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Siphon Break Phenomena
Associated With Pipe Leakage
Location
This work investigates the siphon break phenomenon associated with pipe leakage loca-
tion. The present study is divided into two parts: (1) an unsteady three-dimensional (3D)
computational fluid dynamics (CFD) model is developed to simulate the pressure head
(water level) and discharge in the simulated siphon using the volume-of-fluid (VOF) tech-
nique under no-leakage condition and (2) using the model developed in the first part we
investigated the siphon break phenomenon associated with pipe leakage location. The
calculated results of transient water level and discharge rate at the simulated siphon for
the no-leakage condition were in good agreement with the experimental measurements.
In addition, the velocity, pressure fields, and phase fractions in the siphon pipe were ana-
lyzed in depth. The methodology and findings presented show that leakage above the
hydraulic grade line and close to the top inverted U section of the siphon pipe ultimately
leads to the siphon breakage, which is not the case for a leakage below the hydraulic
grade line. It is also concluded that if leakage is above the hydraulic grade line and the
leakage position is far away from the upper horizontal section of the siphon pipe, it may
not lead to the immediate siphon breakage as ingested air gets removed with siphoning
water, allowing it further time to cause complete siphon breakage.
[DOI: 10.1115/1.4054654]

Introduction

A siphon essentially consists of an inverted “U” pipe, one end
of which is held in contact with the reservoir on the upstream
side, and the other end discharges liquid at the downstream end,
as indicated in Fig. 1 [1,2]. Siphons have been known since
ancient times as simple and low-cost devices for transferring
water using gravitational force. The siphon operates due to a pres-
sure difference between the ambient pressure at the upper reser-
voir and the top of the siphon (negative gauge pressure). A Siphon
system is usually selected compared to the pump system in opera-
tion and safety of dams where space is limited, and the discharge
is not excessively high. The siphon will drain liquid from the
upstream reservoir until the liquid level falls below the inlet of the
invert pipe, allowing air to break the siphon flow or until the
siphon outlet equals the level of liquid in the upstream reservoir,
whichever occurs first. To prevent air entry into the system, the
downstream end of the siphon may be submerged [3]. A critical
aspect of siphon design is the minimum water surface elevation in
the upstream reservoir relative to the top of the siphon. The siphon
will not work if the elevation difference is too high. When this
elevation difference is very high, liquid pressure drops below the
vapor pressure, causing the formation of tiny vapor bubbles. This
may interrupt the flow and may even cause pipe collapse. One of

the advantages of a siphon system is that the maintenance with an
actively running siphon can be lower than a pumping system.
Finally, once a properly mounted siphon is operational, no power
source is needed. Nonetheless, traditional architecture could only
be effective in limited diameter and low lift head applications. An
efficient and novel air management system is needed for large
diameter and high lift heads.

Fig. 1 Schematic diagram of experimental siphon facility
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Many researchers reviewed this phenomenon to understand the
mechanism of its working [4–7]. Ervine [8] and Ervine and Oliver
[9] characterized the air-regulated siphon in four stages and con-
cluded that it’s possible to achieve a desired stable discharge with
a well-designed air slot. Babaeyan-Koopaei et al. [10] provided a
detailed explanation of siphon spillways operating stages. Hughes
[5] is notable for discovering a 99-year-old error in the Oxford
dictionary and correcting the operating force of a siphon, which is
gravity rather than atmospheric pressure. Viridi et al. [11] demon-
strated the maximum value of siphon height, where the self-
siphon still can flow the water using the molecular dynamics
(MD) method. Cai et al. [12] experimentally investigated flow pat-
tern variables and relevant influencing factors at the top of siphon
hoses on drainage flow. Leon and Alnahit [13] demonstrated
drainage of a tank by siphonage. Although the study lacked
detailed flow field visualization using numerical simulations,
the authors found a good agreement when comparing results using
the energy equation, measured experimental data, and three-
dimensional (3D) numerical simulations. Aydin et al. [14]
investigated the hydrodynamic characteristics of siphon using
volume-of-fluid formulation. The study showed that an error
between the experiments and computational fluid dynamics (CFD)
results with respect to the discharge performance was obtained as
11% of the relative mean error, probably because of fluctuations
due to air entrainment into the siphon and the measurement errors.

Additionally, a number of studies have focused on understand-
ing the siphon breakage phenomenon. Kang et al. [15] experimen-
tally investigated the effect of the size and type of the siphon
breaker, the size and position of a loss-of-coolant accident, and
the presence of an orifice on siphon performance. Park et al. [16]
used 3D two-phase transient flow analysis code to assess the
siphonage flow rate and siphon break phenomena. Ramajo et al.
[17] numerically investigated the siphon breaker system using two
siphon breaker lines (SBL) and one siphon breaker hole (SBH).
All of the above siphon-breaking research is based on particular
applications or individual needs. It is hard to extend to other sys-
tems as system size significantly impacts the siphon-break
phenomenon.

