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Abstract 

Modeling Force Main Systems for Surge Analysis and Studying Dynamic 

Response due to Water Hammer 

by 

Wissam Al-Taliby 

Major Advisor: Howell H. Heck, Ph.D., P.E 

The major impact of water hammer on force mains integrity include 

excessive pressure oscillation that is usually accompanied by pipe vibrations. Models 

for simulating force main water hammer response have been developed. All of these 

models were based on the method of characteristics (MOC) and most of them were 

not calibrated for the lack of efficient field data. Although predicting maximum 

pressure during the first wave cycle is sufficient in most applications, some 

applications require precise prediction of pressure damping. One-dimensional 

models usually over predict pressure oscillation beyond the first cycle since they are 

based on steady friction expressions. It is also not well understood how pipes vibrate 

during water hammer events. The objectives were to: i) predict transient pressure of 

a force main system by a water hammer model based on the wave characteristics 

method (WCM) using Surge 2012 software and that model would be calibrated, 

validated and then used to perform surge analysis, ii) apply a one-dimensional water 

hammer model to predict surge pressure beyond the first cycle, and iii) determine the 
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vibration characteristics of a pipeline subjected to water hammer conditions induced 

by rapid valve closure. 

A data acquisition system coded by LabVIEW software was built to collect 

field data. The WCM-based Surge 2012 software was used to model the South 

Beaches Force Main Sewer System (SBFSS). The model was calibrated, validated, 

and used to conduct surge analysis. An experimental small scale pipeline system was 

built. Valve closure experiments at different pipe material types, lengths, flowrates, 

and closure speeds were conducted and the induced transient pressure and 

acceleration were measured. The pipeline was modeled using Surge 2012 and a 

sensitivity analysis was conducted to determine the parameters affecting damping of 

pressure waves. The SBFSS model predicted field pressure during steady and 

transient states. Existing surge control devices were predicted to be sufficient to 

protect the pipeline under the worst case operational scenario. Sensitivity analysis 

determined the parameters that affect the sufficiency of a one-dimensional model to 

address the pressure damping issue. Water hammer-induced vibration was found to 

occur simultaneously with and correlate to surge pressure rise for different pipe 

materials. A pipe with lower modulus of elasticity was found to vibrate with higher 

amplitude and lower frequency than one with lower modulus of elasticity under the 

same conditions. Reducing pipe length for the same material type resulted in lower 

surge pressures and vibration levels but higher frequency. 
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Chapter 1 

Introduction 

 

1.1 Problem Statement 

Force main systems are the typical method for conveying wastewater from 

low points, where it is collected by gravity sewers, and discharged into elevated 

gravity sewer systems or wastewater treatment plants (WWTP). Force mains are 

typically designed to work under pressure and buried under ground with three or 

more feet of cover. Being buried and operating continuously under pressure usually 

makes these systems subject to a wide range of hydraulic and structural loads and 

also makes them difficult to inspect. Traffic loads, soil loads, external and internal 

corrosion, and internal hydraulic loads caused by operating and surge pressures 

pose cumulative effects causing several problems in force main systems. The most 

damaging maximum and minimum pressure spikes occur during transient events 

caused by a rapid change in flow such as stopping or starting pumps. These high 

transient pressures are usually superimposed on the dominant steady state pressures 

resulting in higher pressures which may even exceed the pressure rating of the 

piping systems. Transient events may cause high instantaneous pressure spikes and 

accompanying high stress levels which may exceed the allowable pipe material 

strength. Low or vacuum pressures that exist in a pipeline that is subject to external 
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loads, as in the case of buried pipes, may cause pipe buckling and failure. Kobus 

(2011) describes the long-term cyclic fatigue loading exerted on the pipe wall by 

transient pressures as the most wide spread and dangerous consequences that 

usually result in pipe fatigue, damaging pipe supports, high operation and 

maintenance costs, and reduction in the service life of infrastructure. Jaeger (1948) 

documented several accidents caused by water hammer during both normal and 

abnormal operations in different hydraulic systems. A photo of a cast iron pipe 

section which has failed due to water hammer and removed from the system is 

shown in Figure 1.  

 

Figure 1. An excavated cast iron pipe that failed due to water hammer (Courtesy of 

Cycle Stop Valves, Inc.) 
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Vibration and displacement of pipelines is expected under severe pressure 

fluctuation (Bergant et al. 2008). If pressure oscillations are in resonance with the 

pipe natural frequency, a damaging vibration may be induced causing pipe failure 

(Larson and Jönsson 1991).  

There are several significant risks and impacts on the environment due to 

the discharge of raw sewage. Public health can also be affected. Some of these 

impacts and dangers include water contamination in drinking water systems, streets 

and basements flooding, contamination of environmentally sensitive areas, and 

potential of bacterial and viral infection. Water hammer events can also affect 

water quality by creating large shear stresses on the pipe wall that can cause the 

biofilm to be sloughed off increasing the suspended solids content (Ghidaoui et al. 

2002). Economic losses can also occur and have to be considered when dealing 

with force main maintenance since about 85% of wastewater utility costs are 

assigned to assets such as force mains (Agrawal et al. 2008). 

If a numerical model for a force main system is developed, it can be a very 

useful tool to simulate the operation of the force main under different scenarios and 

predict the pressure and flow variations. Numerical models can also be efficiently 

employed to evaluate the surge protection measures and to design the proper surge 

protection devices that could be installed on the force main to mitigate the 

damaging effects of transient pressures. Modeling force main systems for 

conducting transient analysis has been reported in the literature. However, most of 

these models have either been not calibrated or been only calibrated for either 
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steady state or transient state but not both. Not calibrating the model was usually 

either because the model was developed for a proposed system that has not been 

constructed or due to the lack of field data. Also, the reported models were usually 

developed for relatively small and simple piping systems. However, surge models 

that have been calibrated and validated during both steady state and transient state 

for fairly complex and large force main systems have not been developed. 

All of the water hammer computer packages are based on the classical one 

dimensional (1D) water hammer model. It is well-known that the classical 1D 

water hammer model is capable of providing good agreement with experimental 

data during only the first wave cycle. After the first wave cycle, significant 

discrepancy in the predicted pressures starts to emerge (Ghidaoui et al. 2005). 

Usually, the traditional 1D water hammer models over predict the pressure wave 

after the initial cycle. 

Vibration of pipelines has been mentioned in a number of publications as 

one of the expected and significant consequences of water hammer. However, the 

literature is lacking detailed studies addressing the vibration of pipes and fittings 

during water hammer events. Therefore, simultaneous recording and monitoring of 

pressures and accompanying vibrations of pipelines during different operating 

conditions is expected to provide a good understanding of how pipes dynamically 

respond to water hammer pressure variations. 
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1.2 Research Hypotheses 

The research hypotheses are: 

1. Numerical models for complex and large force main systems can be created and 

be efficiently calibrated and validated to match field data during both steady 

state and transient state of operation. 

2. Adequate field data can be collected with high sampling frequency to analyze 

modeled versus measured results.  

3. One-dimensional water hammer packages can be used to match the field data 

beyond the first wave cycle if appropriate assumptions are made. 

4.  Accurate and simultaneous sampling of field pressure and acceleration 

generated during water hammer events can help correlate pipe vibration and 

transient pressure.  

1.3 Objectives and Scope  

There are three main objectives to test the research hypotheses. The first 

objective is to model, calibrate, and validate water hammer response in a large and 

complex force main pipeline system. The numerical model is then used to study the 

force main behavior under steady state and transient operating conditions and to 

evaluate and, if deemed necessary, design different surge control measures. The 

second objective is to use a software package that is based on the 1D water hammer 

model to predict the measured transient pressure wave beyond the first cycle. The 

third objective is to investigate dynamic responses of hydraulic piping systems 
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during water hammer conditions. In order to achieve these objectives, the scope of 

this research consists of the following steps: 

1. Understanding mathematical modeling of water hammer and surge analysis. 

This is accomplished in the first part of the literature review. 

2. Applying the theory to solve water hammer problems. This step will 

involve developing a surge model for a small scale theoretical piping 

system and testing that model using multiple solution schemes. 

3. Building a high speed data acquisition system with multiple sampling 

channels that is able to collect simultaneous pressure and acceleration 

signals. 

4. Develop a surge model for a full scale force main sewer piping system 

experiencing water hammer problems. This step will involve the following 

procedures: 

 Collecting Field data from the force main system during normal operation 

for both evaluating water hammer conditions and for model calibration and 

validation. 

 Developing a surge model for a full scale force main sewer system to 

simulate steady state and transient operating conditions. 

 Calibrating and validating the full scale model using field measurements. 

 Conducting extensive transient analysis using the calibrated model for 

evaluating pressure transients and surges due to water hammer under 

different scenarios. 
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 Evaluate and design proper surge control measures to mitigate pressure 

transients caused by water hammer. 

5. Building an experimental small scale pipeline system. 

6. Conducting an extensive experimental program on the small scale pipeline 

installation to acquire reliable pressure and acceleration data under different 

water hammer conditions. 

1.4 Literature Review 

This section contains a complete synopsis of literature reviewed to date. 

The literature review focuses on three areas: (i) water hammer theory and 

mathematical background, (ii) surge analysis in pipeline systems, and (iii) dynamic 

and elastic response in pipes due to surges. 

1.4.1 Water Hammer Theory and Mathematical Background  

In order to achieve the first part of the research scope discussed in section 

1.3, a complete survey of the literature focusing on water hammer theory and 

mathematical methods is reviewed. The review includes the definition of water 

hammer and the assumptions used to derive the mathematical equations governing 

transient flow conditions in piping systems. Various methods used to analyze or 

model water hammer are presented. They include numerical methods, rigid water 

column theory, compressible flow in rigid and elastic pipes, momentum and 

continuity equations, the method of characteristics (MOC), and the wave 

characteristics method (WCM). 
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1.4.1.1 Definition of a Transient Condition 

A transient condition refers to transitional flow between two steady state 

conditions. Such situations usually follow a change in valve settings or pump 

starting or stopping. Hydraulic pressure rise or fall is proportional to the amount 

and speed of the incremental change in flow. Transient flow conditions involving 

water as the fluid are commonly referred to as water hammer. Different terms are 

usually used to describe transients depending on how fast changes in flow occur. 

When changes occur so slowly such as the change of the water level in a surge 

tank, transients are called surges. However, the terms hydraulic transients, pressure 

surges, and water hammer are usually used interchangeably. 

A transient surge analysis based on the rigid column theory involves 

mathematical or numerical solutions of simple ordinary differential equations. In 

this method of analysis, the compressibility of a fluid and the elasticity of the 

conduit are ignored and the whole column of fluid is dealt with as a moving rigid 

body (Tullis 1989). The mathematical formulation of the rigid water column theory 

is discussed in the proceeding paragraphs.  

When changes in flow occur rapidly, the procedure is often called elastic or 

water hammer analysis. Actual water hammer analysis is affected by both fluid 

compressibility and pipe material elasticity and therefore it is more complex than 

the rigid column theory analysis and represents the actual behavior of flow more 

accurately (Larock et al. 2000). The consideration of fluid compressibility and pipe 

elasticity is presented in the proceeding sections. 
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1.4.1.2 Rigid Water Column Theory 

As mentioned previously, hydraulic problems involving slow transient 

conditions can be handled by the rigid water column theory. In this method of 

analysis, water is assumed to be incompressible meaning that water density remains 

constant during the transient condition. The pipe material elasticity is also not 

accounted for in this analysis meaning that the pipe material is not assumed to 

encounter any strain and the pipe diameter (cross-sectional area) remains constant 

(Chadwick et al. 2013). Figure 2 shows a pipe attached to a constant head reservoir 

on the upstream side and a valve on the downstream side. The hydraulic grade line 

(HGL) represents the summation of pressure head and elevation head along the 

pipe. In other words, it represents the level water would rise to in a vertical 

piezometer connected to the pipe. When the pipe flowrate is zero, the HGL is 

horizontal. While, when water is flowing in the pipe under steady state, the pipe 

friction causes the HGL to slope down. The difference between the static head and 

the dynamic HGL at the valve is equal to the amount of pipe head loss (hf).  

 

Figure 2. Schematic of the rigid water column theory analysis: (a) pipeline system and 

(b) surge pressure force at valve (reproduced from Chadwick et al. 2013) 
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According to Chadwick et al. (2013), sudden valve closure generates a head 

increase at the valve by an amount of (δh) which corresponds to a pressure increase 

of (δp). The analysis is based on the law of conservation of momentum which 

states that for a fluid in motion, there is always a force needed to gain or lose 

momentum. The mass of fluid flowing in the pipe shown in part (a) of Figure 2 is ρ 

A L and the momentum (M) of this mass is ρ A L (u), where ρ is the density of 

fluid, A is the pipe cross-sectional area, L is the length of the pipe, and u is the flow 

velocity. The derivation of the equations that control the rigid water column theory 

was presented by Chadwick et al. (2013) and is reviewed below. 

A valve closure causes a change in the momentum of fluid and according to 

the law of conservation of momentum, a force F that is needed to change the 

momentum M will be generated at the valve as shown in part (b) of Figure 2. 

The rate of change of momentum is: 

dM

dt
= ρAL

du

dt
                                                                                                                       (1) 

So,               

F = δpA = ρAL
du

dt
                                                                                                              (2) 

Both water density and pipe cross-sectional area are assumed to remain constant. 

δp = ρL
du

dt
                                                                                                                            (3) 

This equation can be written in terms of pressure head to be: 
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δp

ρg
= δh =

L

g

du

dt
                                                                                                                   (4) 

Where: δp is the pressure change and g is the acceleration due to gravity. 

This equation represents the head pressure rise δh, which is referred to as 

surge pressure head, when water and pipe elastic properties are ignored. Equation 

(4) shows that the amount of surge pressure rise is only a function of the rate of 

change in flow velocity which is in turn dependent on the rate of the valve closure. 

