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Chapter 1: Introduction

In recent decades, the significant and rapid increase of impervious surfaces has increased

the risk of flooding. The effects of flooding on the environment are extensive and signifi-

cant, resulting in more loss of lives and damage to property and crops (NHC, 1997; NWS,

2013). According to Newson (1997), one-sixth of all urban land in the U.S and around 10

percent of the US population are within the 100-year flood area. The National Weather

Service NWS (2013) states that direct freshwater flood damages in the U.S. in 2011 and

2012 were $3.9 and $0.5 billion, respectively. There are two common approaches to re-

ducing flood damages: structural and nonstructural measures. The traditional approach

(structural measures) can reduce inundation of the floodplain in several ways. For in-

stance, reservoirs reduce downstream peak flow rates, levees and flood walls confine the

flow of the rivers, and floodways help divert excess flow (ICE, 2002; De Bruijn et al.,

2008; Breckpot et al., 2010). Although structural measure strategies can be effective in

reducing floods effects, they have a limited capacity to mitigate floods since only small

parts of the watersheds (river and floodplains) are used for flood management.

Since flooding impacts have increased in frequency and severity, there is a new em-

phasis on evaluating nonstructural and watershed management approaches to deter-
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mine whether they are effective strategies for flood prediction, prevention and mitigation

(Lamothe et al., 2005; Van Schijndel, 2006; Breckpot et al., 2010). A report from the

Environmental Protection Agency (EPA, 1996) concluded that watershed approaches are

the most effective approaches to address water resource challenges. In watershed man-

agement, all characteristics of a watershed can be linked to the goal of management and

therefore flooding in one area can be linked to development upstream. This approach

can help to maintain and mimic the natural hydrology system (Buss, 2005).

Within a watershed, ponds and wetlands can play an important role in flood re-

duction, increasing water quality, and creating habitats for fauna (Hey and Philippi,

1995; Mitsch and Day, 2006; Lemke and Richmond, 2009). Ponds and wetlands also

could increase flood storage by storing, holding, and percolating water (Wharton, 1970;

Hwang et al., 1977; Costanza et al., 1989; Godschalk, 1999; Cole et al., 1997; Erwin,

2009; Babbar-Sebens et al., 2013). A study demonstrated that wetlands are able to ab-

sorb and hold greater amounts of floodwater than previously thought (Godschalk, 1999).

Based on an experiment that involved constructing ponds along the Des Plaines River

in Illinois, it was found that a marsh of only 5.7 acres could retain the natural run-off

of a 410-acre watershed. This study estimated that only 13 million acres of wetlands

(3% of the upper Mississippi watershed) would have been needed to prevent the catas-

trophic flood of 1993 (Godschalk, 1999). Other studies also show the effectiveness of

using wetlands for flood mitigation (Bekele and Nicklow, 2007; Babbar-Sebens et al.,
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2013). A report of the United Nations (UNDP and UNISDR, 2006) concluded that up-

land wetlands could be effective for small floods, but for large floods their value may be

greatly reduced as their storage capacity may be exceeded. However, wetland areas and

available storage volumes have decreased significantly in the last two centuries due to

population growth and extensive land use (Wharton, 1970; Hwang et al., 1977; Costanza

et al., 1989; Godschalk, 1999; Cole et al., 1997; Erwin, 2009; Babbar-Sebens et al., 2013).

Thus, the limited availability of natural ponds and the increase of flood frequency make

intelligent management of ponds necessary to help mitigate floods. A potential solution

for this problem could be to release water from ponds ahead of (e.g., few days before)

a heavy rainfall event that is forecasted to produce flooding. The water released would

increase the available storage capacity and hence reduce the impact of flooding.

In order to release water from ponds, a remotely controlled siphon system could be

used. As part of this research, an innovative siphon system was designed and built (Fig-

ure 1.1). This system 1) would not require any construction except a simple anchoring of

the siphon pipe for safety; (2) could be remotely operated using a SCADA-type control

and can be activated through direct radio, via satellite, wireless radio or a combina-

tion of these communications channels, (3) would not need significant energy except for

keeping the siphon pipe full and for actuating (opening and closing) the downstream

valve. For this small requirement of energy, a small solar panel could be used. This new

system could be used by flood control managers to remotely open and close hundreds or
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thousands simultaneously.