This study is part of our flood control project using dynamic
management of landscape water storage, which is made possible
through remotely operated siphons. For the success of the overall
process, it is important to maintain the siphon primed (i.e., full of
water) and thus free of leaks. In our preliminary siphon implemen-
tations, the siphon would require periodic priming due to leaks.
This study aims to investigate the hydrodynamic characteristics of
a siphon and analyze the siphon break phenomenon caused by
leaks in the siphon pipe and when the water level falls below the
inlet elevation. A detailed understanding of two-phase dynamics
using 3D numerical simulations will help understand the role of
the size and location of leaks in maintaining the siphon flow. This
paper is divided as follows: First, experimental work is presented
for the no-leakage condition. Second, a CFD model is developed
using OpenFOAM [18] and validated using the experimental data.
Third, the validated CFD model is used to investigate the siphon
break phenomenon associated with a leakage in the siphon pipe and
when the liquid falls below the inlet invert pipe. Fourth, the results
for no-leakage and leakage conditions are presented and discussed.
Finally, the key remarks are made in the conclusion section.

Experimental Work

The experimental facility was conducted at the Engineering
Center (EC) of the Florida International University (FIU), Miami,
FL.

Measurement Equipment. The measurement equipment used
in the study includes:

(1) One ultrasonic level sensor and controller (LVCN-414
Series) (range of 1.25 m, accuracy of 3 mm, and resolution
of 0.5 mm).

(2) One flow meter (FDT-47 Series with V mounting style)
(velocity range of 0.01 to 40 FPS, accuracy of 61%, and
repeatability of 0.5% of reading).

(3) One National Instruments data acquisition board NI 6323
with SCB 68A Terminal and sampling rate up to 250 kHz
integrated with LabVIEW.

Experimental Setup. The apparatus for the experimental study
is shown schematically in Fig. 1. The siphon consisted of PVC
pipe schedule 40 with an internal diameter (D) of 0.152 m (6 in)
and an actuated butterfly valve at the outlet. The total length of
the siphon pipe is approximately 7.6 m (25 ft). The water tank has
a maximum capacity of 2,500 gals with a diameter of 90 inches
and a height of 98 inches. A check valve is used at the pipe inlet
to prevent backward flow. A bilge pump is used for the siphon pri-
ming. An extended sight tube consisted of clear PVC schedule 40
with an internal diameter of 0.152 m (6 in) provided to visualize
and control the priming. An air vent and two-level switches are
connected to the sight tube to control the priming, as shown in
Fig. 2. The water level in the tank was measured using the LVCN-
414 level meter sensor and discharge in the pipe by FDT-47 with
V mounting style connected to NI 6323 X Series data acquisition
with SCB 68 A terminal. The data collected in the experiments
include discharge rate (Q) and the water elevation in the tank (H).

Analytical Model

Siphon flow is analyzed using the energy equation, as shown in
Eq. (1)

Z1 þ
P1

c
þ v2

1

2g
¼ Z2 þ

P2

c
þ v2

2

2g
þ hf þ hl (1)

where, Z1 is the elevation of water surface in the tank (Point 1), Z2

is the elevation of the pipe centerline at the outlet (Point 2), P1

and P2 are pressure at points 1 and 2, respectively, v1 and v2 are
cross-sectional averaged velocities at points 1 and 2, respectively,
c is the specific weight of the water, g is the acceleration due to
gravity, hf is total head loss due to pipe friction, hl is the sum of
local head losses. The total head loss due to friction using the
Darcy-Weisbach formula is given by Eq. (2) [19–21]

Fig. 2 Photograph of the siphon experimental facility with pri-
mary components
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hf ¼
fLv2

2gD
(2)

where, f is the friction factor, L is the total length of the siphon
pipe, v is pipe cross-sectional averaged flow velocity, and D is the
siphon pipe diameter. The local head loss (hl) is given by Eq. (3)
[22–24]

hl ¼
X

k
v2

2g
(3)

where, k is the head loss coefficient for the pipe fittings (i.e., check
valve, butterfly valve, elbows, etc..). In addition to Eq. (1), flow
should also meet the continuity equation, as shown in Eq. (4)

Av1 ¼ Adv2 (4)

where, A is the area of the base of the storage tank and Ad is the
cross-sectional area of the siphon pipe. From Eqs. (1) to (4), the
velocity (v) and discharge rate (Q) as a function of water level (H)
can be derived as Eqs. (5) and (6) below

v ¼ 2gH
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(5)
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2

(6)