It can be noted that Eq. (4) is not able to give accurate results with rapid flow 

changes. The resulting pressure calculated by this equation will continuously 

increase with decreasing closure time. It is obvious that at very rapid flow changes, 

the transient pressure increase given by Eq. 4 will be unlimited. The loss of 

accuracy at rapid flow changes stems from the fact that the hydraulic system does 

not behave in an inelastic fashion and fluid compressibility effects have to be 

considered. 

1.4.1.3 Analysis of Compressible Flow in a Rigid Pipe 

Chadwick et al. (2013) proceed in their discussion by including the fluid 

compressibility in the transient analysis as illustrated in the discussion below. They 

state that any increase in the rate of change of flow results in an increase in the 

inertia forces of fluid resulting in a pressure increase to a point that can cause the 

fluid to compress. Fluid compressibility will change the situation of fluid 

deceleration that is caused by the changes in flow. Ignoring fluid compressibility 

means that the rapid change in flow causes a uniform deceleration in fluid. 
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However, this is not the case when compressibility is considered. Rapid valve 

closure causes the pressure at the valve to increase to a degree enough to cause the 

water to compress generating what is called a shock wave. This shock wave is 

generated at the point of flow change and travels in the pipe at the wave speed of 

that pipe causing rapid changes in flow and pressure along its path. 

The analysis and derivation given below was presented by Chadwick et al. 

(2013). Figure 3 was used to illustrate the flow conditions in a pipeline during the 

passage of a shock wave. 

 

Figure 3. Shock wave propagation in a compressible fluid flowing in a rigid pipe 

(after Chadwick et al. 2013) 

According to the conservation of mass: 

ρAa = (ρ + δρ)(a − uo)A                                                                                                 (5) 

Where: a, is the pressure wave speed and uo is the initial velocity of flow before the 

generation of the pressure wave. 

Eq. (5) was rearranged to give: 

Undisturbed Fluid Fluid after Compression 

a 

p 

ρ 

a − uo 

p + δp 

ρ + δρ 
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ρuo = δρ(a − uo)                                                                                                                (6) 

So, 

δρ

ρ
=

uo
(a − uo)

                                                                                                                      (7) 

Now, according to the momentum equation, the resultant force acting on the 

control volume equals the mass flow multiplied by the change in velocity: 

(p + δp)A − pA = ρAa[a − (a − uo)]                                                                           (8) 

Where: p is the hydraulic pressure of the undisturbed fluid in the pipe and δp is the 

pressure change due to the fluid compressibility. 

Eq. (8) was simplified to give: 

δp = ρauo                                                                                                                              (9) 

uo =
δp

ρa
                                                                                                                               (10) 

To deal with water compressibility, the bulk modulus of elasticity of water (K) was 

needed and could be represented as the pressure change divided by the percent 

change in water volume caused by that pressure change: 

K =  −
δp

δV
V

                                                                                                                           (11) 

Density, ρ is the mass (m) divided by volume V. 

The derivative of ρ, which is mass divided by volume, with respect to V is:  

dρ

dV
= −

m

V2
= −

ρ

V
                                                                                                             (12) 

Rearranging Eq. (12) gives: 
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δρ

ρ
= −

δV

V
                                                                                                                           (13) 

Substituting Eq. (13) in Eq. (11) resulted in: 

K =
δp

δρ
ρ

                                                                                                                                (14) 

So, 

δρ

ρ
=
δp

K
                                                                                                                               (15) 

Substituting Eq. (10) and Eq. (15) in Eq. (7) gives: 

δp

K
=

(
δp
ρa)

[a − (
δp
ρa)]

                                                                                                               (16) 

This could be rearranged to give: 

ρa2 − δp

K
= 1                                                                                                                      (17) 

Which also was further simplified when δp is too much smaller than K: 

ρa2

K
= 1                                                                                                                                (18) 

Therefore; 

a = √
K

ρ
                                                                                                                                (19) 

Equation (19) represents the shock wave speed in compressible fluid 

flowing in a rigid pipe. It can be noted that fluid properties (modulus of elasticity 
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and density) are the only parameters affecting the wave speed. Pipe properties are 

not accounted for in this equation because of the assumption that the pipe is rigid. 

In the next section, the effect of pipe elasticity on the shock wave speed will be 

discussed. 

1.4.1.4 Analysis of Compressible Flow in an Elastic Pipe  

Transient analysis of a real world piping system should be based on both 

fluid compressibility and pipe elasticity. In this case, the generated shock wave 

causes the water to compress and the pipe material to be strained as illustrated in 

Figure 4. 

Applying the laws of mass continuity and momentum on the control volume 

shown in Figure 4, the equation for the wave speed in compressible fluid flowing in 

an elastic pipeline could be obtained. The equation is shown below (Chadwick et 

al. 2013): 

a =  
1

√ρ [(
1
K) +

D
Ee]

                                                                                                          (20) 

The detailed derivation of this equation was discussed by several authors 

such as (Tullis 1989; Larock et al. 2000; Chadwick et al. 2013). It can be noted 

from Eq. (20) that the pipe properties including modulus of elasticity (E), pipe 

diameter (D), and pipe wall thickness (e), are factors affecting the wave speed 

along with water properties. 
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Figure 4. Transient conditions with compressible fluid in an elastic pipe (after 

Chadwick et al. 2013) 

Comparing this analysis with the previous analysis that accounted for 

compressibility but not pipe elasticity shows the difference in the manner the 

pressure wave speed is calculated. In the derivation of the relationship given in Eq. 

(20), pipe was assumed to be axially rigid (no axial movement allowed) but is free 

to move radially. In practice, piping systems can be designed to have several 

support configurations. Chaudhry (1987), Wylie and Streeter (1993) Larock et al. 

(2000) provide a general form for wave speed in which, three support cases are 

addressed. 

Case 1: pipe anchored only at upstream end; 

Case 2: full pipe restraint from axial movement; 

Case 3: longitudinal expansion joints along the pipeline. 

a =
√
K
ρ

√1 +
K
E
D
e
(C′)

                                                                                                            (21) 

a 

 

a 
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where: C′ is a constant that depends upon the type of constraint as follows: 

Case 1: C′ =  5/4 –  μ 

Case 2: C′ =  1 − μ2 

Case 3: C′ = 1 

Where: μ is Poisson’s ratio. 

1.4.1.5 Fundamental Water Hammer Equation 

The water hammer equation which is well-known as the “Fundamental 

equation of water hammer” was produced by Joukowsky (1898). This equation 

predicts the head or pressure change caused by a sudden change of flow velocity 

(Ghidaoui et al. 2005). The derivation of this equation presented in Tullis (1989) is 

reviewed here considering the simple reservoir, pipe, and valve system shown in 

Figure 5. 

According to Tullis (1989), initially, the flow velocity is uo and the pressure 

head in the reservoir is HR. When the valve is partially closed, the flow velocity 

will change by an amount of Δu causing the pressure head to rise by an amount of 

ΔH at the point of flow change (valve). This pressure wave travels upstream of the 

pipe with the acoustic speed, a, as illustrated in part (a) of Figure 5. This increase in 

pressure causes the fluid to compress and the pipe walls to be strained (expanded). 

Fluid compressibility and pipe expansion are small compared to other changes and 

thus they are ignored in this derivation. As shown in part (b) of Figure 5, the 

downstream direction is assumed to be positive. The pressure rise ΔH will cause 
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the net force acting on the element to be γΔHA in the downstream direction. 

Taking a control volume and applying the unsteady momentum equation yields: 

 

 

 

 

 

 

(a) 

 

  

 

 

(b) 

Figure 5. Control volume for valve closure (reproduced from Tullis 1989) 

−γ∆HA = 2ρAuO∆u + ρA(a − uO)∆u                                                                         (22) 

re-arranging Eq. (22) yields: 

∆H = −
a∆u

g
(1 +

uO
a
)                                                                                                     (23) 

where: γ is the unit weight of fluid and ΔH is the pressure rise due to valve closure. 

ρA(uo+Δu)2 

γ A ΔH 

ρAuo
2 

HR 

-a 
HGL 

uo 

ΔH 

uo +Δu 

(a-uo) Δt 

uo uo + Δu 
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Since uo is too small compared to a, the term uo/a can be ignored from Eq. (23) to 

yield: 

∆H = −
a

g
∆u                                                                                                                       (24) 

This is the basic water hammer equation that predicts the pressure head increase 

due to a change of flow velocity Δu. For example, an instantaneous closure of a 

downstream valve on a PVC pipe with a flowrate of 5 ft/sec and a wave speed of 

1000 ft/sec would generate a pressure head rise of 155 ft. 

1.4.1.6 Equations of Transient Flow 

Transient flow in pressurized pipelines is governed by two equations: the 

conservation of momentum equation and the mass conservation (continuity) 

equation. The derivation of these equations as presented by Chaudhry (1979) is 

reviewed here. These equations comprise together the mathematical basis for 

solving transient problems in complex pipeline systems that require considering 

two important factors: Elasticity (of water and pipe) and effect of hydraulic losses. 

a. Momentum Equation 

The derivation given below was presented in (Chaudhry 1979) and is based 

on the notation shown in Figure 6. H is the piezometric head at the pipe centerline 

above the specified datum. Distance x, discharge Q, and flow velocity u are 

considered positive in the downstream direction. A horizontal element of fluid with 

a cross sectional area A and length δx is taken within the pipe as shown in part (a) 

of Figure 6.  
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(a) 

 

 

(b) Free Body Diagram 

Figure 6. Notation for momentum equation (reproduced from Chaudhry 1979) 

F1’ F2’ 
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 At distance x, the piezometric head and flow velocity are H and u, 

respectively, and their corresponding values at distance x + δx are H + (∂H/∂x) δx 

and u + (∂u/∂x) δx, respectively. 

By taking the free body diagram of the element as shown in part (b) of 

Figure 6, three forces are shown to be acting on the fluid element in the x-direction, 

F1', F2', and S. Both F1' and F2' are forces caused by pressure inside the conduit and 

can be represented by the following equations: 

 F1' = γ A (H - z)                                                                                                    (25) 

 F2
′ =  γ (H − z + 

∂H

∂x
δx) A                                                                                             (26) 

while S is a force caused by wall shear stress and can be represented by the 

following equation using Darcy-Weisbach formula for friction losses: 

S =  
γ

g
 
𝑓u2

8
 πDδx                                                                                                               (27) 

where:  

γ = specific weight of fluid, f = friction factor, g = gravitational acceleration, and D 

= diameter of the conduit. 

The resultant force acting on the element is:  

F' = F1'– F2'– S                                                                                                       (28) 

and by substituting equations 25, 26, and 27 into Eq. 28, Eq. 29 is obtained; 

F′ = − γA
∂H

∂x
δx − 

γ

g

𝑓u2

8
πDδx                                                                                     (29) 

Applying Newton’s second law of motion, force = mass × acceleration, we get; 
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− γA
∂H

∂x
δx − 

γ

g

fu2

8
πDδx =  

γ

g
Aδx ×  

du

dt
                                                                 (30) 

Dividing Eq. (30) by γA δx yields; 

du

dt
=  −g

∂H

∂x
− 
𝑓u2

2D
                                                                                                         (31) 

The total derivative du/dt can be represented by the following expression: 

du

dt
 =  

∂u

∂t
 + 

∂u

∂x

dx

dt
                                                                                                         (32a) 

or 

du

dt
 =  

∂u

∂t
 +  V

∂u

∂x
                                                                                                          (32b) 

Substituting Eq. (32) b into Eq. (31) and rearranging yields; 

∂u

∂t
 + u

∂u

∂x
 + g

∂H

∂x
 + 

𝑓u2

2D
 = 0                                                                                     (33) 

Since the term u(∂u/∂x) is significantly smaller than the term ∂u/∂t in most transient 

flow applications, it can be safely dropped from Eq. (33); 

∂u

∂t
 + g

∂H

∂x
 + 

𝑓u2

2D
 = 0                                                                                                   (34) 

Writing Eq. (34) in terms of discharge Q, and rearranging yields 

∂Q

∂t
 + gA

∂H

∂x
 + 

𝑓

2DA
 Q|Q| = 0                                                                                     (35) 

The expression Q2 is written as Q|Q| to account for the reverse flow. This equation 

is the momentum equation for transient flow. 
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The momentum equation can also be written in terms of piezometric head and flow 

velocity as given below: 

g
∂H

∂x
+
∂u

∂t
+
𝑓u|u|

2D
= 0                                                                                                    (36) 

b. Continuity Equation 

            Chaudhry (1997) derived the continuity equation using the notation and the 

control volume of fluid within a conduit shown in Figure 7. The derivation is 

reviewed below. 

 

 

 

 

Figure 7. Notation for continuity equation (reproduced from Chaudhry 1979) 

The volume of fluid inflow Volin and outflow Volout during time interval δt can be 

represented by the expressions below: 

                        Volin = uπr2δt                                                                                 (37) 

                           Volout = (u +
∂u

∂x
δx) πr2δt                                                                (38) 

where: r is the radius of the conduit.  

dr 

δx 

Outflow Inflow r 
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Conducting materials balance on the control volume yield that the increase in 

volume, δVolin can be represented as shown below; 

                    δVolin  =  Volin  −  Volout  =  −
∂u

∂x
δx δt πr2                                       (39) 

The change in pressure leads to change in volume due to either radial expansion or 

contraction of pipe walls and also due to fluid compressibility which causes a 

decrease or increase of the length of fluid element. The volume change, δVolr, due 

to radial expansion or contraction of the pipe walls will first be considered. The 

hoop or radial stress, σ in pipe walls due to pressure p is given by the equation; 

                    σ =
pr

e
                                                                                                              (40) 

where: e = the wall thickness of the conduit. 

The expression for the pressure change, δp, during time interval δt is (∂p/∂t)δt. 