 

Figure 1.1: Schematic of siphon system design
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Siphon Flows

Siphons have been known since early times as simple and inexpensive devices for trans-

ferring water using gravitational force (Newman and Searle, 1949; Potter and Barnes,

1971; Garrett, 1991; Hughes, 2010). Siphons work due to the difference in pressure be-

tween the top of the siphon (negative pressure) and the atmospheric pressure at the

upper reservoir. This device can effe ctively remove water from reservoirs and ponds

in remote locations without access to electricity and provide an increased capacity of

storage in emergency situations. When set up properly, siphons usually require minimal

oversight. However, they are limited by the height of lift from the reservoir to the crest

of the pond and the maximum drawdown of wate (Lombardi, 1996; Morrison-Maierle,

2012).

Considerable research has been conducted on siphon flow (Newman and Searle, 1949;

Potter and Barnes, 1971; Garrett, 1991; Hughes, 2010; Binder and Richert, 2011). Govi

(1989) and Cambiaghi and Schuster (1989) introduced a new system using siphon princi-

ple as an emergency drainage treatment for landslides. Bryant (1996) tested the hydraulic

performance of a siphon system used to drain a small earthen dam, where comparisons

were made between theoretical siphon hydraulic performance and actual field perfor-

mance. Leumas (1998) discussed the variables that should be considered in designing

siphons and repairs to existing dams. Recently, siphon drainage combined with elec-

tropneumatic drainage has been the method for discharging ground water in Europe,
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especially in France (Clark et al., 2007; Bomont, 2008; Mrvik and Bomont, 2012).

Several studies exist which have focused on the maximum height limit of siphon

drainage and the maintenance of siphon and management requirements (Lombardi, 1996;

Zhang and Zhang, 1999; Yongfang and Yingjun, 1999; La Stabilsiation et al., 2013; Cai

et al., 2014; Boatwright, 2014). Although there is vast research on siphon flows, the

regulation of siphon flows using valves or gates downstream have not been fully explored

yet.

This thesis aims to investigate the performance of the proposed siphon system as

a method for the dynamic management of the storage of wetlands and ponds without

using significant energy. To investigate the reliability of this system to initiate the flow

when regulated with a valve, analytical, experimental, and three-dimensional numerical

modeling work is performed. This thesis is divided as follows. First, the experimental

work is presented. Second, the numerical simulations using Star CCM+ is shown. Third,

the analytical solution is laid out. Fourth, the results of experimental, numerical, and

analytical solution are compared. Finally, the overall results are summarized in the

conclusion.
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Chapter 2: Materials and Methods

2.1 Laboratory Experiments

2.1.1 Experimental Setup

Laboratory experiments were conducted to investigate a siphon system as a method for

the dynamic management of water storage. These experiments consist of six components

as shown in Figure 2.1: (1) an upstream tank with a diameter of 1.05 m and a height of

1.6 m; (2) 0.038 m diameter and 4.34 m long PVC pipe; (3) a check valve at the pipe

inlet; (4) a submersible pump (200 galons per hour (GPH)) used to prime the pipe, if

necessary; (5) an air valve used to release the air from the system when priming the pipe;

(6) an actuator valve used to control the opening/closing of the downstream valve. The

actuator and submersible pump are operated using a solar panel. The operation of the

system and data collection are accomplished using a LabVIEW system. The prototype

of the experiment is shown in Figure 2.2.
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Figure 2.1: Experimental components: (1) upstream tank; (2) PVC pipe; (3) check

valve ; (4) submersible pump; (5) air valve; (6) actuated valve; (7) solar panel; (8) data

acquisition system.
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Figure 2.2: Photograph of the siphon experiment

Three pressure transducers (UNIK 5000) were installed at three different locations

indicated in Figure 2.3 to measure pressures during each experiment. The discharge

was measured with an electromagnetic flowmeter. The sampling rate for the pressure

transducers was set to 36 Hz. An initial study yielded that this frequency introduce

significant noise. All the pressure transducers had a resolution of ± 3.2 mm, and they

range from 3.5 bar to 700 bar (51 to 10,000 psi).
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Figure 2.3: Locations of pressure transducers and flowmeter

2.1.2 Measurement Conditions

The experiments were conducted with three different initial water levels (HA=1.14m,

HB=0.60m, and HC=0.30m). These three different initial water levels are shown in Fig-
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ure 2.4. For each water level, four different valve openings were tested (25%, 50%, 75%,

and 100% of the cross-sectional area) as shown in Figure 2.5. Additionally, two times

of gate opening were tested. The first time is 0.1 s, which corresponds to fast opening.