Within an infinitesimal time interval (dt), the water volume
decreased in the tank and the water volume flow outside of the
tank should meet the relationship as shown in Eq. (7)

dV ¼ Q hð Þdt ¼ p
4
D2 � 2g
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ffiffiffi
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p
dt (7)

where, dV also can be expressed as the Eq. (8) below

�dV ¼ A� dh (8)

where, dV is the water volume decreased in the tank and dh is the
water level decreased in the tank. Using Eqs. (7) and (8), the rela-
tionship between time (t) and water depth is as shown in Eq. (9)
below

ðt
0

dt ¼ �v
ðH
H0

1ffiffiffi
h

p dh (9)

where, H0 is the initial water depth and v is a constant parameter
which is expressed below
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The friction factor f can be obtained using the Haaland equation
[25], as shown below

1ffiffiffi
f

p ¼ �1:8 log10

6:9
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þ e
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" #

(11)

where, e is roughness height and Re is Reynolds number. The
unsteady water elevation (H) in the storage tank is calculated
using Eq. (9)

H ¼ 1

4v2
t2 �

ffiffiffiffiffiffi
H0

p

v
tþ H0 (12)

Using Eqs. (5) and (9), the relationship between time (t) and
velocity (v) is calculated as shown in Eq. (13) below
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Therefore, using Eq. (13), siphon flow rate (Q) is calculated ana-
lytically using Eq. (14)

Q ¼ � pD2Ad
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Numerical Model

Governing Equations. In this study OpenFOAM 6.0 is used to
numerically simulate the fluid flow [26]. The OpenFOAM solver
has previously been tested for multiphase flow simulation [17,27].
Considering the physics of siphon and previous numerical studies
[17], an interFoam solver was chosen in this study [28]. This
solver uses the volume of fluid to capture the fluid interface
(herein, water and air). The volume of fluid uses a scalar function
(a), called the liquid phase fraction, to define the water region
(a¼ 1) and air region (a¼ 0) [29]. The Reynolds-averaged
Navier–Stokes equations for unsteady incompressible flow are
shown below

r � u ¼ 0 (15)

@ quð Þ
@t

þr � quuð Þ ¼ �rpd þr � T � g � xrqþ rjra (16)

where, u is the velocity vector, T is a deviatoric stress tensor, x is
the position vector, g (0, �9.81, 0) is the gravitational vector, r is
the surface tension coefficient, and the local curvature of the free
surface is calculated as j ¼ �r � ðra=jajÞ. The r � T term in
Eq. (16) can also be represented as follows:

r � T ¼ r � ðlruÞ þ ru � rl (17)

In addition to Eqs. (15) and (16), for tracking the air–water inter-
face, a transport equation for the phase fraction is solved as shown
in Eq. (18)

@a
@t

þr � uað Þ þ r � ura 1 � að Þ½ � ¼ 0 (18)

where, ur is liquid–gas relative velocity. The relative flux appear-
ing in the Eq. (18) is replaced with the compression flux acting
normal to the interface and functioning only within the thin inter-
face region. Further details about this method and its implementa-
tion are given in Berberović et al. [30] and Berberović et al. [31].
The fluid properties such as dynamic viscosity (l) and density (q)
in each computational cell can be obtained as follows:

l ¼ alw þ ð1 � aÞla (19)

q ¼ aqw þ ð1 � aÞqa (20)

The indexes w and a represents water and air, respectively. The
term pd in Eq. (16) is modified pressure, avoiding dependency of
p on elevation, and makes the specification of boundary condition
simpler [32]
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pd ¼ p� qg � x (21)

The momentum Eq. (22) is dependent on the volume fractions of
air and water through the q and l

@ quð Þ
@t

þr � quuð Þ � r lruð Þ � ru � rl

¼ �rpd � g � xrqþ rjra (22)

Regarding turbulence modeling, Ramajo et al. [17] showed that
standard j� e is suitable for capturing the siphonage phenomena.
Therefore, this model with the log-law wall function is used for
all the simulations performed in the current study [33]. It is noted
that the standard j� e model is implemented in OpenFOAM
based on Launder and Spalding [34]. It is worth mentioning that
the Bond number (Bo ¼ ðqw � qaÞgD2=r) value in our case is
3228, which indicates that the system is unaffected by the effect
of surface tension (r) [35]. The validity of this statement was
tested with two simulations for the no-puncture case; one with a
surface tension value of 0.072 N/m and another with zero. The
results showed identical water elevation and discharge rate time
traces that surface tension has negligible influence as expected. In
addition, the Capillary number (Ca ¼ lV=r) ranges from 0.0197
to 0.0346, indicating that the capillary forces are insignificant
compared to the viscous forces [36].