Equation (40) may be written in terms of the change in hoop stress caused by 

change in pressure during time δt; 

                    δσ = δp
r

e
=
∂p

∂t
δt
r

e
                                                                                    (41) 

The change in strain, δϵ due to the increase in radius from r to r+δr is;  

                   δϵ =
δr

r
                                                                                                            (42) 

Assuming that the pipe walls are linearly elastic, the formula of Young’s modulus 

of elasticity (E) can be written as; 

E =
δσ

δϵ
                                                                                                                                 (43) 

Substituting Eq. (41) and Eq. (42) in Eq. (43) and rearranging yields; 
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                     δr =  
∂p

∂t
 
r2

eE
δt                                                                                              (44) 

Volume change of the element due to radial expansion or contraction of pipe walls 

is; 

                     δVolr = 2πrδxδr                                                                                          (45) 

Substituting Eq. (44) in Eq. (45) yields; 

                     δVolr = 2π
∂p

∂t

r3

eE
δtδx                                                                                (46) 

The change in volume, δVolc, due to fluid compressibility can be derived from the 

following expressions; 

The initial volume of the element is given by; 

                   Vol = πr2 δx                                                                                         (47) 

The bulk modulus of elasticity of fluid, K, is given by the following expression; 

                     K =  
−δp

δVolc
Vol

                                                                                                    (48) 

Substituting Eq. (47) in Eq. (48) and using the expression (∂p/∂t)δt for pressure 

change δp yields; 

                   δVolc = 
−∂p

∂t

δt

K
 πr2 δx                                                                               (49) 

Assuming that the fluid density remains constant during transient flow, the law of 

the conservation of mass yields; 

                  δVolin + δVolc = δ Volr                                                                        (50) 
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Substituting Eqs. (39), (46), and (49) in Eq. (50) and dividing by πr2δxδt and 

rearranging yields; 

∂u

∂x
+
∂p

∂t
(
2r

eE
+
1

K
) = 0                                                                                                     (51) 

The acoustic or water hammer wave speed is given by the expression; 

                    a2 = 
K

ρ[1 + (KD/eE)]
                                                                                 (52) 

where: ρ is the mass density of the fluid. 

writing p as ρgH, substituting Q = uA, and using the expression of Eq. (52), results 

in; 

a2

gA

∂Q

∂x
+
∂H

∂t
= 0                                                                                                                 (53) 

This is the continuity equation. 

Similar to the momentum equation, Eq. (53) can also be written in terms of the 

piezometric head and flow velocity as given below: 

∂H

∂t
+
a2

g

∂u

∂x
= 0                                                                                                                  (54) 

1.4.1.7 Numerical Solutions of Water Hammer Equations 

            The equations of transient flow (water hammer) presented in the previous 

sections (i.e. Eq. (35) and Eq. (53)) are quasi-linear, hyperbolic, partial differential 

equations. They represent the temporal and spatial variation of pressure and flow. 

Solution of these equations yields pressure and flow values in a time-distance (x-t) 

plane. Analytical or closed form solution for these equations is impossible when 
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they are to be applied to real complex applications. Direct solution of these 

equations may only be obtained for very simple applications where boundary 

conditions and friction term are simplified or neglected (Chaudhry 1979; Wood 

2005; Ghidaoui et al. 2005). 

 Different graphical and algebraic methods based on numerical procedures 

have been developed to approximate the solution of these equations (Boulos et al. 

2004). Several methods have been developed for solving water hammer equations 

and conducting transient analysis. However, only two methods have proved to be 

efficient in terms of accuracy, programming possibility, and the number of 

computations required. These methods are the method of characteristics (MOC) 

and the wave characteristics method (WCM) (Ramalingam et al. 2009). In the 

MOC, the hyperbolic partial differential equations of continuity and momentum are 

first converted into ordinary differential equations and then written in a difference 

form to be solved using a finite difference approach. In order for this method to be 

used, numerous calculations have to be accomplished and the more complex the 

system is, the greater the number of calculations are required. Wood (2005) reviews 

the WCM and describes it as an alternative numerical approach for dealing with 

transient analysis in piping systems. He states that this approach is based on the 

physical concept that transient flow in pipes occur as a result of pressure wave 

generation and propagation following a disturbance in steady state flow conditions. 

The author also states that this method handles transient analysis by describing the 

generated pressure wave travelling through the pipe-liquid system at sonic speed 
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causing instantaneous change in pressure and flow. Then, the wave is partially 

transmitted and reflected at each discontinuity in the piping system and is also 

being modified by pipe resistance. 

a. The Method of Characteristics (MOC) 

 The MOC has been discussed in detail in many publications (Chaudhry 

1979; Chaudhry 1987; Tullis 1989; Wylie and Streeter 1993). In this method, 

pressure waves generated by a disturbance are tracked in a time-space grid based 

on a finite difference scheme and characteristic equations. The technique adopted in 

this method is that the water hammer Eqs. 35 and 53 are first converted into 

ordinary differential equations and then into a finite difference form to be solved 

numerically for head and flow by an explicit finite difference technique. The head 

and flow values at grid points are calculated using two characteristic equations with 

two compatibility equations. The MOC requires dividing each pipeline into a 

specified number of segments (reaches) and writing the characteristic and 

compatibility equations for each grid point. Line friction is handled by distributing 

friction effect on pipe segments. For the MOC to be used, initial conditions from 

the steady state analysis should all be known and also boundary conditions at all 

times should be known. Head and flow values at the interior points are calculated 

numerically by using both characteristic and compatibility equations. Head and 

flow at boundaries are determined by using the appropriate characteristic equation 

and an equation derived from boundary conditions (Ramalingam et al. 2009). A 

linear combination of Eqs. 35 and 53 can be written as (Tullis 1989): 
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{
∂H

∂x
+
1

gA

∂Q

∂t
− 𝑓(Q)} + λ {

∂H

∂t
+
a2

gA

∂Q

∂x
} = 0                                                           (55) 

rearranging yields: 

λ {
∂H

∂t
+
1

λ

∂H

∂x
} +

1

gA
{
∂Q

∂t
+ λa2

∂Q

∂x
} − 𝑓(Q) = 0                                                       (56) 

using the concept of total derivative which states that: 

dF

dt
=
∂F

∂t
+
∂F

∂x

dx

dt
                                                                                                               (57) 

Eq. (57) may be written in terms of partial derivative as: 

λ
dH

dt
+
1

gA

dQ

dt
− 𝑓(Q) = 0                                                                                               (58) 

By comparison: 

{
  
 

  
 
1

λ
=
dx

dt
and

λa2 =
dx

dt
or

λ = ±1/a}
  
 

  
 

                                                                                                                      (59) 

Now, by substituting the positive and negative values of λ (+1/a and -1/a), Eq. (58) 

can be written as two ordinary differential equations: 

1

a

dH

dt
+
1

gA

dQ

dt
− 𝑓(Q) = 0                                                                                              (60) 

−
1

a

dH

dt
+
1

gA

dQ

dt
− 𝑓(Q) = 0                                                                                          (61) 

Equations (60) and (61) are known as the characteristic equations. Equation (60) is 

only valid when dx/dt = +a, and Eq. (61) is only valid when dx/dt=-a. It is worth to 

write the characteristics equations as positive and negative components as: 
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C+:

{
 

 
1

a

dH

dt
+
1

gA

dQ

dt
− 𝑓(Q) = 0

when                   
dx

dt
= +a }

 

 
                                                                                  (62) 

C−:

{
 

 −
1

a

dH

dt
+
1

gA

dQ

dt
− 𝑓(Q) = 0

when                   
dx

dt
= −a }

 

 
                                                                              (63) 

On an x-t plane, the positive and negative characteristics lines can be represented as 

shown in Figure 8. 

                      t 

 

 

 

 

      i-1             i              i+1                                                x  

Figure 8. Characteristics lines in the x-t grid of the MOC 

The region of space-time enclosed by the x axis and the two characteristic lines is 

called the zone of determinacy (Chadwick et al. 2013). On the characteristic lines, 

the solution of Eqs. (62) and (63) can be approximated by using the finite 

difference scheme after converting them into a finite difference form as follows 

(Chaudhry 1979): 

Equation (62) may be written in the finite difference form as: 

Δx 

dx/dt= +a dx/dt= -a 

Characteristic Line 

t+Δt 

t 

t-Δt 

Δt 
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1

a

∆H

∆t
+
1

gA

∆Q

∆t
− 𝑓(Q) = 0                                                                                              (64) 

Rearranging yields: 

∆Q +
gA

a
∆H − 𝑓(Q)gA ∆t = 0                                                                                       (65) 

Using Figure 8 for illustration, Eq. (65) may now be written in the difference form 

as: 

         (Qi
t+∆t − Qi−1

t ) +
gA

a
(Hi

t+∆t − Hi−1
t ) − 𝑓(Qi−1

t )gA ∆t = 0                            (66) 

This equation is true only on the characteristic line dx/dt=+a. Similarly, Eq. (63) 

may also be written in the following difference form: 

           (Qi
t+∆t − Qi+1

t ) −
gA

a
(Hi

t+∆t − Hi+1
t ) − 𝑓(Qi+1

t )gA ∆t = 0                          (67) 

This equation is only true on the characteristic line dx/dt=-a. Eqs. (66) and (67) can 

be written in a more convenient way as: 

C+: Qi
t+∆t = Cp − CaHi

t+∆t                                                                                              (68) 

C−: Qi
t+∆t = Cn + CaHi

t+∆t                                                                                              (69) 

where: 

                         Cp = Qi−1
t +

gA

a
Hi−1
t −

𝑓∆t

2DA
Qi−1
t |Qi−1

t |                                             (70) 

                         Cn = Qi+1
t −

gA

a
Hi+1
t −

𝑓∆t

2DA
Qi+1
t |Qi+1

t |                                             (71) 

                         Ca =
gA

a
                                                                                                      (72) 
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b. The Wave Characteristics Method (WCM) 

 This technique has been discussed in detail by Wood et al. (1966) and 

Wood et al. (2005) and is presented here based on these references. The name of 

this method was later generalized and changed from the wave plan method to the 

wave characteristic method (WCM) (Boulos et al. 2004). In this method, transient 

flow problems are handled by keeping track of the movement of the shock wave 

generated due to a disturbance. It is based on a Lagrangian-based numerical 

solution scheme (Wood et al. 1966).  

 The concept of the WCM is that any disturbance in the pipe flow system 

such as a valve closure or pump shutdown can cause transient flow events due to 

the generation and propagation of pressure waves at the point of disturbance. These 

generated pressure waves travel in the pipeline at the speed of sound causing rapid 

changes in pressure and flow and when they encounter discontinuities in the pipe 

system, these waves get reflected and partially transmitted at each discontinuity. 

Pipe viscous effects are handled in this method by using “friction orifice analogy” 

to modify the pressure waves for frictional losses of pipes. Frictional losses are 

dealt with as a nonlinear characteristic relationship of head loss as a function of 

flow rate.  

 In the WCM solution, three elements of pipeline systems are incorporated 

in the transient analysis. These elements include components (pumps and valves), 

junctions, and “side discharge orifice” (surge control devices). The solution by the 

WCM requires calculating the effects of generated pressure waves impinging on 
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the system elements at each time step. The time step (Δt) is chosen so that pressure 

waves travel the pipe in one or multiples of Δt. Of great importance in the WCM 

simulation is the characteristic relationships of different elements involved in the 

piping system.  

i. Modeling Components in WCM Transient Analysis 

The most common components involved in the WCM transient analysis are 

valves and pumps. The general physical model of a component reviewed here was 

presented by (Wood et al. 2005) as illustrated by the physical model shown in 

Figure 9. They showed that the transient analysis of a component is based on the 

assumption that the relationship between head loss and flow through the component 

can always be represented by a second order characteristic head-flow equation as 

the one given by Eq. (73). 

∆H = A(t) + B(t)|Q| + C(t)Q|Q|                                                                                  (73) 

The terms A, B, and C in this characteristic equation depend on the type of 

component (valve or pump) and they may be time dependent. These values can 

always be determined during the analysis. The absolute value of flow rate is used to 

account for flow reversal. 

The upper part of Figure 9 represents the flow conditions at the component 

before the waves, ΔH1 and ΔH2, imping on the component. The lower part shows 

the flow conditions after the actions of ΔH1 and ΔH2 take place leading to changes 

in flow conditions and the generation of new waves (ΔH3 and ΔH4). 
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Figure 9. Flow conditions at a component before and after wave action (after 

Wood et al. 2005) 

By further analysis of Figure 9, Wood et al. (2005) developed Eqs. (74) to 

(81) that can be used for component analysis. The flow rate at the component after 

the wave action is represented by the quadratic form shown in Eq. (74). 

C(t)Qo|Qo| + B(t)|Qo| − (F1 + F2)Qo + b = 0                                                       (74) 

where:  

b = (A(t) + H1 + 2∆H1 − H2 − 2∆H2 + (F1 + F2)Qi)                                           (75) 

In which: Qi is the initial flow through the component, F1 and F2 are constants:  

{
 
 

 
 F1 =

a1
gA1

and

F2 =
a2
gA2}

 
 

 
 

                                                                                                (76) 

where:  

a1 and a2 are the wave speeds in pipes 1 and 2, respectively. A1 and A2 are the 

cross-sectional areas of pipes 1 and 2, respectively. g is the acceleration due to 

gravity. 

  



 

 

 

35 

The flow rate (Qo) after the wave action is obtained from Eq. (73) by 

quadratic formula solution or by Newton-Raphson method by setting Qo= Qi for the 

first iteration. Determination of Q3 and Q4 depends on whether the cavitation effect 

is considered or not. If the cavitation effect is ignored, then applying the continuity 

equation yields: 

 Q3= - Qo, and Q4= Qo 

This is based on the convention that flow through and away from the 

component is positive. Up to this point, flow rates after the wave action are 

determined. For complete analysis, heads and the generated shock waves due to the 

wave action have to be calculated. The pressure waves after the wave action may 

be calculated using the following equations. 