The second time is 30 min, which correspond to very small opening. Finally, flow dis-

charge and pressure measurements were made for each experiment. Every experiment

was repeated at least four times to ensure consistency of the results.

Figure 2.4: Three different water levels: (A) tank completely full; (B) tank half full; (C)

tank 1/3 full
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Figure 2.5: Ball valve openings (light blue indicates water)

2.1.3 Signal filtering

Filters of some sort are essential in data acquisition systems to remove selected frequen-

cies from an incoming signal and minimize noise (Holloway, 1958). In this thesis, a low

pass filter was used to smooth noisy data. The low pass filter removes the corrupting

high frequency noises in the data. In order to eliminate unwanted response, the data was

filtered using a Matlab generated Chebyshev low-pass filter which effectively removed

frequencies above 4 Hz . The original time series and filtered data are shown in Figure 2.6
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and Figure 2.7,respectively.
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Figure 2.6: Absolute pressure head versus time when the valve is 100% opened (without
filtering)
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Figure 2.7: Absolute pressure head versus time when the valve is 100% opened (with

filtering and without filtering)

2.2 Numerical simulations

2.2.1 Model description

Using the 3D Computational Fluid Dynamics (CFD) model Star-CCM+ v7.0 (CD-

adapco, 2012), the previously described experiment was simulated. The overall pro-

cess to simulate the experimental siphon flow consisted of: (1) using 3D-CAD model
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(CD-adapco, 2012) to create a 3D solid geometry; (2) building the mesh; (3) selecting

appropriate boundary conditions; (4) selecting the numerical model and parameters of

the simulation; (5) ensuring grid convergence; and (5) visualizing the results. The pa-

rameters used in the numerical simulation are the same as those of the corresponding

experiments. Three additional simulations with (H=0.8 m) and a fully opened down-

stream valve were performed with different grid sizes to investigate grid convergence. A

brief discussion of the 3D numerical model is presented next.

2.2.2 Numerical Model

The governing conservation equations are given by (CD-adapco, 2012):

∂ρ

∂t
+5 · (ρ~u) = 0 (2.1)

∂ρu

∂t
+5 · (ρ~u~u) = 5 · (µ5 ~u)−5P + ρg (2.2)

Where ρ = local averaged density of fluid, D = diameter, t = time, ~u = velocity vector

µ = local averaged dynamic viscosity, P = pressure, and g = gravity.

A Volume of Fluid (VOF) model is used to simulate interface between the air and

water phases. The VOF model employs an interface tracking function that indicates the

fractional amount of fluid present within a control volume (Van Sint Annaland et al.,
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2005) .

The transport local averaged density ρ and viscosity µ are described as following:

DF

Dt
=
∂F

∂t
+ (~u · 5F) = 0 (2.3)

For the local average densityρ and viscosity µ, linear weighing of densities and vis-

cosities of water and air is used:

ρ = Fρair + (1− F)ρwater (2.4)

µ = Fµair + (1− F)µwater (2.5)

The compressibility of the air phase is accounted by using the ideal gas law:

ρ =
Pabs

RT
(2.6)

Where Pabs = absolute pressure, R = gas constant, and T = temperature.

Because the flow is highly turbulent, turbulence modeling is required to predict

the Reynolds stresses. In this study, turbulence is simulated using Reynolds-Averaged

Navier-Stokes (RANS) turbulence model and a Realizable two-layer k-ε turbulence clo-

sure model (Jones and Launder, 1973; Shih et al., 1995; CD-adapco, 2012). Realizable

two-layer k-ε model has been effective in studying industrially relevant flows (Versteeg
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and Malalasekera, 2007).

2.2.3 Computational Domain

As shown in Figure 2.8, the computational domain of the numerical experiment involves

two cylindrical tanks with diameters of 1.06 m and 0.80 m, respectively. The compu-

tational domain of the numerical experiment was extended beyond the outlet of the

siphon represented by the second tank. This extension was made to avoid specifying a

boundary condition at the outlet of the pipe. A circular pipe with a diameter of 0.0384

m connects the two tanks. To simulate different openings of the downstream ball valve

in the physical experiment, various gate positions at intermediate times were specified.