Computational Domain and Geometry. This study involves
four different computational domains: one without leakage
(Fig. 3(a)) validated using experimental results, two with leakage
(Figs. 3(b) and 3(c)) above the hydraulic grade line, and the last
case (Fig. 3(d)) with the initial position of leakage below the
hydraulic grade line. Figure 3 shows a computational geometry
with the main dimensions of the siphon system. The water tank is
a cylinder of 90 inches in diameter and 98 inches in height with a
total volume of 2500 gals. The siphon pipe diameter is 0.152 m (6
in). The siphon pipe has three 90 deg elbows. To represent the
flow obstruction due to the butterfly valve at the pipe outlet cross
section area was reduced by 58%. This value was obtained using
manual specifications (dimensions) for the selected butterfly valve
series and after performing numerical iterations to match the slope
of discharge time trace with experimental data. In addition, an

extended computational domain was provided at the pipe outlet to
avoid imposing an atmospheric pressure boundary condition at
the pipe outlet, which leads to artificial instabilities in the siphon.
The total height from the storage tank’s base to the bottom of the
siphon pipe inside the tank is 1 m. Due to high computational
cost, in this paper, only a case with an initial water elevation of
2 m was used to validate the computational model.

Figure 4 shows a detailed 3D mesh generated using snappyHex-
Mesh, an OpenFOAM meshing utility. The hybrid mesh was
selected due to its suitability to match appropriate cells with the
boundary surface and allocate different cells of various element
types in other parts of the complex flow regions. It leads to an
accurate solution and better convergence than using only either
structured or unstructured mesh [37]. As shown in Fig. 4, the
siphon pipe was refined compared to the tank. The mesh size tran-
sition was achieved carefully between pipe and water tank mesh.
A mesh convergence study was carried out to determine the most
efficient mesh size in terms of accuracy and computation time.
Starting from a coarse mesh (with the overall mesh had 1,121,410
cells), the mesh was refined by a factor of two to generate a new
mesh. After each refinement, the obtained numerical results were
compared with the experimental data. This process was repeated
until the results of the refined mesh were in close agreement with
the previous mesh and the experimental data.

Fig. 3 View of the computational geometries with the main
parameters: (a) no-leakage, (b) leakage case-1, (c) leakage
case-2, and (d) leakage case-3

Fig. 4 View of 3D mesh used for computational setup (no-
leakage)

Fig. 5 Measured water level and flow discharge data measured
for no-leakage case
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Boundary and Initial Conditions. The top surface of the water
tank and the extended domain is open to the atmosphere with a
total pressure value set to 101,600 N/m2 (pressure recorded during
experimentation). For the tank and pipe, the wall no-slip boundary
condition was used for velocity (i.e., fixedValue u ¼ 0) and zero-
gradient for other fields. Considering the standard j� e turbu-
lence model, the walls were modeled using wall functions for tur-
bulence kinetic energy ðjÞ and turbulence dissipation rate (e). The
tank was initially filled to the 2 m elevation, and the siphon was

primed (i.e., the pipe is filled with zero water velocity) using set-
Fields utility.

Numerical Settings. The simulation was run on 32 processors
using the distributed parallel decomposePar computing utility
(AMD Ryzen Threadripper 3960X 3.8 GHz 32-Core sTRX4 Proc-
essor). Adjustable time steps with the maximum Courant number
(C ¼ u�t=�x) was set to 0.75. Additionally, in this study, a first-

Fig. 6 Volume fraction for no-leakage case at eight different times: (a) 0.0 s, (b) 65.0 s, (c)
108.0 s, (d) 112.5 s, (e) 117.5 s, (f) 120.0 s, (g) 122.5 s, and (h) 130.0 s
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order implicit temporal scheme is used, and a second-order
scheme was considered for spatial distribution [38].

Results and Discussion

Experimental Results. This experimental study examined the
variation of water level (H) in the tank and discharge rate (Q) in
the siphon with time. Figure 5 shows the complete time trace for
the water elevation (a solid line with circle markers) in the tank
and the discharge (a solid line with asterisk markers) in the
siphon. The jump around the 5th second implies the siphon has
started its operation, i.e., the butterfly valve opens, and the water
starts flowing out of the tank. Similarly, a sudden drop at around
145th second indicates that the butterfly valve is completely

Fig. 7 Water velocity and pressure at section A-A (Operator:
weightedAreaIntegrate; weightField: alpha.water) in Fig. 1
according to the tank water level (no-leakage)

Fig. 8 Isobaric surface plots for atmospheric pressure
(101,600N/m2) for siphon under the no-leakage condition

Fig. 9 Comparison of experimental, numerical, analytical, and
energy equation results for water level and discharge rate.
[Note: The numerical sampling of discharge rate is done using
‘weightedVolAverage’ operator with ‘alpha.water’ as a weight-
ing field, whereas the water level variation is sampled in Para-
View using ‘IntegrateVariables’ operator]

Fig. 10 Result of simulations with surface tension and without
surface tension for water level and discharge rate

Fig. 11 Results of simulations for the mesh convergence
study for water level
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closed, so discharge becomes zero. The maximum flow recorded
by the instrument FDT-47 is about 40 L/s at around 25th second,
related to a water depth of 1.94 m. Further details on experimental
data acquisition and uncertainty analysis are presented in previous
studies conducted by Ref. [39].