∆H3 = ∆H1 + F1(Q3 − Q1)                                                                                             (77) 

∆H4 = ∆H2 + F2(Q4 − Q2)                                                                                            (78) 

Pressure heads are determined using the equations given below: 

H3 = H1 + ∆H1 + ∆H3                                                                                                     (79) 

H4 = H2 + ∆H2 + ∆H4                                                                                                    (80) 

Valves are considered as passive resistive elements while pumps are considered 

active resistive elements. For modeling of valves, the terms A and B are always 

equal to zero and therefore, the valve characteristic equation is always represented 

by a relationship of head loss, flow rate, and the term C, which is referred to as 

valve resistance.  

∆H = C(t)Qo|Qo|                                                                                                              (81) 
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Valve resistance always has a negative sign and can be determined by 

dividing the head loss through the valve by the flow rate squared (ΔH/Q2). Since 

both head loss and flow rate through a valve change with valve setting, the valve 

resistance value is time dependent and a new value for valve resistance should be 

calculated at each time step. Valve resistance is usually related to other valve 

parameters such as the valve flow coefficient (Cv). Valve flow coefficient data is 

usually provided by manufacturers in the form of a curve that represents the 

variation of valve flow coefficient percentage (Cv/Cv(100%)) with the percentage of 

valve stroke. Larock et al. (2000) define the valve flow coefficient (Cv) as the flow 

rate through the valve in U.S gpm with a pressure drop of 1 psi at a temperature of 

flowing water of 60 oF. They also provide Eq. (82) that relates the Cv to the flow 

rate and pressure drop. 

CV =
Q

√∆P
                                                                                                                           (82) 

Wood et al. (2005) calculated the resistance of a valve from the valve flow 

coefficient by the following relationship. 

C′ =

29
γ

(
CV
1000)

2                                                                                                                    (83) 

where: γ is the specific weight of water (64.2 lb/ft3) and C’ is the valve resistance. 

Since Cv changes with valve setting, the resistance is time dependent. In other 

words, in the case of a valve closing or opening, the stem position (i.e., open area 
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ratio) changes during the setting time leading to a change in Cv. Thus, Eq. (83) can 

be written in the time-dependence form; 

C′(t) =

29
γ

(
CV(t)
1000)

2                                                                                                               (84) 

When a valve is fully open, the resistance (C’) is called the wide open 

resistance and is equal to the ratio of head loss through the fully open valve to the 

square of the flow rate through that valve. During valve operation (closing or 

opening) the open area of the valve changes with time. 

 For modeling pumps, the general procedure of transient analysis is similar 

to the procedure of modeling valves described by Eqs. (73) to (80). However, in 

simulating pump operation during transient analysis, the terms A(t), B(t), and C(t) 

are all present in the characteristic equation and thus should all be determined. The 

way these terms are determined depends on the pump operating conditions during 

transient analysis. Therefore, pumps are modeled by two different ways depending 

on whether the pump is modeled during normal operation such as pump start and 

stop or abnormal operation such as power loss (pump trip). During normal 

operations like pump start up or shut down, Eq. (73) is replaced by Eq. (85) to 

represent a quadratic form of pump characteristic curve. 

H = ARR
2 + BRR|Q| + CRQ|Q|                                                                                      (85) 

Values of the three parameters are then determined by fitting the pump 

performance data into Eq. (85). In this equation, AR, BR, and CR are values of A, B, 
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and C during full speed (rated) pump operation. The effect of the changing pump 

speed is accounted for in this procedure by introducing the parameter R which is 

the ratio of pump rotational speed (N) at any time during the simulation to the rated 

speed (NR). The pump speed ratio should be defined at all time steps during the 

simulation. The next step is just following the procedure depicted by Eqs. (74) to 

(80). 

During loss of power, pumps may experience a flow reversal or a rotational 

speed reversal or both depending on the pipe profile (Wylie and Streeter 1993). The 

normal positive flow direction is from the suction side to the discharge side. The 

normal positive rotational speed direction is clockwise. The pump may also 

experience reversed head gain and torque during abnormal operation. Under these 

conditions, pump performance curves provided by manufacturers that are usually in 

the positive quadrant of head-flow relationship are no longer representative of 

pump operation. Therefore, four quadrant pump performance data is required to 

represent all flow conditions expected during abnormal operation. Wylie and 

Streeter (1983) proposed using the four quadrant data files developed by Marchal et 

al. (1965) and Suter (1966) based on specific speeds. Additional tabulated pump 

data files were published by Chaudhry (1987) and Thorley (1991). Plotting these 

data points produces curves called Suter diagrams. These diagrams are developed 

by plotting 89 normalized four quadrant pump data points at intervals of π/44 

radians ranging from 0 to 2π. Referring to Figure 10, pump data is normalized by 

calculating head characteristics and torque characteristics data points as follows; 
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Head data points= h/α2+v2 

Torque data points= β/α2+v2 

where:  

h=H/HR, β=T’/T’R, α=N/NR, and v = Q/QR with T’ representing the torque and the 

subscript R representing rated conditions.  

Plotting head data points and torque data points as functions of flow and 

rotational speed produces Suter diagrams. According to this, and since pumps with 

the same specific speeds have very similar Suter curves, these curves can be used to 

model pumps after calculating their specific speeds.  

 

 Figure 10. Complete head and torque characteristics of a radial-flow pump 

represented by Suter diagram (after Martin 1983) 
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To model a pump during abnormal conditions, specific speed (Ns) is 

calculated using Eq. (86) based on rated flow, rated head, and rated rotational speed 

(Wood et al. 2005). 

NS =
NRQR

1/2

HR
3/4

                                                                                                                      (86) 

Based on the obtained specific speed, a data file is selected to represent the 

pump operation. Three data points on the selected pump file (Suter diagram) near 

the operating point are then employed to calculate the coefficients A, B, and C in 

Eq. (85). The change in rotational speed (∆N) at each time step (∆t) is calculated 

from Eq. (87) based on the combined pump and motor inertia which is the limiting 

factor after loss of power (Wood et al. 2005). 

∆N =
Tg∆t60

2πI
                                                                                                                    (87)  

where: I is the moment of inertia of the rotating mass (lb-ft2) and is provided by the 

manufacturer or can be estimated from Eq. (88) developed by Donsky (1961). 

I = 3550(
HP

NR
)1.453                                                                                                            (88) 

where:  

HP is the motor horsepower. 

The analysis then proceeds by following the procedure depicted by Eqs. (74) to 

(80). 
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ii. Modeling Pipe Junctions in WCM Transient Analysis 

A pressure wave impinging in one leg of a pipe junction, changes the 

pressure at the junction and gets equally transmitted to all other adjoining legs and 

reflected back to that pipe leg. Thus, pressure waves impinging on a pipe junction 

generate transmitted and reflected waves as shown in Figure 11. The magnitudes of 

the transmitted and reflected waves are calculated from transmission and reflection 

coefficients that are based on wave speeds and pipe cross-sectional areas (Wood et 

al. 1966; Wood et al. 2005). The transmission coefficient for a leg (i) is calculated 

by Eq. (89); 

Ti =
2/Fi

∑ (
1
Fj
)j

                                                                                                                         (89) 

where:  

T = the transmission coefficient of pressure waves through a pipe junction, F= a/gA 

and is the pipe constant that is calculated for each pipe leg having a wave speed (a) 

and a cross-sectional area (A), the subscript (i) represents a spatial nodal location of 

the junction leg transmitting pressure waves, and the subscript (j) represents a 

spatial nodal location of the junction leg reflecting the pressure waves. The 

reflection coefficient (R’) is calculated by Eq. (90); 

R′i = Ti − 1                                                                                                                         (90) 

The magnitude of the reflected waves and the transmitted waves are calculated 

from Eqs. (91) and (92), respectively. 
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Reflected wave = R’.ΔH                                                                                        (91) 

Transmitted wave = T.ΔH                                                                                     (92) 

The resulting head after the wave action is calculated by Eq. (93); 

H2 = H1 + ∆H + R′1 × ∆H                                                                                             (93) 

Both dead ends and reservoirs are dealt with as pipe junctions with a 

reflection coefficient (R’) of 1 for dead ends and -1 for reservoirs. This means that a 

pressure wave reflects positively from a dead end and negatively from a reservoir. 

Detailed derivation of Eqs. (89) to (93) can be found in Wood et al. (1966).  

iii. Modeling Surge Control Devises in WCM Transient Analysis 

Surge control devices are modeled in the WCM as a side discharge orifice 

(SDO), in which, the head-flow relationship is a resistive one. Wood et al. (2005) 

provides the mathematical modeling equations discussed below for simulating 

transient conditions of the surge control devices. Figure 11 illustrates a schematic 

of conditions in a pipe system including an SDO before and after the actions of the 

pressure waves, ΔH1 and ΔH2. The equation that describes the characteristic of the 

relationship between head through the SDO and flow is; 

H3 − He = C𝑠𝑑𝑜Qo|Qo|                                                                                                    (94) 

where: H3 is head after the waves, ΔH1 and ΔH2 imping on the SDO. He is the exit 

pressure head which is assumed to remain constant during the pressure wave 

action. Csdo is an equivalent resistance of the SDO. Flow in the direction out of the 

line is positive and into the line is negative. 
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(a) 

 

 

 

(b) 

Figure 11. Schematics of pressure wave action on (a) pipe junction and (b) surge 

control device (after Wood et al. 2005) 
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Combining Equation 94 with Eqs. (76) to (79) previously described, Wood 

et al. (2005) calculate the flow magnitude into or out of the surge control device 

after the wave action by the following quadratic equation: 

𝐶𝑠𝑑𝑜Qo|Qo| + dQo + b = 0                                                                                            (95) 

where: 

d =
F1F2
F1 + F2

                                                                                                                        (96) 

and; 

b = −(H1 + 2∆H2 + (
F2

F1 + F2
) (2∆H1 − 2∆H2 + F2 + Q2 − F1Q1) − F2Q2

− He)                                                                                                        (97) 

Line flows on both sides of the surge control device are given by; 

Q4 =
(2∆H1 − 2∆H2 + F2Q2 − F1Q1 − F1Qo)

F1 + F2
                                                         (98) 

and; 

Q3 = −(Q4 + Qo)                                                                                                             (99) 

The generated pressure waves are then calculated using Eqs. (76) and (77). The 

pipe pressure after the wave action, H3 is also calculated by Eq. (78). 

iv. Handling Cavitation in the WCM 

            The transient analysis procedures discussed in the previous sections dealt 

with cases where transient pressure is always above vapor pressure of liquid. 

However, it is well recognized that when pressure decreases to the vapor pressure 
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of a liquid, gases begin to come out of solution (vaporize) producing vapor cavities. 

If a transient negative pressure is maintained at vapor pressure for an extended 

period of time, formation of large cavities may occur, leading to column separation 

if the formed cavity is large enough to separate the liquid inside the pipeline 

(Larock et al. 2000). Negative pressure waves that cause the cavitation and column 

separation get positively reflected when they encounter any discontinuity in the 

hydraulic system such as a reservoir, leading progressively to compressing bubbles 

in the cavity reducing its size and subsequently leading to cavity collapse or 

column rejoin. Cavity collapse or rejoin of separated liquid columns produces very 

high transient pressures that may cause pipe failure if it’s not accounted for in the 

design (Chaudhry 1987; Tullis 1989). Wood et al. (2005) describes how cavitation 

is handled by the WCM by limiting the vapor pressure to a specific value (usually -

14.4 psi or -33.2 ft). Transient analysis at a component or a junction starts 

according to the general procedures previously described by Eqs. (74) to (93). If, at 

any time, this procedure yields a value of pressure that is below the specified vapor 

pressure, Hv, after the wave action, the resulting pressure is limited back to the 

specified vapor pressure (-14.4 psi) and the analysis is repeated based on this 

limiting value as described in the equations below and in Figure 12 (Wood et al. 

2005). 

 Referring to part (a) in Figure 12, if the value of pressure after the action of 

the wave ΔH3 on the left side of a component, is found to be below the specified 

vapor pressure according to the general procedure, this means that the formation of 
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a cavity is initiated. Therefore, the resulting pressure on the left side of the 

component is assumed to be equal to the limiting vapor pressure (Hv) and the new 

resulting pressure wave (ΔH3) is calculated from Eq. (100) (Wood et al. 2005); 

∆H3 = HV − H1 − ∆H1                                                                                                  (100) 

In this case, the flow will be in the direction away from the component and is 

calculated from Eq. (101); 

Q3 = Q1 +
∆H3 − ∆H1

F1
                                                                                                 (101) 

And the volume of the cavity is then calculated from the following equation; 

O3 = (Q3 + QO)∆t                                                                                                          (102) 

where: Δt is the computational time step. 

The computed size of vapor cavity is monitored during the simulation by paying 

attention to the sign of the value resulting from Eq. (102) that gives an indication of 

cavity growth and collapse. If the resulting calculated size of the cavity is negative, 

this means that the cavity has collapsed and the analysis should proceed using the 

general procedure described by Eqs. (73) to (80). Later on, any waves imping on 

the cavity are negatively reflected back from the cavity resulting in a new pressure 

wave that is equal in magnitude to the impinging wave but has an opposite sign as 

given in Eq. (103); 

∆H3 = −∆H1                                                                                                                    (103) 

and the resulting flow rate is; 

Q3 = Q1 −
2∆H1
F1

                                                                                                            (104) 
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(a) 

 

 

 

(b) 

Figure 12. Effect of Cavitation on (a) Components and (b) Pipe Junctions (after 

Wood et al. 2005) 
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It follows that the new size of the cavity is; 

O3 = O1 + (Q3 + QO)∆t                                                                                               (105) 

where: O3 is the size of cavity calculated from Eq. (102) just before the action of 

the new wave. 