The latter means that incremental openings are simulated in Star-CCM+ rather than

continuous as in the physical experiment.
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Figure 2.8: Sketch of computational domain showing the upstream and downstream

tanks

2.2.4 Meshing

A trimmer grid is used to span the computational domain as shown in Figure 2.9. The

mesh size is refined around the pipe inlet, outlet and the elbows using a prism layer to

improve the accuracy of the flow solution. A surface wrapper is employed to refine the

intersecting parts of the system (e.g, the siphon pipe with the downstream valve). The

mesh sizes used for the simulations are listed in Table 2.1.
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Figure 2.9: Computational mesh on surface of the tanks and surrounding the pipe region

Table 2.1: Mesh size used for different regions of the computational domain

Upstream tank (m) Siphon pipe (m) Downstream tank (m) Valve (m)

0.03 0.006 0.09 0.003
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2.2.5 Boundary and Initial Conditions

The top surface for both cylindrical tanks is open to the atmosphere, and the siphon pipe

is initially primed (e.g., filled with stagnant water). Non-slip wall boundary condition

is imposed at the confining walls of the pipe. The valve is fully closed at t=0 and then

opened to the desired position. In the numerical model, pressure outlet boundaries with

atmospheric pressure are imposed at the top surface of both tanks.

2.2.6 Grid Convergence

An important aspect of using CFD modeling is estimating the contribution of discretiza-

tion errors. In order to assess the discretization error, the Grid Convergence Index (GCI)

was used. This method was proposed by Roache (1997) as a method for reporting dis-

cretization errors. The first step of the GCI method is to define grid sizes. For 3D

calculations, a representative grid size h can be estimated as:

h =

[
1

N

N∑
i=1

(∆Vi)

]1/3
(2.7)

Where ∆Vi is the volume of the ith cell, and N is the total number of cells.

After defining the representative cell sizes, three different grid resolutions are required

to run three simulations in order to determine the key variables (φ) (e.g., cross-sectional
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averaged pressure or velocity profile). The three grid representative cell sizes are h1, h2,

and h3 in which h1 represents the finest mesh and h3 represents the coarsest mesh.

In this study, φ is selected to be the the cross-sectional averaged pressure and velocity

profile at three different locations (pipe inlet, top of siphon, and pipe outlet).

The next step is to define mesh refinement ratios, where r21 = h2/h1, and r32 =

h3/h2

The apparent order, p, can be calculated using

p =
1

ln(r21)

∣∣∣∣ln ∣∣∣∣ε32ε21
∣∣∣∣+ q(p)

∣∣∣∣ (2.8)

q(p) = ln(
r221 − s
r232 − s

) (2.9)

s = 1.sign(
ε32
ε21

) (2.10)

where ε32= φ3- φ2, ε21= φ2- φ1 with φk denoting the solution on the kth grid.

The next step involves calculating the extrapolated value

φ21ext =
(rp21φ1 − φ2)
rp21 − 1

(2.11)

The final step involves the calculations of approximate relative errors and GCI, which

is given by:
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φ21ext =
(rp21φ1 − φ2)
rp21 − 1

(2.12)

e21a =

∣∣∣∣φ1 − φ2φ1

∣∣∣∣ (2.13)

GCI21fine =
1.25e21a
rp21 − 1

(2.14)

where φext21 is the approximate relative error; e21a is extrapolated relative error; and

GCI21fine is the fine-grid convergence index.

Table 2.2 illustrates the calculation procedure for three selected grids at the pipe

inlet. The variables analyzed are the velocity profile and the cross-sectional averaged

pressure. According to Table 2.2, the numerical uncertainty in the fine-grid solution for

the velocity is 0.058%. It is important to note that this, however, does not account for

modeling error.
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Table 2.2: Sample calculations of discretization error