Numerical Results. The four numerically simulated cases are
(Fig. 3):

(1) Siphon without leakage (no-leakage case): A numerical
model based on the experimental setup. The numerical

results are validated with the experimental data (H versus
Time (t) and Q versus Time (t)).

(2) Siphon with leakage (case-1): A hole of diameter (dl) 1 inch
is provided at the top portion of the siphon pipe after 20 s
of siphon flow. The position of the leakage is above the
hydraulic grade line.

(3) Siphon with leakage (case-2): A hole of diameter (dl) 1 inch
is provided at the upper side of the downgoing limb of the
pipe after 20 s of siphon flow. The position of the leakage is
above the hydraulic grade line.

Fig. 12 Water volume fraction for leakage case-1 at eight different times: (a) 20.1 s, (b)
20.3 s, (c) 20.5 s, (d) 20.6 s, (e) 20.7 s, (f) 20.9 s, (g) 21.5 s, and (h) 22.4 s

Journal of Fluids Engineering NOVEMBER 2022, Vol. 144 / 111202-7



(4) Siphon with leakage (case-3): A hole of diameter (dl) 1 inch
is provided at the lower side of the downgoing limb of the
pipe. The initial position of the leakage is below the
hydraulic grade line.

Siphon Without Leakage (No-Leakage) Condition. Figure 6
shows the simulated air–water phase fraction data at the center

plane for the no-leakage condition at eight different times. At
t¼ 0 s, the level of water in the storage tank is 2 m, and the siphon
pipe is completely filled with water. This state corresponds to
that after priming. At t¼ 65 s, the water level reduces to 1.4 m. At
t ¼ 108 seconds, the air started entering the inlet pipe. From this
time onward, phases are largely segregated as more and more air
starts entering the system. At t¼ 120 s, the air fraction in the sys-
tem is very large, stopping the siphoning effect.

Fig. 13 Siphon leakage case-1. 3D air–water interface surface plots at twelve times: (a) 20.1 s, (b)
20.2 s, (c) 20.4 s, (d) 20.6 s, (e) 20.7 s, (f) 21.0 s, (g) 21.2 s, (h) 21.4 s, (i) 21.5 s, (j) 21.6 s, (k) 21.8 s, and (l)
22.1 s
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Figure 7 shows the variation of velocity and pressure at section
A-A (shown in Fig. 1) according to the water level in the storage
tank under no-leakage conditions. With the decrease of water
level from 2 m to 1 m, the water velocity decreases from 2.28 m/s
to 1.65 m/s. The reduction in water velocity is due to a decrease in
induced force [40]. This can also be visualized by the reduction in
pressure from 83800 N/m2 to 78650 N/m2. The siphon flow con-
tinues until the water level reaches the pipe inlet elevation, i.e., at
an elevation of 1 m in the storage tank.

Figure 8 shows the isobaric surface plots for atmospheric pres-
sure under no-leakage conditions for various times (at t¼ 6 s,
t¼ 32 s, t¼ 60 s, and t¼ 92 s). At t¼ 6 s, the level atmospheric
pressure in the storage tank is at 2 m, whereas it is at 1.45 m and
1.02 m in the upgoing and the downgoing limb of the siphon pipe,
respectively. With the decrease in the water level in the tank, the
shift of the isobaric surface shows the shift of positive and nega-
tive pressure regions in the system.

Comparison of CFD numerical, analytical, the energy equation,
and the experimental results of water level and discharge time
traces are shown in Fig. 9. The energy equation uses the Eq. (12)
and Eq. (14) to determine H and Q time traces, with the updated
value of friction factor (f) corresponding to the velocity of flow at
that instance, whereas the analytical solution uses the same equa-
tions with a constant value for the friction factor (f). As observed

in Fig. 9, the time trace of water level and discharge rate obtained
using the analytical, energy equation, and the numerical model
agrees very well with the experimental data. The CFD simulations
started with motionless water conditions, whereas in the experi-
ments, the butterfly valve at the siphon outlet takes a considerable
time (�15 s) to fully open. This gradually increases flow in the
experiments, whereas it rises suddenly in the CFD model.

Figure 10 compares the CFD results neglecting surface tension
and considering surface tension (r ¼ 0:072 N/m). As observed,
the results are identical. This is not surprising as capillary forces
are insignificant compared to the viscous forces in the siphon sys-
tem under the given configuration. The Capillary number (Ca)
represents the relative effect of drag force with surface tension
forces acting across an interface between the water and air phase.
A flow dominated by capillary force usually has Ca � 10�5 [41].
For the siphon system in this work, Ca ranges from 0.0197 to
0.0346.