            Cavitation at pipe junctions is also handled by a similar way. As shown in 

part (b) of Figure 12, if the general procedure of analysis results in a pressure value 

at the junction below the specified vapor pressure, the pressure at the junction is 

limited to the specified value and the analysis is repeated.  

The resulting new pressure wave after the wave action is calculated by Eq. (106); 

∆H4 = HV − H1 − ∆H1                                                                                                  (106) 

The flow away from the component is; 

Q4 = Q1 +
∆H4 − ∆H1

F1
                                                                                                 (107) 

and the size of vapor cavity is; 

O1 = (Q4 + Q5 + Q6)∆t                                                                                                (108) 

The analysis proceeds until a negative value for the cavity size is obtained 

indicating cavity collapse (Wood et al. 2005). 

1.4.2 Surge Analysis in Pipeline Systems 

This part of the review focuses on previous studies where surge analysis 

was conducted on different hydraulic systems and how the analysis affected the 

design or operation of those systems. The literature shows the importance of 
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conducting surge analysis for both existing and proposed hydraulic systems. It is 

obvious that, in the past, most hydraulic pipeline systems were designed based on 

steady state analysis without considering detailed surge analysis resulting in 

devastating consequences especially upon loss of power. Previously, this may be 

justified by the absence of advanced computational abilities often required for 

conducting surge analysis. The advent of modern computers stimulated the 

development of powerful surge analysis programs providing excellent tools for 

analysis and design. The results of this portion of the review were used as a data 

base of options available for dealing with different transient problems and selecting 

surge control devises for the large scale force main system. 

Water hammer following pump shutdown was believed to be severe enough 

to cause a 1.6 km force main pipe displacement at a pump station in Saguenay, 

Quebec. In order to identify and solve the problem, Axworthy and Chabot (2004) 

developed a water hammer computer model to be used along with field tests data 

logging. The computer model was based on the MOC, which is commonly used to 

solve the hydraulic transient equations of continuity and momentum. Pressure 

measurements were conducted at two locations along the force main, at the 

pumping station and at a vacuum relief valve downstream of the pumping station. 

For the purpose of calibrating the model and to get good agreement between 

measured and calculated values, the unsteady flow shear stress formula was 

included in the analysis. The calibrated model gave good agreement with measured 

data for the first three pressure cycles and thus was used to design an additional 
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surge protection device to be installed in the pumping station to solve the severe 

water pressure-induced displacement. The installation of an air chamber in the 

pumping station was found to be the most efficient solution to prevent cavitation 

following pump shutdown. However, the limited room available prevented this 

suggestion from being adopted. As an alternative solution, a variable frequency 

drive (VFD) was installed in the pumping station which would prevent the 

formation of cavities in the force main after controlled pump shutdown. However, 

the VFD would not protect the force main against pressure surges following power 

failure. 

Boulos et al. (2005) discussed several guidelines that can be utilized in 

conducting hydraulic transient analysis in water distribution systems. They 

mentioned that the main consequences of transients in pipes may be one or a 

combination of the following: maximum pressure in systems, vacuum conditions, 

cavitation, hydraulic vibrations of pipe and/or its supports, and implication in water 

quality and health. 

Axworthy and Schroeder (2006) conducted pressure surge analysis on a 19 

mile long sewage force main that was being constructed in Sacramento, California. 

The purpose of the analysis was to determine the possibility of forming vapor 

pressure cavitation in the force main following loss of power to the pump stations 

and to assess and compare several surge control strategies that can be installed on 

the proposed pipeline to prevent cavitation conditions after loss of power to the 

pump stations. The installation of spring-loaded Sewage Vacuum Relief Valves 
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(SVRV) at the pumping stations and at the high points of the force main was 

predicted to limit the conditions required for cavity formation and therefore they 

considered this strategy to be the most preferred for the project. 

Khan et al. (2008) developed a numerical model using software called 

LIQT to study the effect of upgrading a 22.8 km force main system by conducting 

steady state and transient analyses. Upgrading the force main system included 

adding an extension line to the force main and upgrading the three pump stations 

connected to it to increase its capacity. In terms of the steady state condition, the 

study was intended to identify if the force main would be able to carry the new 

steady state flow without causing the four surge tanks to be overtopped. Transient 

analysis was conducted to simulate the transient pressures resulting from power 

failure in one of the pump stations. The simulation of the force main system during 

steady state operation determined that several scenarios of operation would result in 

safe operation of the force main without overtopping the surge tanks. Transient 

simulation determined the possibility of the presence of negative pressures which 

may result in column separation. In order to eliminate negative pressures, two vent 

stacks were installed on the extension force main and transient analysis was 

conducted on the modified force main system. This time, model simulation showed 

that the two surge control devices prevented the pressure from falling below 

atmospheric pressure and also reduced the high pressure. 

 Surge analyses of a proposed wastewater transmission main in Hernando, 

Florida, indicated the potential of developing damaging vacuum pressures upon 
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loss of power to the lift stations. The analyses were conducted by Huo (2010) who 

developed a numerical model using commercial software called HAMMER. Using 

the model simulated results, proper surge control strategy was identified. 

 Brunner and Kumar (2014) conducted a study on a water transmission main 

that was experiencing frequent damages due to air slam pressures at air valves 

following pump trip conditions. An air slam pressure can be defined as the water 

hammer pressure resulting from the check valve closure following the flow 

reversal. Their theoretical and experimental results revealed the ability to minimize 

the air slam pressure problems associated with the use of ordinary kinetic air valves 

and conventional non-slam air valves by using dynamic air valves. A dynamic air 

valve is able to reduce the rapid deceleration of water column and the subsequent 

air slam pressure by allowing the water to flow through the valve over short time 

duration. 

1.4.3 Dynamic and Elastic Response in Pipes due to Surges 

This part of the literature review focuses on studies that dealt with the 

dynamic and elastic response of piping systems during water hammer. The 

literature is lacking experimental studies that evaluate the vibration of pipes during 

field conditions due to transient flow conditions.  

Experimental and analytical works of many researchers (Skalak 1956; 

Thorley 1969; Williams 1977; Wilkinson 1980; Vardy and Fan 1990), also 

mentioned in Larson and Jönsson (1991), demonstrated that conventional water 
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hammer theory was unsatisfactory when the fluid filled pipes were allowed to 

move longitudinally. Rapid closure of a valve at the downstream end of a pipe 

generates precursor waves that are longitudinal elastic strain waves in the pipe 

walls due to pipe longitudinal displacement if the pipe is not axially restrained from 

moving. The precursor waves are also accompanied by water hammer compression 

waves that propagate in the fluid with a much lower velocity than the velocity of 

precursor waves in the pipe walls. Anchorage of pipes against axial movement was 

found to prevent the generation of precursor waves and only the water hammer 

waves will be generated making the use of conventional water hammer theory 

acceptable. The works of these authors also demonstrated that the mechanical 

damping due to longitudinal movement of pipes was much more than the damping 

due to viscous friction. 

Regetz (1960) studied the dynamic response of a long hydraulic line to 

small periodic sinusoidal perturbations. However, the analysis was based on 

closed-form distributed parameter solutions obtained by linearizing the non-linear 

partial differential equations and neglecting the friction term for simplifying the 

solution. His experimental results agreed well with the theoretical solution of the 

closed-form equations but this approach is only limited to small periodic flow 

disturbances and it cannot handle a complex piping system. Six years later, Wood 

(1966) developed an analytical method that provides distributed parameter 

solutions to the non-linear partial differential equations of transient flow in 

conduits. This approach was referred to as the Wave Plan method and is now 
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commonly known as the Wave Characteristics method. This approach can handle 

complex piping systems with arbitrary disturbing functions rather than only 

periodic functions. Viscous friction effects are very well addressed in this analytical 

scheme by introducing an orifice analogy to the analysis. This method of analysis 

provides accurate predictions for the dynamic response of fluids but it ignores the 

dynamic response of the pipe itself.  

Larson and Jönsson (1991) studied the elastic response of different types of 

water and sewage pipe materials to hydraulic transients. Their objective was to 

determine the effect of internal pressure induced by hydraulic transients on the 

elastic response of different types of pipe materials including cast iron, steel, and 

PVC. Internal pressure and both axial and circumferential strains were measured 

simultaneously. Steel pipe measurements were conducted in a pumping station 

during transient events after stopping or starting one or two pumps. PVC 

measurements were performed on a buried PVC pipe just outside a lift station with 

and without soil cover to compare the effect of soil load on the elastic response. 

Circumferential strain of pipe walls due to transient pressures was found to follow 

the internal pressure in an approximately linear elastic manner. They concluded that 

the elastic behavior of pipe walls due to transient pressure loading can be 

represented by the plain elastic theory. 

Evans et al. (2004) conducted an experimental work to study pipe vibrations 

induced by turbulent flow during steady state. The objective of their research was 

to investigate the possibility of relating the flow-induced pipe vibrations to flow 
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rate seeking to develop a new nonintrusive technique for flow measurement. They 

found that the measured pipe vibrations were strongly related to flow rate. A 

quadratic relationship was found to correlate very well between the pipe vibration 

and average steady state flow rate of water flowing inside the pipe. 

Yi Jia et al. (2005) integrated the use of the basic water hammer equations 

and the Euler-Bernoulli equation of flexible pipe vibration to create a theoretical 

model for studying frequency response of a single pipe with a control valve in the 

middle due to water hammer. Their theoretical results showed that the initial flow 

velocity and the maximum pressure were linearly and directly proportional. On the 

other hand, flow velocity was found to have no effect on the vibration frequency 

but increasing or decreasing the flow velocity has a direct effect on vibration 

amplitude. Pipe deflection amplitude increased with increasing initial flow velocity.  

Increasing valve closure time was found to decrease maximum pressures. Vibration 

frequencies simulated in the case of instantaneous valve closure at different pipe 

lengths showed a decreasing trend with increasing pipe length. The authors also 

showed in this study that increasing pipe outside diameter resulted in decreased 

deflection amplitude and a slight increase in vibration frequency. It should be 

mentioned that the authors did not make an effort to validate the results 

experimentally. 
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Chapter 2 

Field Data Acquisition Equipment and 

Software Codes 

 

2.1 Data Acquisition Instrumentation Program 

Collecting field pressure and acceleration data required building a high 

speed and accurate data acquisition system. The data acquisition system used 

throughout this research consisted mainly of three major components. The 

measurement components included: multiple sensors, data acquisition equipment, 

and a portable computer. The operational sequence of the measurement system, as 

illustrated in the schematic shown in Figure 13, starts with sensors and ends up 

with recording the acquired data in a computer after being configured, processed, 

conditioned, and converted to digital signals by the data acquisition equipment. 

2.1.1 High Speed Sensors 

Sensors utilized throughout the experimental work included pressure 

transducers and an accelerometer. The selection of the sensors used was based on 

the compatibility requirements of the data acquisition equipment and on 

preliminary calculations of the expected pressure and acceleration values to 

estimate the possible measurement ranges required. 



 

 

 

 

 

 

 

 

Figure 13. Data acquisition system components and operational sequence
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2.1.1.1 Pressure Transducers 

Two high speed pressure transducers were utilized for measuring real time 

pressure variation in pipes during steady state and transient flow conditions. The 

first transducer is model PX319-200 GV from Omega. This transducer is based on 

a Wheatstone bridge strain gage configuration with 100 mV output at full scale and 

a measurement range from 0 to 200 psig. This pressure transducer is calibrated with 

5-point NIST traceable calibration and the excitation voltage required is 5 Volts 

Direct Current (VDC).The final 5-point calibration data and transducer information 

is provided in Table 1. The reported accuracy of this transducer is +/- 0.25% of its 

full scale reading including linearity, hysteresis, and repeatability. 

The second pressure transducer used is model PX309-300GV from Omega 

which is also based on a Wheatstone strain gage bridge configuration and has a 

measurement range from 0 to 300 psig. The transducer requires 5 VDC for 

excitation to linearly give a maximum output of 100 mV at 300 psig with an 

accuracy of +/- 0.25% of its full scale reading including linearity, hysteresis, and 

repeatability. This sensor is also calibrated with the 5-point NIST traceable 

calibration. The calibration data and the sensor parameters for this transducer are 

also given in Table 1. The 5 VDC excitation voltage required for both transducers 

is provided by the data acquisition equipment and therefore, an external excitation 

source was not needed. Multi-conductor wires with four leads were used to 

electrically connect each sensor to the data acquisition equipment. 



 

 

 

 Table 1. Final Calibration Data and Parameters of the Pressure Transducers 

Pressure 

Transducer 

Calibration Data 

Sensitivity 

(mV/V) 

Resistance 

(ohm) 

Excitation 

Voltage 

(VDC) 

Dynamic 

Range 

(psig) 

Pressure 

(psig) 

Electrical 

Output 

(mVDC) 

PX319-200 GV 

0 - 0.275 

20.01 4558.10 5.0 0 - 200 

100 49.824 

200 99.774 

100 49.844 

0 - 0.264 

PX309-300GV 

0 0.725 

19.982 4035.70 5.0 0 - 300 

150 50.729 

300 100.635 

150 50.757 

0 0.722 
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2.1.1.2 Accelerometer 

A low frequency accelerometer model AC133-1D from Connection 

Technology Center (CTC) with a dynamic range of +/- 10 g and a sensitivity of a 

505.51 mV/g was used for conducting vibration measurements. This accelerometer 

has a frequency response of 0.1 to 10000 Hz and requires a constant current 

excitation of 4 mA with a direct voltage (DC) level of 22 VDC power supply. The 

power supply and the excitation current needed are provided internally by the data 

acquisition equipment eliminating the need for an external excitation source.  