φ= Maximum velocity at 2 s φ= Average pressure at 2 s

h1, h2, h3 (m) 0.004, 0.008, 0.01 0.004, 0.008, 0.01

r21 2 2

r23 1.25 1.25

φ1, φ2, φ3 1.728, 1.720, 1.763 9.359, 9.358, 9.361

p 2.714 0.006

φ21ext 1.7360 9.30

e21a 0.046% 0.00106 %

e21ext 0.046% 0.00106%

GCI21fine 0.058% 0.00133%

Figures 2.10 and 2.11 show the centerline velocity profile along y-axis and cross-

sectional averaged pressure at the siphon pipe inlet, respectively. The three sets of grids

had 208425, 287504, and 530189 cells, respectively.
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Figure 2.10: Centerline velocity profile at the siphon inlet, simulation time=2 s
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Figure 2.11: Cross-sectional averaged absolute pressure versus time when the valve is

fully opened

2.3 Analytical Solution

Siphon flows can be analyzed using the energy equation. Figure 2.12 provides a side

view of our experimental siphon pipe.
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Figure 2.12: Side view of the siphon pipe

The energy equation is given by:

Za +
Pa

γ
+
V 2
a

2g
= Zb +

Pb

γ
+
V 2
b

2g
+ hf + hm (2.15)
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where, Za is the elevation of water in the tank at a pre-specified level, Zb is the

elevation of the pipe centerline at the outlet, Pa is the upstream pressure, Pb is the

downstream pressure, Va is the velocity at point a, Vb is the velocity at point b, γ is the

specific weight of water (9.807 KN/m3), g is the acceleration due to gravity, hf is the

total head loss due to friction, and hm is the total local head losses.

Because the velocity head at point a is small, eq.(1) can be simplified to:

Za − Zb =
V 2
b

2g
+ hf + hm (2.16)

Thus, the velocity at the outlet can be written as:

V =
√

2g(Za − Zb)− (hf + hm) (2.17)

To estimate the friction losses, the Darcy-Weisbach formula (Mays, 1996) is used:

hf =
fLV 2

2gD
(2.18)

Where f is a dimensionless friction factor for the pipe, L is the length of the pipe, V

is the average flow velocity in the pipe, and D is the diameter of the pipe. The friction

factor is function of the Reynolds number and the relative roughness of the pipe. The

friction factor f is obtained from the explicit Haaland equation (Haaland, 1983)
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1√
f

= −1.8log10

[
(
ε/D

3.7
)1.11 +

6.9

Re

]
(2.19)

Where ε is the roughness height, D is the pipe diameter, Re is the Reynolds number.

Local head losses hm are expressed in terms of a loss coefficient multiplied by the

velocity head:

hm =
∑

ki(
V 2

2g
) (2.20)

Where k is a dimensionless head loss coefficient for the particular pipe fitting. Typical

k values for selected components is shown in Table 2.3.

Table 2.3: Typical k values for selected components within the siphon system (Granger,

1995)

Component k values

Elbow, Threaded Long Radius 90o 0.7

Entrance Loss 0.5

Check Valve 2

Ball Valve (fully open) 0.05

Ball Valve (75% open) 1.35

Ball Valve (50% open) 27.3

Ball Valve (25% open) 410
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Chapter 3: Results

3.1 Experimental Work

A total of 65 tests were conducted. The experimental tests were carried out for three

different initial water levels (H) and different valve openings (O). The absolute pressure

head versus time is shown in Figures 3.1 through 3.12 for different valve openings. As

can be observed in these figures, the pressure in the top of the siphon remains negative

(below about 10.3 m) for all valve openings. The pressure at the inlet is higher than

that in the outlet for the 100% and 75% valve openings. For the 50% valve opening, the

pressure at the inlet is greater than that in the outlet for the first 500 s and then the

pressure at the outlet is greater than the inlet. For the 25% valve opening, the outlet

pressure is higher than that in the inlet for all times.
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Figure 3.1: Absolute pressure head versus time when the valve is 100% opened
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Figure 3.2: Absolute pressure head versus time when the valve is 75% opened
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Figure 3.3: Absolute pressure head versus time when the valve is 50% opened
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Figure 3.4: Absolute pressure head versus time when the valve is 25% opened
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Figure 3.5: Absolute pressure head versus time when the valve is 100% opened
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Figure 3.6: Absolute pressure head versus time when the valve is 75% opened
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Figure 3.7: Absolute pressure head versus time when the valve is 50% opened
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Figure 3.8: Absolute pressure head versus time when the valve is 25% opened
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Figure 3.9: Absolute pressure head versus time when the valve is 100% opened
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Figure 3.10: Absolute pressure head versus time when the valve is 75% opened
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Figure 3.11: Absolute pressure head versus time when the valve is 50% opened
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Figure 3.12: Absolute pressure head versus time when the valve is 25% opened