The mesh convergence study results are shown in Fig. 11.
Figure 11 shows that the coarse mesh produces unacceptable
results, whereas the medium and fine meshes agree well with the
experimental data. Therefore, considering the noticeable decrease
in computational time from the fine mesh to the medium and the
negligible differences in their performance, the medium mesh was
used for the rest of the simulations. The medium mesh (mesh 2)
had 2,048,751 cells with 1,907,711 hexahedra, 77,722 polyhedra,
and 63,318 prisms. The overall mesh quality was acceptable, with
a maximum skewness of 2.5 and an average nonorthogonality of
6.6 deg.

Siphon With Leakage Conditions. This section discusses the
impact of pipe leakage on the siphon break phenomena using
three holes at different positions, one at the top portion of the
siphon pipe (case-1), the second at the upper side of the down-
going limb of the pipe (case-2), and third at the lower part of the
downgoing limb of the pipe (case-3). All the siphon pipe leakage
simulations are performed in two parts. For the first 20 s, no leak-
age is provided. This was done to develop the siphon flow for a
specific time interval. Later, to mimic the accidental leakage, the
generated data from the first simulation was used as an initial con-
dition for the second part in which a leak was introduced with an
extended cylindrical domain. An extended cylindrical computa-
tional domain was provided at the leak outlet to avoid imposing
an atmospheric pressure at the leak outlet, which leads to artificial
instabilities in the siphon. The extended domain is open to the
atmosphere with a total pressure value set to 101,600 N/m2.

Figure 12 shows the air–water phase fraction at the center plane
for various times after 20 s for the leakage case-1. At (a) t ¼ 20:1
s, the air entered the siphon pipe and started flowing with the
water flow. From (b) t ¼ 20:3 s to (f) t ¼ 20:9 s, the ingested air
was moving at the outlet of the pipe with siphoning water. At (g)
t ¼ 21:5 s, the middle portion of the siphon top and downgoing
limb of the pipe is mostly filled with air, causing interruption of
siphon flow. Finally, at (h) t ¼ 22:4 s, the remaining water from
the upgoing and downgoing limbs of the pipe falls back to the
storage tank and toward the outlet, respectively.

Figure 13 shows the 3D free surface plots at several instances for
the leakage case-1. This figure shows complex flow fields promoted
by air penetration. From t¼20:1 s to t¼20:4 s (Figs. 13(a)–13(c)),
the penetrated air advances along with the siphoning water. As
air advances toward the downgoing limb of the pipe, the velocity of
the free water surface increases. At (d) t¼20:6 s, a swirling of
free water surface generated by the ingressed air is observed. After
that, high-velocity air entering through the hole causes a cavity on
the free water surface and interrupts the siphoning.

Figure 14 shows the complete time trace of water velocity and
the pressure at section A-A for leakage case-1. The leakage is
specified at t ¼ 20 s. For the first 20 s, a reduction in water veloc-
ity and pressure is observed. At t ¼ 20 s, a sharp rise in the pres-
sure from 82620 N/m2 to 97210 N/m2 is observed due to ingressed
air. A similar increasing trend of water velocity was observed as it

Fig. 14 Water velocity and pressure time trace at section A-A
for leakage case-1

Fig. 15 Zoom-in of Fig. 14
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increased from 2.3 m/s to 2.8 m/s. Figure 15 shows, at t ¼ 21:71 s
the velocity reaches 0.44 m/s. The water velocity undergoes reduc-
tion, and pressure increases with successive oscillations and finally
reaches the end of the simulation, i.e., velocity goes to zero as pres-
sure approaches atmospheric pressure. Successive oscillations in
velocity and pressure are observed due to the remaining water from
the extended sight tube falling back toward the outlet. This can be
seen in Figs. 12(f)–12(h) and Figs. 13(i)–13(l).

Figure 16 shows the air–water phase fraction at the center plane
for leakage case-2. At (a) t ¼ 20:1 s to (d) t ¼ 20:8 s, the advance-
ment of air through a leak in the downgoing limb of the siphon

pipe can be seen. The advancement of penetrated air is smooth,
which can also be visualized using a 3D air–water interface sur-
face plot in Fig. 17. At (e) t ¼ 21:2 s, the downgoing pipe is
mostly filled with ingressed air.