This accelerometer is classified as an Integrated Electronic Piezoelectric 

(IEPE) accelerometer since it incorporates a built in electronic amplifier. It relies 

on a shear mode sensing element made of ceramic crystal that is sandwiched in a 

seismic mass. When stressed, the ceramic crystals generate electrical output that is 

proportional to the applied acceleration.  

During acceleration and deceleration of the test object on which the 

accelerometer is attached, the seismic mass of the accelerometer applies shear 

stresses on the sensing ceramic crystals causing an alteration in the alignment of the 

positive and negative ions and thus generating an electrical output that is 

proportional to the acceleration applied. A detailed schematic of the accelerometer 

circuitry is shown in Figure 14.  

The CTC accelerometer is provided with an internal shield connected to the 

negative pin (signal common) of the accelerometer. This internal shield ensures that 

the outer housing case of the sensor is electrically isolated from the sensing element 
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resulting in a floating signal source connection for optimum rejection of external 

noise. The outer case is normally grounded to the object that it is mounted to. A 15 

ft long twisted and shielded pair cable was used for connecting the accelerometer to 

the data collector. The cable was also provided with a drain wire for grounding that 

was grounded to the earth grounding pin of the cDAQ chassis. 

 

Figure 14. A schematic of the electrical circuitry details of the AC-133-1D 

accelerometer (Courtesy of CTC) 
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2.1.2 Compact Data Acquisition Device (cDAQ)  

In order to collect field pressure and acceleration measurements, a data 

acquisition system from National Instruments was assembled to ensure high speed 

and accurate acquisition. The sensors to be connected to the cDAQ device have 

already been discussed in the previous section. The cDAQ device represents an 

interface between signals acquired by the sensors and a computer. The primary 

function of a cDAQ device is acquiring data and then digitizing the acquired analog 

signals from the sensors so that signals can be easily read and manipulated by a 

digital computer. The cDAQ device consists of three major parts: a) NI C Series 

Analog Input (AI) modules, b) NI 9184 cDAQ chassis, and c) software. The C 

series modules are devices that are designed to be connected to particular signal 

sources (sensors) and provide connectivity, signal conversion, and signal 

conditioning by built in signal conditioning circuitry.  

The module used for acceleration measurements was a NI 9232-3-channel 

+/- 30V, 102.4 kS/s per channel, 24-Bit IEPE and AC/DC analog input module. 

This module has three 2-terminal channels providing the possible connectivity and 

simultaneous sampling to three accelerometers. Each of the three channels is 

designed for sampling rates ranging from 0.98 kS/s to 102.4 kS/s per channel. The 

input circuitry of one of the NI 9232 module channels is shown in Figure 15. The 

primary function of this module is providing two-terminal sensor connectivity, 

direct current (DC) excitation, signal conditioning and analog to digital conversion 

for the IEPE accelerometer. 



 

 

 

 

 

 

 

 

  

 

Figure 15. NI 9232 input circuitry for one channel and accelerometer connectivity (modified from NI 9232 Module 

Specifications Manual) 
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Grounding 
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Referring to Figure 15, the IEPE accelerometer is wired to the AI+ and AI- 

terminals through 15 ft long twisted and shielded cable with a drain wire for 

grounding. For more control of electromagnetic interference (EMI), a clamp-on 

EMI suppression ferrite beads are installed on the cable as close to the module as 

possible. The AI+ terminal of the module provides the sensor with the required 4 

mA constant excitation current with a voltage of 22 VDC and at the same time it 

acts as the positive signal input to the cDAQ device. The DC excitation is enabled 

and configured by software. The AI- provides a return path for the excitation 

current and at the same time acts as a signal ground reference by being connected 

to the internal shield of the sensor as previously mentioned above.  

Since most accelerometers output both AC and DC voltages, the channels 

are set by software to perform AC coupling in order to remove the unwanted DC 

voltage. Each channel is equipped with a 50 ohm resistor for protection from 

overvoltage. The acquired acceleration analog signals are sampled by a high speed 

24-bit isolated Analog-to-Digital (ADC) sampler after being buffered and 

conditioned. 

The second module which was used with the bridge pressure transducers 

was a NI 9237, 4-channel, +/-25 mV/V, 24-bit simultaneous bridge AI module. 

This module has four channels that provide simultaneous connection, signal 

conditioning, and internal excitation voltage in the range of 2.5 to 10 VDC for up to 

four half or full bridge sensors. Since each of the four channels of this module is 

terminated with a 37-pin DSUB connecter, a front mount DSUB to screw terminal 
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assembly was used to provide screw terminal connectivity for the sensors. Each 

individual channel in this module includes an isolated 24-bit Delta-Sigma Analog-

to Digital Converter (ADC) for digitizing the acquired signal with a sampling rate 

ranging from 1.613 kS/s to 50 kS/s. Since signals acquired from pressure 

transducers are usually in the millivolt range, each channel has a signal 

conditioning circuitry to amplify the signal. Each pressure transducer is connected 

into an individual channel and the excitation and configuration of each channel is 

controlled by software to achieve synchronized measurements. 

Both modules are inserted in a National Instruments NI 9184 cDAQ 

Ethernet chassis (cDAQ-9184). The NI cDAQ chassis has multiple timing engines 

and therefore it controls the timing clock, synchronization, and signals transfer 

between individual C series modules and the computer. This cDAQ chassis has 

four slots to simultaneously handle four modules providing the ability for 

conducting simultaneous mixed measurements of pressure and acceleration with a 

single Ethernet bus back to a computer. A five meter long CAT-5E Ethernet cable 

was utilized to wire the chassis into the computer acting as a bus for digitized data 

into the computer for further analysis. 

Sensors transmit the collected samples in the form of analog input into the 

modules. The modules then perform conditioning, buffering, and filtering on the 

signals to be digitized by the ADC sampler and converted into digital signals that 

can be read easily by a computer. A photograph of the whole data acquisition 

system built for conducting the measurements is shown in Figure 16. 



 

 

 

 

 

 

Figure 16. A photo of the data acquisition system components 
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2.2 Measurement Programs and Software Codes 

In order for the data acquisition equipment to be used and field data 

collected, configured, and downloaded into a computer and analyzed, three 

software programs were used: NI Measurement and Automation Explorer (NI 

MAX), NI DAQmx, and NI LabVIEW.  

The NI MAX is a program used to configure the NI hardware and software 

prior to data collection by viewing the modular devices status, editing channels, 

checking hardware connectivity, and performing test measurements to ensure 

proper operation.   

The NI DAQmx is driver software that provides the tools required for 

building the codes and is designed as a driver for cDAQ hardware devices to 

provide communication between the cDAQ hardware modules and the computer. 

An application programming interface (API), which is a set of rules, is built in the 

NI DAQmx providing the ability to control the cDAQ hardware devices from 

within an application environment.  

LabVIEW is a graphical programming language that acts as the application 

environment for the NI DAQmx. LabVIEW is used for writing the codes for 

different measurements and displaying the results in a very professional manner. 

Starting LabVIEW opens up two main windows: block diagram and front panel. 

The block diagram is the space where measurement codes are written to configure 

channels, timing, display, data logging, triggering, sampling rate, and number of 
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samples to be acquired. The front panel is a user interface (UI) where different 

parameters and data values can be entered and the measurement results can be 

displayed in different formats such as waveforms, charts, gauges, and tables.  

According to the research requirements, three major measurement tasks 

were required and as a result, three different measurement codes were developed: 

a) two pressure measurement channels code, b) one pressure measurement channel 

and one acceleration measurement channel code, and c) two pressure measurement 

channels and one acceleration measurement channel code. All codes were 

developed in LabVIEW 2011. 

2.2.1 Tow Pressure Measurement Channels Code 

This program code starts with creating a virtual channel for the first 

pressure transducer and connecting all configuration terminals into the channel to 

enable channel data input in the front panel. The data entered includes bridge 

information of the transducer, dynamic range of pressure, pressure units to be used, 

the physical channel on the NI9237 module where the transducer is connected, and 

the 5-point calibration matrix of the sensor. After the first virtual channel is created, 

the code opens a channel for the second pressure transducer. Since both transducers 

are a bridge type that outputs signals in the mv range and also because they both 

have a table of 5-point NIST calibration data, the second channel type is similar to 

the first channel. However, the parameters of the two channels are different. This 

configuration enables the synchronization of pressure signals measured by both 
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channels by using a common clock which is the onboard clock of the NI9237 

module.  

The two created channels are then wired into Sample Clock virtual 

instrument (VI) for timing configuration. This VI enables setting the sampling rate, 

sampling mode, and number of samples per channel. 

The three created VIs are then connected into a DAQmx Timing property 

node for two purposes: a) the first purpose is to select the onboard clock of the 

NI9237 for synchronizing both channels, and b) the second purpose is to view the 

actual sampling rate used by the hardware. Since the frequency of the master time 

base of the NI9237 controls the data rate, the sampling rate value that is entered in 

the Front Panel may or may not be precisely used during the real time measurement 

and rather than that, the nearest value that matches the module frequency will be 

used by the hardware. Therefore; it was very important to use the DAQmx Timing 

property node that gives the actual data rate used. 

AI VIs are then wired into a Start Task VI to allow for starting the program 

task leading to a while loop. Inside the while loop, the following tasks are 

performed: a DAQmx Read VI is created to configure the number and type of data 

points to be read and displayed on the waveforms in the front panel. The output 

from this VI is a mixture of acquired simultaneous pressure data from both 

channels. The output data path is split into two separate paths of pressure that are 

then displayed on separate waveforms and gauges on the front panel. 
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Before being split, the data path is also wired to a Write to Measurement 

File VI to write the acquired data into a Technical Data Management Streaming 

(TDMS) file format. Data writing task is controlled by an ON/OFF Boolean control 

on the front panel to enable and disable writing to files whenever desired during the 

experiment. TDMS files can be easily opened and read in Microsoft Excel 

environment. Due to the limitations of Excel program in handling a specific 

number of data rows, the sampling rates needed made it necessary to control the 

volume of data logged into an individual TDMS file to avoid exceeding the storage 

limits of Excel sheets. Therefore, the Write to Measurement File VI was set to save 

the acquired data into a new TDMS file after each five minutes of data acquisition. 

The program continues executing all the tasks inside the while loop until the 

stop button in the front panel is clicked after collecting enough data. After stopping 

the execution of the program, the data TDMS files will have been downloaded to 

the computer in the drive that is already selected from the front panel before 

conducting the experiment. A Clear Task VI is wired to the outside of the while 

loop to clear the measurement task when the stop button is pressed. The last VI in 

this code is the Error Warning VI to view any errors that could occur during the 

measurement. A VI snippet of the code block diagram is given in Figure 17 and the 

front panel arrangement is given in Figure 18. 



 

 

 

 

 

 

 

 

Figure 17. A VI snippet of the block diagram of the two pressure channels LabVIEW code  
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Figure 18. Front panel of the two pressure channels LabVIEW code 
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The front panel consists of a number of controls and indicators. Controls 

represent instrument input devices used for supplying input data into the block 

diagram of the VI. Indicators represent instrument output devices and used for 

displaying data acquired and generated by the block diagram of the VI. The left 

side of the front panel shown in Figure 18 contains two groups of controls. Each 

group is used for setting the parameters of one of the pressure channels. These 

parameters include the transducers measurement ranges, pressure measurement 

units, bridge information, calibration data, and the physical channel on the cDAQ 

device into which a transducer is connected.  

The lower right part of the front panel contains the timing settings and the 

data logging settings controls and indicators. The timing settings palette consists of 

two controls and two indicators. This palette is used to control the sampling rate 

and timing source and to display the actual sampling rate and the actual sampling 

source which is supposed to be the onboard clock of the cDAQ device for 

synchronizing the measurements. The data logging settings palette controls the data 

logging and contains a file path control, Boolean control, and an LED indicator. 

The file path control is used to choose the drive in the computer where the acquired 

data are desired to be downloaded. The Boolean control is an ON/OFF switch used 

to enable/disable data logging. The LED indicates the status of data logging by 

changing color. 

The reminder of the front panel space is occupied by the measurement 

output indicators. The acquired samples are continuously displayed on two 
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waveform charts and two gauges. The stop button is used to terminate the 

measurement task after acquiring all the needed samples. 

2.2.2 One Pressure and One Acceleration Measurement    

Channels Code 

 The block diagram of this VI (Figure 19) starts with creating a pressure 

channel just like the previous VI but in this case only one pressure VI is required to 

sample from one pressure sensor. The next step is creating a channel for the 

accelerometer on the NI9232 module and connecting its configuration terminals 

including the dynamic range of expected acceleration, the physical channel on the 

NI9232 into which the accelerometer is connected, current excitation source and 

value, acceleration units, and the value and units of the sensor sensitivity.  

 Accelerometers usually output an AC signal component riding on a DC 

signal component. The resulting DC component represents a voltage offset and thus 

can significantly reduce the measurement resolution. Therefore, the DC component 

should be filtered out of the acquired signal. Removing the DC signal component 

from an accelerometer signal is referred to as AC coupling. In order to perform AC 

coupling, a DAQmx Channel property node is connected to the output of the AI 

Accelerometer VI. The property is set to AI coupling and from which, the AC 

coupling configuration was selected. The property node output is connected into 

Sample Clock virtual instrument (VI) for timing configuration. The AI pressure 

channel VI was created first followed by the AI acceleration channel VI in order to 
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synchronize the pressure and acceleration measurements by using a common clock 

which is the onboard clock of the NI9237 module.  

 A DAQmx Timing property node is then connected to the output of the 

Sample Clock VI for two purposes: the first purpose is to select the onboard clock 

of the NI9237 for both channels and the second purpose is to view the actual 

sampling rate used by the hardware. A Start Task VI is then used to allow for 

starting the program task leading to a while loop.  