3.2 3D Numerical Model

The volume fraction of air and pressure field are shown in Figures 3.13 and 3.14,

respectively . Pressure measurements were made at the same location as the laboratory

experiments (siphon inlet, top, and outlet). The simulated absolute pressure head traces

with different valve openings are shown in Figures 3.15 through 3.26. As can be

observed in these figures, the pressure in the top of the siphon remains negative (below

about 10.3 m) for all valve openings. For (H=1.14 m), the pressure at the inlet is higher

than that in the outlet for the 100%, 75%, 50%, and 25% valve openings. For (H=0.60
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m), the pressure at the inlet is higher than that in the outlet for the 100%, 75%, and

50%. However, for the 25% valve opening, the outlet pressure is higher than that in the

inlet for all times. For (H= 0.30 m), the pressure at the inlet is higher than that in the

outlet for the 100% and 75%. However, for 50% valve openings, the pressure at the inlet

is greater than that in the outlet for the first 200 s and then the pressure at the outlet

is greater than the inlet, while the outlet pressure is higher than that in the inlet for all

times in 25% valve openings. These results are consistent with the experimental results

in the second and third initial water levels (H=0.60 m and H=0.3 m).
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Figure 3.13: Volume fraction of air at various times
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Figure 3.14: Absoulate pressure field at various times
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Figure 3.15: Absolute pressure head versus time when the valve is 100% opened
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Figure 3.16: Absolute pressure head versus time when the valve is 75% opened



43

Time (s)
0 100 200 300 400 500 600 700 800

A
bs

ol
ut

e 
pr

es
su

re
 h

ea
d 

(m
)

8.5

9

9.5

10

10.5

11

11.5

H=1.14 m, O=50%

A (Inlet)
B (Top)
C (Outlet)

Figure 3.17: Absolute pressure head versus time when the valve is 50% opened

Time (s)
0 500 1000 1500 2000 2500

A
bs

ol
ut

e 
pr

es
su

re
 h

ea
d 

(m
)

8.5

9

9.5

10

10.5

11

11.5

12

H=1.14 m, O=25%

A (Inlet)
B (Top)
C (Outlet)

Figure 3.18: Absolute pressure head versus time when the valve is 25% opened
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Figure 3.19: Absolute pressure head versus time when the valve is 100% opened

Time (s)
0 100 200 300 400 500 600

A
bs

ol
ut

e 
pr

es
su

re
 h

ea
d 

(m
)

8.5

9

9.5

10

10.5

11

H=0.6 m, O=75%

A (Inlet)
B (Top)
C (Outlet)

Figure 3.20: Absolute pressure head versus time when the valve is 75% opened
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Figure 3.21: Absolute pressure head versus time when the valve is 50% opened
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Figure 3.22: Absolute pressure head versus time when the valve is 25% opened
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Figure 3.23: Absolute pressure head versus time when the valve is 100% opened
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Figure 3.24: Absolute pressure head versus time when the valve is 75% opened



47

Time (s)
0 50 100 150 200 250 300 350 400 450 500

A
bs

ol
ut

e 
pr

es
su

re
 h

ea
d 

(m
)

8.5

9

9.5

10

10.5

11

H=0.3 m, O=50%

A (Inlet)
B (Top)
C (Outlet)

Figure 3.25: Absolute pressure head versus time when the valve is 50% opened
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Figure 3.26: Absolute pressure head versus time when the valve is 25% opened
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3.3 Analytical Solution

The energy equation is applied to determine the absolute pressure head at three loca-

tions within the siphon system (siphon inlet, top, and outlet) for different water initial

conditions and valve openings. The calculated absolute pressure head for different valve

openings are shown in Figures 3.27 through 3.38. As can be observed in these figures,

the pressure in the top of the siphon remains negative (below about 10.3 m) for all valve

openings, which is consistent with the numerical and experimental results. The pressure

at the inlet is higher than that in the outlet for all valve openings. Notice that these

results are different from those of the numerical and experimental ones. The reason is

that the analytical model is one dimensional where the velocity head is constant through-

out the pipe and the analytical model doesn’t capture the effects of flow recirculation

