 is used to draw the curve in downstream of 
the spillway crest including vertical upstream face.

In Eq. 17, x and y are the coordinates of the spillway 
invert, the origin of which is at the highest point of the 
crest, and H is the design head. In laboratory conditions, 
various factors affect the trajectory of the free-falling jet, 
one of the most important of which is air resistance. The 
air resistance causes a force to be applied to it against the 
direction of motion of the impinging jet, and the trajec-
tory traveled by the impinging jet is less than the value 
calculated using different equations. According to Fig. 11, 
it can be seen that if the laboratory data are considered as 
a basis, the minimal error corresponds to the equations 
extracted in the present study (Eq. 15, 16), and the highest 
error is related to Eq. 5.

In addition, according to Fig. 11, the trajectory of the 
free-falling jet extracted from Eq. 3 and the equation pre-
sented by the US Army Engineers (Eq. 7) corresponds 
very well with the curve of the downstream crest of the 
ogee spillway and the simulated trajectory in Ansys Flu-
ent software, and these three trajectories are close. The 
trajectory calculated using Eq. 5 with k = 0.9, and also 
assuming d + hv = Hovetop has a large error compared to 
laboratory data.

Equation  5 may seem simple at first, because it is 
obtained by a change in Eq. 3. In the case of flow passing 
through a dam, if the losses are ignored, d + hv is approxi-
mately equal to the head passing through the dam. Com-
paring Eqs. 3 and 5, which are obtained directly from the 
projectile motion equation, it can be seen that these equa-
tions are not equal even when K = 1. When K = 1, Eqs. 3 
and 5 are dimensionally similar but are not numerically 
equal. Equation 5 will be true if the entire head passing 
through the dam (Hovertop) is converted to the velocity head 
(hv). As a first approximation, for flow through the dam, 
the depth and velocity must be critical. Further confusion 
arises because most citations that use Eq. 5 do not clearly 
define the terms d and hv in the text. If Eq. 5 is used, 
the falling jet profile becomes less steep and gentler. (The 

(17)
(

x

H

)1.85

= 2 ×
( y

H

)

Fig. 10   Pressure change contours (numerical values in Pascals)
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distance between the jet colliding point in the plunging 
pool and the dam body increases.)

None of the publications presenting this equation has 
a specific reason for including the term depth. In general, 
the accuracy of the equations presented in the present 
study are superior to other equations. Also, the trajectory 
extracted from Eqs. 3 and 7, as well as the ogee spillway 
curve, has more acceptable results than numerical simula-
tions and other equations.

The graph in Fig. 11 is randomly selected from about 
100 experiments series. Table 3 presents the statistical 
characteristics for total data.

According to Table 3, it can be seen that if the labora-
tory data are considered as a basis, the minimal error cor-
responds to the equations extracted in the present study 
(Eqs. 15, 16), and the highest error is related to Eq. 5.

3.4 � Effect of Head and Cross Section Width 
on Falling Jet

By increasing the flow velocity and according to the pro-
jectile equation (Eq. 1), the distance of the falling jet 
impact with the river bed increases. In addition, for a con-
stant discharge, the flow velocity decreases and the falling 
jet range decreases with increasing cross-sectional width. 
Figure 12a, b shows the trend diagram with increasing 
width for a fixed discharge and increasing the discharge for 
a fixed width on the range of a falling jet at a height of 2 m 
from the edge of a rectangular broad-crest weir.

According to Fig. 12a, b, it can be seen that for all 
three cases studied (laboratory data, data obtained from 
numerical simulation and projectile equation), by increas-
ing the cross-sectional width of the rectangular broad-crest 
weir, the lesser the range of jet. With increasing discharge 
through the spillway, the range of the jet increases. In other 

Fig. 11   Trajectory compari-
son, present equations, present 
experiments, and prior predic-
tive equations
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Table 3   Trajectory error comparison, relative to the laboratory data 
(for total data)

Data and equations RMSE Relative error (%)

Laboratory data of the present study 0 0
Equation 16 0.21 3.02
Equation 15 0.95 9.14
Overflow spillway (Eq. 17) 1.67 18.05
Equation 3 1.88 19.35
Equation 7 1.88 19.34
CFD 2.1 25.5
Equation 5 2.9 38.95
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words, for a constant discharge, with increasing width, the 
place where the jet falls to the ground surface is closer to 
the toe of the dam, and for a constant width, with increas-
ing discharge, the place where the jet falls to the ground 
surface is farther from the toe of the dam.

4 � Conclusions

Few studies have been done on the trajectory of falling jets 
over storage dams. In the present study, the trajectory of 
falling jets was investigated experimentally and numeri-
cally. The height of the falling jet over the dam spillway 
in the laboratory model was 2.5 m. The results show that 
the trajectory of falling jets is affected by air resistance, 
and the range of falling jets in laboratory work is less than 
the values calculated by various equations that omit air 
resistance.

Also, the effect of the passing head on the dam and 
the width of the flow passage section on the range of the 

free-falling jet was investigated, and the results showed 
that decreasing the width at constant discharge and 
increasing the passing head over the dam at constant 
width increased the falling jet range. Also, Eq. 5, which 
has been used in various sources, should not be used to 
determine the direction of a jet downfall. Also, Eqs. 15 
and 16 (presented in the present study, respectively, with 
R = 0.945 and RMSE = 0.95 for Eq. 15 and R = 0.969 and 
RMSE = 0.21 for Eq. 16) incorporate most parameters 
involved in free-falling jet and can be used to predict the 
trajectory satisfactorily.

The simulation results also showed that the velocity 
and pressure of the flow at the point of impact of the jet to 
the toe of the dam have its maximum value that should be 
considered in design.
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Fig. 12   Effect of width and 
discharge on the domain of a 
free-falling jet

(a) The effect of increasing the width for a constant discharge on the range of the jet plane 

(b) The effect of increasing the discharge for a constant width on the range of the jet plane
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