Inside the while loop, the following tasks are performed: a DAQmx Read 

VI is created to configure the number and type of data points to be read and 

displayed on the waveforms in the front panel (Figure 20). The output from this VI, 

which is a mixture of acquired synchronized pressure and acceleration signals, is 

connected to a Write to Measurement File VI to save the acquired data in TDMS 

files in the form of time domain synchronized data. The mixed measurement data 

path is also split into two separate data paths of pressure and acceleration signals. 

The pressure signal component is connected into two display formats: a waveform 

chart and pressure gauge in order to be properly displayed on the front panel user 

interface. The acceleration signal component has three wire branches. The first 

branch is wired to a waveform chart to display a time domain signal on the front 

panel and the second branch is wired to an acceleration meter indicator to properly 

indicate the value of acquired acceleration during the measurement. The third 

branch connects the time domain acceleration signal into a Spectral Measurements 

VI to transform the signal into the frequency domain for frequency analysis. 



 

 

 

 

 

 

 

 

Figure 19. A VI snippet of the block diagram of the one pressure and one acceleration channels LabVIEW code 
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Figure 20. Front panel of the one pressure and one acceleration channels LabVIEW code 
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The Spectral Measurements VI is set to produce a linear power spectrum as 

shown in Figure 21.  

 

Figure 21. Spectral Measurements VI settings window 

The frequency domain acceleration signal is then displayed on a separate 

waveform chart on the front panel and in the same time is saved into TDMS files 

using a Write to Measurement File VI. Although the time domain and the 

frequency domain acceleration signals are logged into two separate TDMS files, it 

is still very important that they both are logged into files simultaneously to make it 

possible to relate them during the analysis. Therefore, both data logging paths are 

connected into a common ON/OFF Boolean. The program continues executing all 
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the tasks inside the while loop until the stop button in the front panel is clicked. By 

the time the program execution is stopped, the TDMS files of the collected data 

will have been downloaded into the selected drive on the host computer. Just like 

the previous code, a Clear Task VI and Error warning VI are added to the code to 

clear the measurement task and to check for errors, respectively. The left side of the 

front panel shown in Figure 20 is assigned for the pressure settings, accelerations 

settings, and timing settings. The pressure and timing settings are not different than 

what has already by explained in the previous code. However, the acceleration 

settings pallet consists of input controls to supply the block diagram with maximum 

and minimum values of the accelerometer dynamic range, acceleration units, 

terminal configuration, accelerometer sensitivity value and units, current excitation 

source and value, and the channel on NI9232 into which the accelerometer being 

used is connected. The data logging settings panel located on the lower right side of 

the front panel contains two file path controls for selecting the drive of the host 

computer to save the collected data in, two LED indicators to indicate the status of 

data logging of each file, and an ON/OFF Boolean that controls data logging. 

Setting this Boolean to the ON status enables logging pressure and time domain 

acceleration in a TDMS file and logging the acceleration frequency domain data in 

another TDMS file simultaneously. The remainder of the front panel space is 

occupied by waveform charts for pressure and time domain acceleration signals, a 

waveform graph to display the acceleration frequency domain signal, a gauge 

indicator for pressure, and an acceleration meter for displaying acceleration. 
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2.2.3 Two Pressure and One Acceleration Measurement 

Channels Code 

This code enables collecting field data from two pressure transducers and 

one accelerometer simultaneously. The block diagram (Figure 22) and the front 

panel (Figure 23) of this code are basically similar to the ones found in the code 

used for sampling one pressure transducer and one accelerometer shown in Figures 

19 and 20. The only difference is that this code creates one more additional channel 

for pressure and as a result, the data path coming out of the DAQmx Read VI is 

composed of three components of mixed measurements that are then split inside the 

while loop for further analysis. Compared to Figure 20, the front panel contains 

additional setting panel and waveform for the second pressure channel. 

2.3 Field Measurement Procedure 

Conducting a field measurement event starts with connecting the data 

acquisition equipment as previously described and shown in Figure 16. The 

pressure transducers are simply screwed into the test pipe through ¼-18 MNPT 

ports. The required length of cables connecting the pressure transducers into the 

data acquisition equipment are easily modified according to the positions of 

transducers and how far away they are from the cDAQ devices. 

Since accelerometers are vibration measurement sensors, the way they are 

mounted by is very important in terms of data repeatability and making use of the 

whole frequency response of the sensor. 



 

 

 

 

 

 

 

 

 

 

Figure 22. A VI snippet of the block diagram of the two pressure and one acceleration channels LabVIEW code 
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Figure 23. Front panel of the tow pressure and one acceleration channels LabVIEW code 
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For mounting the accelerometer on the pipe surface permanently, the 

surface where the accelerometer is desired to be mounted is cleaned properly. Then 

a special 1.0 inch diameter stainless steel mounting pad that is designed specifically 

for mounting sensors is permanently mounted on the pipe surface using epoxy. The 

epoxy is left to dry for a minimum of 24 hours. After the epoxy is dry enough to 

keep the pad firmly attached to the pipe surface. The mounting pads are provided 

with ¼-28 integral mounting studs. The accelerometer is screwed firmly into the 

stud provided with the mounting pad.  

The NI MAX program is then launched and used to connect the cDAQ 

devices to the host computer. Also from the NI MAX environment, the 

connectivity of the whole system is tested by conducting a test measurement. The 

LabVIEW code is then launched and using the front panel UI, the physical 

channels of each individual sensor are selected and the parameters are set using the 

setting panels. The sampling rate and the number of samples per channel are 

selected to be (1000 S/s) and (810 S/channel), respectively. The code is then run to 

start taking measurements. The actual sampling rate returned by the code is 

rounded by the master time base of the devices to (1706.67 S/s). This way, the 

waveform charts in the front panel show a 0.47 sec worth of data and update every 

0.47 sec. This was found to be convenient enough for monitoring the acquired data. 



 

 

84 

 

2.4 FFT-Based Frequency Analysis Procedure 

As previously mentioned in section 2.2 (b) and shown in Figures 19, 20, 

and 21, time domain vibration signals are converted into frequency domain forms 

using Fast Fourier Transform (FFT) based signal analysis functions for measuring 

their frequency contents. The FFT-based function used in this research for 

analyzing the frequency response of pipes due to water hammer shock waves is the 

power spectrum function. This function converts the time domain acceleration 

signal into an array of frequency components and their power values comprising 

the time domain signal. The unit of the power spectrum component is the squared 

root mean square of acceleration (grms
2) and the unit of the frequency component is 

Hertz (Hz). The grms is equivalent to Ak/√2 (Michael and Audrey 2000) with Ak 

being the peak acceleration amplitude of the time domain signal at frequency k.  

Depending on the sampling rate, the total number of samples collected in 

the time domain, and the total number of samples read at each display iteration, the 

x-axis of the resulting power spectrum plot consists of a number points called 

frequency lines (FFT bins) distributed into a number of frequency ranges. Each 

frequency range consists of equal number of frequency lines that start from zero to 

the maximum frequency range. The important computations involved in the FFT 

frequency analysis are based on the following relationships provided by Michael 

and Audrey (2000) in their application note No. 041.  

The total No. of frequency bins within a frequency range =  
N′

2
                    (109) 
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where: 

N’ is the number of samples read during each display iteration. 

In each frequency range, the first frequency line would be zero and the last 

frequency line which determines the maximum frequency that can be represented in 

the frequency range is calculated by the following equation: 

The last frequency line =  
FS

2
−

FS

N′
                                                                           (110) 

where: 

 Fs is the sampling rate. 

The frequency resolution (Δf) which determines the minimum frequency that can 

be measured represents the interval between frequency lines and is calculated by 

the following equation: 

∆f =  
FS

N′
                                                                                                                             (111) 

 In this research, the parameters Fs and N’ for all experiments were kept at 

1706.67 S/s and 810 samples, respectively. Therefore, and based on the above 

equations, the frequency range used was (0 - 851.226) Hz containing 405 frequency 

lines occurring at 2.107 Hz intervals. It is very important to mention that the total 

number of samples in the frequency domain is always equal to half of the total 

number of samples in the time domain. The reason behind this is that the use of 

FFT functions results in two sided power spectrum staring with the positive half 

and then followed by the negative part. However, to get the single sided power 

spectrum, only the first half is used because the negative half is just identical to the 
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positive half. The resulting total number of frequency bins determines the number 

of frequency ranges by division by 405. For illustrating the above discussion, 

Tables 2 and 3 show the summary pages of the TDMS files of the time domain and 

the frequency domain for one of the experiments, respectively. Sampling duration 

during this experiment was 17.085 seconds with a sampling frequency of 1706.67 

S/s and reading 810 samples per iteration. As can be seen in Table 2, the selected 

sampling duration and rate resulted in collecting 29160 samples at 0.0005859 sec 

interval in the time domain.  

 On the other hand, the frequency domain summary page shown in Table 3 

shows a total number of frequency lines of 14580 which is half of the total number 

of samples collected and given in the time domain file. It can also be noticed that 

the number of frequency lines obtained is 405 distributed at 2.107 Hz interval. 

Dividing the 14580 lines by 405 results in 36 power spectrum each ranges from 0 

Hz to 851.226 Hz.  

 The algorithm of the FFT-based power spectrum function relies on an 

assumption that the signal time record contains an integral number of cycles. In 

most practical applications, time record of a signal is usually comprised of a 

nonintegral number of cycles leading to a significant issue known as spectral 

leakage. When spectral leakage occurs, it causes amplitude accuracy errors and 

obscures important frequency peaks. As spectral leakage is practically inevitable, 

the time record is multiplied by a proper window function before converting the 

record to frequency domain (Wang 2009). 



 

 

 

 

 

Table 2.  The Time Domain TDMS File Summary Page  

Root Name Title Author Date/Time wf_samples 

Two Pressure & Acceleration_14-01-
04_1049_001.tdms Time Domain Wissam 01/04/2013  

Group Channels Description wf_xcolumns  

Pressure-Pressure- Acceleration 4 NA One  

Channel Datatype Unit Length  

Time DT_DATE sec 29160  

cDAQ9184-17EBAF4Mod1/ai0 DT_DOUBLE psi 29160 810 

cDAQ9184-17EBAF4Mod1/ai1 DT_DOUBLE psi 29160 810 

cDAQ9184-17EBAF4Mod4/ai0 DT_DOUBLE g 29160 810 

Implicit Start Interval Length  

Time 0 0.0005859 29160 
  

 

Table 3. The Frequency Domain TDMS File Summary Page 

Root Name Title Author Date/Time wf_samples 

Frequency_14-01-04_1049_001.tdms Freq. Domain Wissam 01/04/2014  

Group Channels Description wf_xcolumns  

Frequency Analysis 2 NA One  

Channel Datatype Unit Length  

Time DT_DOUBLE sec 14580  

cDAQ9184-17EBAF4Mod4/ai0 (Power Spectrum) DT_DOUBLE g 14580 405 

Implicit Start Interval Length  

Time 0 2.1069958 14580  
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 Although there is a number of windowing functions that can be used to 

minimize the spectral leakage effect, Hanning window is satisfactory for 95% of 

practical cases (Michael and Audrey 2000). Therefore, and because spectral 

computations are intended to be used in this research, Hanning windowing was 

used to minimize the amplitude and frequency errors resulting from spectral 

leakage. 
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Chapter 3 

Demonstration of Surge Analysis and 

Modeling Software 

 

3.1 Surge Modeling Software 

Pressure and flow conditions during transient flow are described by the 

conservation of mass and momentum equations. By solving these equations using 

the appropriate initial and boundary conditions, temporal and spatial flow and 

pressure in pipeline systems can be well described.  

In this research, the numerical software, Surge 2012 was utilized for 

modeling small scale and full scale hydraulic pipeline systems and implementing 

surge analysis. Surge 2012 was originally developed at the University of Kentucky 

and it relies on the WCM method previously discussed. Surge 2012 software can 

perform both steady state and transient simulations by solving the equations of 

continuity and conservation of energy during the steady state calculations for 

providing initial and boundary conditions for the transient computations. To 

perform transient simulations, Surge 2012 solves the one dimensional equations of 

conservation of mass and momentum. This software also handles the occurrence of 

cavitation allowing the pressure to drop no lower than a value specified by the user 

that is usually assumed to be -14.4 psig. 
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3.2 Single Pipe Numerical Example 

In order to fulfill the primary objective, it was important to learn the proper 

use of the Surge 2012 software and to demonstrate its accuracy. Therefore, for 

assurance that Surge 2012 was being used properly and effectively, a single 

hydraulic pipeline system example problem was solved by three ways: 

a) Solution by Surge 2012 software, 

b) Hand solution by the WCM using a spread sheet program, and;  

c) Hand solution by the MOC using a spread sheet program. 

The purpose of the WCM hand solution was to compare the WCM-based 

hand calculation results with those obtained from the Surge 2012 software since 

both are based on the same solution scheme providing a proof that both water 

hammer theory and the modeling software are well-understood and the software 

was being used correctly. The purpose behind the hand solution by the MOC was to 

compare the results obtained from the WCM-based hand calculations and the 

results obtained from Surge 2012 software with a different well-verified surge 

analysis approach providing more assurance of the WCM hand calculation results 

and a good evaluation tool of the software abilities. 

3.2.1 Numerical Example Description 

The example pipeline system consists of a 1000 ft long PVC pipeline with a 

diameter of 12 inch connected to a constant head reservoir on the upstream end and 

a globe valve on the downstream end. The upstream reservoir provides a constant 
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head of 300 ft. The pipe has a Darcy-Weisbach friction factor (f) of 0.0129 causing 

a total friction loss of 279.87 ft and resulting in a hydraulic head of 20.13 ft at the 

valve during the steady state operation. A schematic representation of the example 

problem is shown in Figure 24. The constant head provided by the reservoir is 

represented by HRo while the head at the valve is represented by Hvo. 

Wave speed of the pipe was assumed to be 1000 ft/sec. A common time 

step (Δt) of 0.5 sec and a simulation time of 20 sec was used in all solutions so that 

the results of the WCM and MOC solutions can easily be compared with each other 

and with the Surge 2012 output as well.  