or other multi-dimensional flow characteristics. However, as will be shown in the next

section, the analytical results are very similar to those of the numerical and experimental

results.
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Figure 3.27: Absolute pressure head versus time when the valve is 100% opened
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Figure 3.28: Absolute pressure head versus time when the valve is 75% opened
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Figure 3.29: Absolute pressure head versus time when the valve is 50% opened
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Figure 3.30: Absolute pressure head versus time when the valve is 25% opened
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Figure 3.31: Absolute pressure head versus time when the valve is 100% opened
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Figure 3.32: Absolute pressure head versus time when the valve is 75% opened
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Figure 3.33: Absolute pressure head versus time when the valve is 50% opened
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Figure 3.34: Absolute pressure head versus time when the valve is 25% opened
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Figure 3.35: Absolute pressure head versus time when the valve is 100% opened
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Figure 3.36: Absolute pressure head versus time when the valve is75% opened
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Figure 3.37: Absolute pressure head versus time when the valve is 50% opened
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Figure 3.38: Absolute pressure head versus time when the valve is 25% opened

3.4 Comparison of Analytical, Numerical, and Experimental Re-

sults

The comparison of analytical, numerical, and experimental absolute pressure head traces

with different valve openings are shown in Figures 3.39 through 3.74. As observed in
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these figures, the prediction of the draining rate is well captured by the analytical,

numerical and experimental results. This means that the operation of the proposed

siphon system could be predicted with a simple one-dimensional analytical model.
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Figure 3.39: Comparison of Analytical, Numerical, and Experimental absolute pressure
head traces at siphon inlet: H=1.14 m O=100%
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Figure 3.40: Comparison of Analytical, Numerical, and Experimental absolute pressure
head traces at siphon top: H=1.14 m O=100%
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Figure 3.41: Comparison of Analytical, Numerical, and Experimental absolute pressure

head traces at siphon outlet: H=1.14 m O=100%
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Figure 3.42: Comparison of Analytical, Numerical, and Experimental absolute pressure
head traces at siphon inlet: H=1.14 m O=75%
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Figure 3.43: Comparison of Analytical, Numerical, and Experimental absolute pressure

head traces at siphon top: H=1.14 m O=75%
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Figure 3.44: Comparison of Analytical, Numerical, and Experimental absolute pressure

head traces at siphon outlet: H=1.14 m O=75%
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Figure 3.45: Comparison of Analytical, Numerical, and Experimental absolute pressure

head traces at siphon inlet: H=1.14 m O=50%
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Figure 3.46: Comparison of Analytical, Numerical, and Experimental absolute pressure
head traces at siphon top:H=1.14 m (O)=50%

Time (s)
0 200 400 600 800 1000 1200

A
bs

ol
ut

e 
pr

es
su

re
 h

ea
d 

(m
)

10

10.5

11

11.5

Outlet, H=1.14 m, O=50%

Experimental (filtered)
3D Numerical Model
 Analytical Solution

Figure 3.47: Comparison of Analytical, Numerical, and Experimental absolute pressure

head traces at siphon outlet: H=1.14 mO=50%
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Figure 3.48: Comparison of Analytical, Numerical, and Experimental absolute pressure

head traces at siphon inlet: H=1.14 m O=25%
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Figure 3.49: Comparison of Analytical, Numerical, and Experimental absolute pressure
head traces at siphon top: H=1.14 m O=25%
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Figure 3.50: Comparison of Analytical, Numerical, and Experimental absolute pressure

head traces at siphon outlet: H=1.14 m O=25%
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Figure 3.51: Comparison of Analytical, Numerical, and Experimental absolute pressure
head traces at siphon inlet: H=0.6m O=100%
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Figure 3.52: Comparison of Analytical, Numerical, and Experimental absolute pressure

head traces at siphon top: H=0.6m O=100%
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Figure 3.53: Comparison of Analytical, Numerical, and Experimental absolute pressure
head traces at siphon outlet: H=0.6m O=100%
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Figure 3.54: Comparison of Analytical, Numerical, and Experimental absolute pressure

head traces at siphon inlet: H=0.6m O=75%
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Figure 3.55: Comparison of Analytical, Numerical, and Experimental absolute pressure
head traces at siphon top: H=0.6m O=75%
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Figure 3.56: Comparison of Analytical, Numerical, and Experimental absolute pressure