Figure 18 shows the complete time trace of water velocity and
pressure at section A-A for leakage case-2. A completely
different evolution of water velocity was observed for case-2 than
for case-1. Figure 19 shows that although pressure increases after
leakage (t¼ 20 s), the water velocity reduces gradually and
reaches almost zero (0.043 m/s at t ¼ 21:08 s). Then, after succes-
sive oscillations, it reaches zero. The pressure shows a

Fig. 16 Water volume fraction for leakage case-2 at eight different times: (a) 20.1 s, (b)
20.3 s, (c) 20.5 s, (d) 20.8 s, (e) 21.2 s, (f) 21.5 s, (g) 22.0 s, and (h) 22.2 s
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similar trend as case-1, which shows a sudden increase from
82790 N/m2 to 95920 N/m2 and then undergoes a drop and finally
reaches atmospheric pressure through successive oscillations. As
observed, the oscillation in the pressure is smooth in case-2 com-
pared to case-1, which causes a less induced force on the water,
causing rapid breakage of the siphon flow. Similar to case-1, these
oscillations in velocity and pressure are observed due to the
remaining water from the extended sight tube falling back toward

the outlet. This can be seen in Figs. 16(f)–16(h) and Figs.
17(i)–17(l).

Figure 20 shows the results for case-3, in which leakage is pres-
ent below the hydraulic grade line. The initial position of the
hydraulic grade line in the downgoing limb of the pipe is at 1 m
(Fig. 8). Figure 20(b) shows the location and size of the leak
(dl ¼ 1 inch), where dl is the diameter of the leak hole. At t¼ 0 s
to t¼ 44 s, the hydraulic grade line is above the leakage, causing

Fig. 17 Siphon leakage case-2. 3D air–water interface surface plots at twelve times: (a) 20.1 s,
(b) 20.2 s, (c) 20.4 s, (d) 20.6 s, (e) 21.2 s, (f) 21.5 s, (g) 21.8 s, (h) 22.1 s, (i) 22.3 s, (j) 22.5 s, (k) 22.7 s, and
(l) 23.0 s
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water to flow from the leakage. Velocity vectors show the move-
ment of water through leakage in Fig. 20(a). At t¼ 45 s, the
hydraulic grade line reaches the leakage and starts building the
suction pressure. This can be seen in Fig. 20(c), as the atmos-
pheric air starts entering the pipe. As time advances, more air
starts entering the pipe as the hydraulic grade line falls further
below the leakage, causing an increase in suction pressure. Even
though the air had entered the pipe, no siphon breakage was
observed immediately, as the inertial force of water coming
toward the outlet caused air to move along with it. Figure 20(d)
shows the advancement of ingressed air by siphoning water
toward the outlet. Figure 23 shows the complete time trace of
water velocity and pressure at section A-A for leakage case-3. As
shown in Fig. 23, for the first 45 s, a reduction in water velocity
(2.45 m/s to 2.1 m/s) and pressure (83305.3 N/m2 to 80868.5 N/m2)
is observed, as no air is ingested into the siphon pipe (hydraulic
grade line is above the leakage). At t¼ 45 s, air starts entering
through hole, and unlike in case-1 and case-2, completely differ-
ent behavior was observed. From time t¼ 45 s to t¼ 55 s, even
though the air was ingested into the system, no significant varia-
tions in velocity and pressure were observed, as the quantity of air
ingested into the siphon pipe was significantly less, and this
ingested air immediately gets carried away to the outlet with the
siphoning water. As time advances, more air starts entering the
pipe, causing velocity to reduce, whereas pressure increases
slowly from t¼ 56 s to t¼ 75 s. As shown in Fig. 24, the ingested
air reaches section A-A at t ¼ 78:3 s. Once the ingested air
reaches the upper limb, it takes much less time (� 2.7 s) to cause
complete siphon breakage, similar to case-1 and case-2. The com-
plete air–water phase fraction at the center plane and a 3D
air–water interface surface plot for case-3 can be seen in Figs. 21
and 22, respectively. Unlike case-1 and case-2, the leakage posi-
tion in case-3 is far away from the upper part of the inverted U
shape of the pipe, allowing it further time to cause complete
siphon breakage.

Conclusion

This paper studied detailed hydrodynamic characteristics of a
siphon system numerically, analytically, and experimentally.
Although siphon breakage can be predicted using the energy equa-
tion (knowing the location of leakage related to HGL), detailed
insights into the hydrodynamic characteristics of siphon flow

Fig. 18 Water velocity and pressure time trace at section A-A
for leakage case-2

Fig. 19 Zoom-in of Fig. 18

Fig. 20 Simulation results for the case-3 (leakage below hydraulic grade line): (a) instanta-
neous velocity vectors, (b) location of leakage, (c) air–water phase fraction at t5 45.0 s, and
(d) air–water phase fraction at t5 63.0 s
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under leakage can be investigated using a 3D numerical model.
Detailed understanding of two-phase dynamics using 3D numeri-
cal simulations helps understand the role of the location of the
leakage in maintaining siphon flow. A detailed 3D computational
model for the no-leakage condition was developed to investigate
the siphon break phenomenon associated with a leakage in the
siphon pipe. Two leakages (leak hole diameter of 1 inch) at differ-
ent locations were investigated; one at the horizontal section at
the top of the inverted U pipe and another at the downgoing limb
of the pipe. Both these locations are chosen above the hydraulic

grade line of the siphon. In addition to this, one more leakage case
was tested at the location below the hydraulic grade line.

The results demonstrate that, in general, a good agreement
between numerical, analytical, energy equation, and experimental
results were obtained for the siphon under the no-leakage
condition.

The effects of leakage position on siphon performance were
investigated numerically and compared using water velocity, pres-
sure, and phase fraction transient data. Results show that the posi-
tion of leakage influenced the flow dynamics. For the leakage at

Fig. 21 Water volume fraction for leakage case-3 at eight different times: (a) 20.0 s,
(b) 45.0 s, (c) 60.0 s, (d) 76.0 s, (e) 77.5 s, (f) 78.5 s, (g) 79.0 s, and (h) 80.0 s
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the top horizontal portion of the siphon pipe (case-1), the water
undergoes a sudden rise in the velocity immediately after the leak-
age, causing slightly more time to completely interrupt the siphon
flow than in case-2 in which leakage is at the downgoing limb of
the pipe. In leakage case-1 and case-2, the leakages are present
above the hydraulic grade line, causing air to ingest into the pipe,
leading to siphon breakage. The positions of leakages in case-1

and case-2 were close to the upper horizontal section of the siphon
pipe, which makes them the favorable condition for siphon break-
age as ingested air immediately reaches the inverted U shape of
the pipe, causing flow interruption.

It is observed that, as long as leakage is below the hydraulic
gradient line (the initial state in case-3), no air is allowed to enter
the pipe due to the outgoing flow of water from the siphon. This

Fig. 22 Siphon leakage case-3. 3D air–water interface surface plots at twelve times: (a) 55.0 s,
(b) 65.0 s, (c) 75.0 s, (d) 76.0 s, (e) 77.0 s, (f) 77.5 s, (g) 78.0 s, (h) 78.5 s, (i) 78.6 s, (j) 78.7 s, (k) 78.9 s,
and (l) 79.5 s
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leakage acts as another discharge point for the siphon flow. When
the hydraulic grade line reaches the leakage, the air starts ingest-
ing the pipe, similar to case-1 and case-2. However, unlike previ-
ous cases (case-1 and case-2), the leakage position in case-3 is far
away from the upper horizontal section of the siphon pipe, causing
the removal of ingested air with outgoing water flow without
immediate siphon breakage. The pressure inside the pipe at the
top horizontal section increases very slowly despite the air
ingress. This is primarily due to the position and size of the leak-
age. For the siphon breakage, it is crucial for the ingested air to
reach the upper part of the inverted U shape of the pipe to cause
flow interruption. It takes significant time for the ingested air to
interrupt the siphon flow if the leakage location is far away from
the upper horizontal section of the siphon pipe. Once the air
reaches the upper part of the siphon, it immediately causes the
siphon breakage, same as in case-1 and case-2.
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Nomenclature

A ¼ area of the base of the storage tank (m2)
Ad ¼ cross-sectional area of the siphon pipe (m2)
Bo ¼ Bond number
C ¼ Courant number
Ca ¼ Capillary number
dl ¼ leakage hole diameter (m)
D ¼ siphon pipe diameter (m)
f ¼ friction factor
g ¼ acceleration due to gravity (ms�2)
H ¼ water elevation in the tank (m)
H0 ¼ initial water level in the tank (m)
hf ¼ total head loss due to pipe friction (m)
hl ¼ sum of local head losses (m)
k ¼ head loss coefficient for the pipe fittings
L ¼ total length of the siphon pipe (m)

P1, P2 ¼ pressure at points 1 and 2, respectively (Nm�2)
pd ¼ modified pressure (Nm�2)
Q ¼ discharge rate (m3s�1)
Re ¼ Reynolds number
T ¼ deviatoric stress tensor (Nm�2)
ur ¼ liquid-gas relative velocity (ms�1)
v ¼ pipe cross-sectional averaged flow velocity (ms�1)

v1, v2 ¼ cross-sectional averaged velocities at points 1 and 2,
respectively (ms�1)

x ¼ position vector (m)
Z1, Z2 ¼ elevation at points 1 and 2, respectively (m)

Greek Symbols

a ¼ liquid phase fraction
c ¼ specific weight (Nm�3)
� ¼ absolute roughness of the pipe inside wall (m)
j ¼ local curvature of the free surface
l ¼ dynamic viscosity (kgm�1s�1)
q ¼ density (kgm�3)
r ¼ surface tension (Nm�1)
v ¼ constant parameter
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