head traces at siphon outlet: H=0.6m O=75%
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Figure 3.57: Comparison of Analytical, Numerical, and Experimental absolute pressure
head traces at siphon inlet: H=0.6m O=50%
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Figure 3.58: Comparison of Analytical, Numerical, and Experimental absolute pressure

head traces at siphon top: H=0.6m O=50%
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Figure 3.59: Comparison of Analytical, Numerical, and Experimental absolute pressure
head traces at siphon outlet: H=0.6m O=50%
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Figure 3.60: Comparison of Analytical, Numerical, and Experimental absolute pressure

head traces at siphon inlet: H=0.6m O=25%
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Figure 3.61: Comparison of Analytical, Numerical, and Experimental absolute pressure
head traces at siphon top: H=0.6m O=25%

Time (s)
0 200 400 600 800 1000 1200 1400 1600

A
bs

ol
ut

e 
pr

es
su

re
 h

ea
d 

(m
)

10

10.2

10.4

10.6

10.8

11

11.2

11.4

Outlet, H=0.6m, O=25%

Experimental (filtered)
3D Numerical Model
 Analytical Solution

Figure 3.62: Comparison of Analytical, Numerical, and Experimental absolute pressure

head traces at siphon outlet: H=0.6m O=25%
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Figure 3.63: Comparison of Analytical, Numerical, and Experimental absolute pressure
head traces at siphon inlet: H=0.3m O=100%
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Figure 3.64: Comparison of Analytical, Numerical, and Experimental absolute pressure
head traces at siphon top: H=0.3m O=100%
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Figure 3.65: Comparison of Analytical, Numerical, and Experimental absolute pressure

head traces at siphon outlet: H=0.3m O=100%
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Figure 3.66: Comparison of Analytical, Numerical, and Experimental absolute pressure
head traces at siphon inlet: H=0.3m O=75%
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Figure 3.67: Comparison of Analytical, Numerical, and Experimental absolute pressure

head traces at siphon top: H=0.3m O=75%
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Figure 3.68: Comparison of Analytical, Numerical, and Experimental absolute pressure

head traces at siphon outlet: H=0.3m O=75%
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Figure 3.69: Comparison of Analytical, Numerical, and Experimental absolute pressure
head traces at siphon inlet: H=0.3m O=50%
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Figure 3.70: Comparison of Analytical, Numerical, and Experimental absolute pressure

head traces at siphon top: H=0.3m O=50%



82

Time (s)
0 50 100 150 200 250 300 350 400 450

A
bs

ol
ut

e 
pr

es
su

re
 h

ea
d 

(m
)

10

10.2

10.4

10.6

10.8

11

11.2

Outlet, H=0.3m, O=50%

Experimental (filtered)
3D Numerical Model
 Analytical Solution

Figure 3.71: Comparison of Analytical, Numerical, and Experimental absolute pressure
head traces at siphon outlet: H=0.3m O=50%
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Figure 3.72: Comparison of Analytical, Numerical, and Experimental absolute pressure

head traces at siphon inlet: H=0.3m O=25%
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Figure 3.73: Comparison of Analytical, Numerical, and Experimental absolute pressure
head traces at siphon top: H=0.3m O=25%
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Figure 3.74: Comparison of Analytical, Numerical, and Experimental absolute pressure

head traces at siphon outlet: H=0.3m O=25%
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Chapter 4: Conclusion

1. The initiation of flows in a siphon with a downstream ball valve for a rapid and

gradual openings were studied analytically, numerically, and experimentally. Three

initial water levels in the upstream tank and four different final positions for the

valve openings were studied. Two opening times of the valve were also investigated.

2. In general, good agreement between analytical, experimental and numerical results

were obtained.

3. The siphon system was found to initiate the flow regardless the downstream valve

is opened rapidly or gradually. However, small leakages may lead to air at atmo-

spheric pressure to rush into the top of the siphon and stop the flow.

Overall, the proposed siphon system could be an effective and inexpensive method

to dynamically manage the storage of ponds and wetlands for flood control. How-

ever, each project site may have specific challenges that need to be considered. For

example, site specific grade limitations may influence the performance of a siphon

since siphons are limited to approximately 6 m of lift at mean sea level. Also, the

inlet of a siphon must be designed to prevent air and sedimentation from entering

to the pipe.
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