 

Figure 24. A schematic of the single pipe numerical example  

Transient pressure was allowed to drop below vapor pressure during the 

simulations in order to eliminate cavitation calculations that require a computer to 

be performed. The hydraulic problem addresses the simulation of water hammer 

resulting from rapid closure of the downstream globe valve in 4 sec. The closure 

behavior of the globe valve is assumed to be linear and thus, it has a linear 

characteristic curve as shown in Figure 25.  
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Figure 25. Linear characteristic curve of the globe valve 

 The initial conditions of the system were obtained from a steady state 

analysis and are given in Table 4. All system constants including pipe and 

simulation constants with their symbols are given in Table 5. Spread sheet 

programs were developed to solve the single pipe system by the WCM and MOC. 

Solution procedures are discussed below and details of the system parameters, the 

spread sheet programs, and hand calculations are given in Appendix A. 

3.2.2 Surge 2012 Solution Description 

 The pipeline system was first laid out in the model window and the required 

data was entered in the pipe and node information windows. A constant head of 

300 ft was used as the boundary condition for the reservoir. A wide open resistance 

(C’100%) of 0.0234 ft/cfs2, a 100% initial open ratio, and the characteristic curve 

given in Figure 25 were all used as the boundary conditions for the globe valve. 

The user screen of Surge 2012 program showing the system map and the data 

windows is illustrated in Figure 26. 
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Table 4. Initial Conditions Obtained from the Steady State Analysis 

Initial Conditions 

Reservoir Midpoint Valve 

Head Flow Head Flow Head Flow 

HRo QRo HMo QMo HVo QVo 

300 29.33 160.06 29.33 20.13 29.33 

 

 

Table 5. System Constants 

Constants 

Pipe Constants WCM Simulation Constants MOC Simulation Constants 

Friction 

Factor 
Dia. Area  

Wave 

Speed 

Pipe 

Length 
F1=F2 

Valve 

Resistan

ce 

Pipe Resistance 
Time 

Step 
Duration 

Time 

Step 
Duration Ca 

Friction 

Term 

f D A a L a/gA C’100% -(HRo-HVo)/(QVo)2 Δt t Δt t gA/a fΔt/2DA 

 (ft) (ft2) (ft/sec) (ft) (sec/ft2) (ft/cfs2) (ft/cfs2) (sec) (sec) (sec) (sec) ft2/sec  

0.0129 1 0.785 1000 1000 39.541 -0.0234 -0.325 0.5 20 0.5 20 0.0253 0.0041 
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Figure 26. Surge 2012 user screen showing the system map and data windows 

In order to use the Hazen William’s formula for the pipe friction, the Darcy 

Weisbach friction factor (f) was converted into an equivalent Hazen Williams’s 

coefficient of 135 that gives exactly the same head loss. For inducing the transient 

event, the change data of the valve was set to close the valve linearly in 4 sec as 

shown in Figure 27. The symbol r stands for the valve open area to the total area 

ratio which is set to be equal to 1 at time 0 and equal to 0 at time 4 sec. 

 

Figure 27. Input and change data settings of the active valve 
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Surge 2012 simulation results of pressure head and flow variations at the 

valve are given in Figures 28 and 29, respectively. The transient head history shows 

that the pressure head starts rising abruptly after the commencement of the valve 

closure reaching a maximum value of 1200 ft directly after the complete valve 

closure. Simultaneously, the flow starts dropping until it gets completely dissipated 

at 4 sec of the simulation time. The head at the upstream of the valve keeps 

oscillating due to the action of the upsurge and downsurge waves and in the 

meantime it gets affected by the damping action of the pipe friction. 

 

Figure 28. Surge 2012 simulation of pressure head variation at the valve 

 

Figure 29. Surge 2012 simulation result for flow variation at the valve 
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The simulation also shows in Figure 30 that the flow at the midpoint of the 

pipe oscillates due to valve closure. Inspecting Figure 30 shows that the flow at the 

midpoint was oscillating between positive and negative values while it was being 

dissipated with time. Negative flows mean that flow reversal occurred due to 

upsurge action and the flow was travelling back and forth until it gets dissipated. 

 

Figure 30. Surge 2012 simulation results of flow at midpoint 

A 20 sec history of the pressure head variation at the pipe midpoint obtained 
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Figure 31. Surge 2012 simulation results of pressure head at Midpoint 

After the simulation is completed, Surge 2012 produces a detailed report of 

the input data and results. Also, calculated initial conditions are provided in the 

report. A part of this report is given below. 

                                 LINE SEGMENT DATA 

************************************************************************** 

POSITION OF END NODES   TRAVEL      C/GA        INITIAL        SEGMENT     WAVE 

                        INCREMENTS              FLOWRATE     RESISTANCE    SPEED 

  ------------------------------------------------------------------------ 

R-1        I-AV-1       2     39.5415      29.331      0.3253     1000.0 

 

 

   Total Number of Time Increments:        5 

   (Limit is: 400,000) 

  

************************************************************************** 

                                  COMPONENT DATA 

 

************************************************************************** 

               COMPONENT CHARACTERISTICS AND INITIAL CONDITIONS: 

               ------------------------------------------------- 

  

POS.       POS.     --  CHARACTERISTICS  --  INITIAL     HEAD    HEAD    

 #1         #2      (A)      (B)      (C)       FLOW      #1      #2 

  -----------------------------------------------------------------------

I-AV-1   I-AV-1     0.00     0.00  -0.234E-01   29.33    20.13   0.00     

 

************************************************************************** 

                                JUNCTION DATA 
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************************************************************************** 

    

  JUNCTION       NUMBER      INITIAL        INITIAL     CONNECTING 

  LOCATION       OF LEGS     HEAD           DEMAND      POSITIONS 

 -------------------------------------------------------------------------  

       

    R-1             0        300.00          0.000 

  

 

 

************************************************************************** 

                             VARIABLE INPUT DATA 

************************************************************************** 

 

INPUT # 1:  

 

  REFERENCE VALUE FOR VALVE RESISTANCE (R=1) =    0.02340 

  A GLOBE VALVE IS AT POSITION        I-AV-1 

 

                      -------------------- 

                        TIME        RATIO  

                      -------------------- 

                       0.0000       1.0000 

                       0.4000       0.9000 

                       0.8000       0.8000 

                       1.2000       0.7000 

                       1.6000       0.6000 

                       2.0000       0.5000 

                       2.4000       0.4000 

                       2.8000       0.3000 

                       3.2000       0.2000 

                       3.6000       0.1000 

                       4.0000       0.0000 

 

  

 

 Following initial value is calculated for this variable input: 

  ... This should agree with initial value previously defined (in 

parentheses)   

      Initial valve resistance =       0.00 (    0.0234) 

 

 

  

************************************************************************** 

       **** SUMMARY OF INITIAL CONDITIONS FOR LINE SEGMENTS **** 

************************************************************************** 

 

 

END POSITION DESIGNATIONS: J - JUNCTION, C - COMPONENT, S - SDO 

* - THIS DENOTES AN UNDESIGNATED END POSITION (UNACCEPTABLE)- CORRECT DATA 

 

 

----- END POSITIONS -----   FLOW   ----- HEAD -----      HEAD    ELEVATION 

     

    #1            #2      #1 to #2   #1        #2        LOSS   DIFFERENCE 

 

-------------------------------------------------------------------------- 

   R-1 J      I-AV-1 C     29.33    300.0     20.1       279.9     0.0 

Tabulated Results: 

  ****** FLOWRATE AND PRESSURE RESULTS ******    



 

 

 

99 
  TIME   Head at I-AV-1 

-------------------------------------------------------------------------- 

  0.000    20.13 

  0.500    26.03 

  1.000    34.88 

  1.500    49.18 

  2.000    73.98 

  2.500   120.21 

  3.000   220.51 

  3.500   476.48 

  4.000  1188.52 

  4.500  1201.41 

  5.000  1146.23 

  5.500   734.10 

  6.000  -454.69 

  6.500  -509.23 

  7.000  -412.92 

  7.500   -63.91 

  8.000   957.03 

  8.500  1036.04 

  9.000   915.56 

  9.500   610.56 

 10.000  -282.18 

 10.500  -375.88 

 11.000  -240.88 

 11.500    31.56 

 12.000   823.39 

 12.500   925.85 

 13.000   782.21 

 13.500   534.94 

 14.000  -175.53 

 14.500  -283.05 

 15.000  -134.48 

 15.500    92.63 

 16.000   736.19 

 16.500   846.34 

 17.000   695.27 

 17.500   484.76 

 18.000  -102.88 

 18.500  -214.05 

 19.000   -62.11 

 19.500   134.44 

 20.000   674.71 

========================================================================== 

Max/Min Summary 

Pos.no. MaxHead MinHead  Time      MaxPressure  MinPressure   MaxTime   MinTime 

         (ft)   (ft)     Reverse   (psi)       (psi)          (sec)     (sec)   

                         Grad.    

-------------------------------------------------------------------------- 

R-1    300.00  300.00  0.000    130.000      130.000    0.50000    0.50000 

I-AV-1 1201.41 -509.23 6.500    520.613     -220.666    4.50000    6.50000  

I-AV-1 0.00    0.00    0.000    0.000        0.000      20.00000   0.50000  

========================================================================== 

 Max/Min Line Pressures 

     START         END    MAX PRESS.    MIN PRESS. 

    NODE          NODE   psi or kPa    psi or kPa 

 -------------------------------------------------- 

     R-1        I-AV-1    520.61       -220.67                            

 ***** END OF THIS SIMULATION ***** 

 END RUN AT TIME 19:27:19 
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3.2.3 WCM Hand Solution Description 

In order to be solved by the WCM, the pipeline system was divided into 

three elements: a valve, a friction orifice at midpoint, and a reservoir. The valve 

was analyzed using the component transient analysis procedure previously 

described in chapter 1. A friction orifice was assumed to be present at the midpoint 

of the pipeline to account for the line friction by conducting the component analysis 

procedure. The reservoir is dealt with as a junction in the WCM and thus was 

analyzed by the junction transient analysis procedure described in chapter 1. 

Analyses of all three elements were conducted simultaneously to calculate their 

effects on each other and interaction with each other as well.  

Valve closure commencement generates a shock pressure wave or an 

upsurge that propagates and travels upstream with a speed of 1000 ft/sec. Once that 

upsurge arrives to the pipe midpoint, it is assumed to be impinging on the friction 

orifice located at the pipeline midpoint to be modified for line friction. After 

changing flow conditions and being modified at the midpoint, the shock wave 

simultaneously generates two new shock waves. One of these waves is reflected 

back to the valve and the other one is partially transmitted to the reservoir. The 

reflected pressure wave impinges on the valve during the same time that the valve 

setting is changing due to the continuous valve closure action and generating more 

pressure waves. The combined effect of the reflected waves and the generated 

waves due to valve setting change are then considered simultaneously in the valve 

transient analysis at this moment. The transmitted wave from the friction orifice to 
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the reservoir impinges on the reservoir and changes flow conditions there and is 

then negatively reflected back as a downsurge to the friction orifice where it is 

modified for friction and then transmitted down to the valve. Again, the combined 

effect of this transmitted pressure and the wave generated due to the occurring 

valve closure is considered in the analysis. Generated, transmitted, and reflected 

pressure waves actions would continue until no more disturbances are present in 

the system and all waves are dissipated and a new steady state condition 

predominates. However, the simulation time of 20 sec used is not long enough to 

allow the transient event to completely disappear and a steady state to be resumed. 

Data provided in Tables 4 and 5 were used to aid in the calculations as detailed in 

appendix A. 

3.2.4 MOC Hand Solution Description 

The mathematical procedure proposed by Chaudhry (1979) and discussed in 

the literature review given in chapter 1 was used for simulating the transient events 

by the MOC. The pipe was divided into two reaches resulting in three points where 

calculations are performed: the reservoir, the valve, and the midpoint. Initial 

conditions, pipe constants, and MOC simulation constants given in Tables 4 and 5 

were used to obtain the solution. For solving the problem at each time step, Eqs. 

(68) to (72) were employed with the appropriate boundary conditions equations. 

Boundary conditions at the reservoir and the valve were mathematically formulated 

using Eq. (112) which is for a constant level upstream reservoir and Eq. (113) for 
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the downstream valve, respectively (Chaudhry 2014). The boundary condition used 

for the transient head at the reservoir is represented by the following equation: 

HP = HRo                                                                                                                          (112) 

where: 

 HP is equal to the term Hi
t+∆t in Eqs. (68) and (69). HRo is the initial or steady state 

head at the reservoir. 

The boundary condition used for the flow through the valve during the transient 

simulation is represented by the following equation: 

QP = 0.5 (−Cv + √Cv
2 + 4CpCv)                                                                               (113) 

where: Cp is described by Eq. (70). Cv is the valve flow coefficient that is 

calculated at each time step by the following equation (Chaudhry 2014): 

Cv =
(τQvo)2

CaHvo
                                                                                                                  (114) 

where: Qvo and Hvo are the steady state flow and head at the valve. τ is the valve 

opening ratio at any time and is calculated by the following equation: 

𝜏 = 1 −
𝑇𝑖𝑚𝑒

4
                                                                                                                  (115) 

Note that at time 0 s, the valve opening ratio is equal to 1, meaning that the 

valve is wide open. While at time 4 sec, τ is equal to 0 indicating a complete valve 

closure. In Eqs. (68) to (71), the values of Cp and Cn are always known and 

constant for each time step but they vary from one time step to another. Ca which 

depends on the pipe properties is always known and is constant for all time steps. 
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The positive characteristic equation (i.e., Eq. 68) is coupled with the boundary 

condition Eq. (113) and used for solving for transient pressure head at the valve. 

For solving for transient flow rate at the reservoir, the negative characteristic Eq. 

(69) was coupled with the boundary condition Eq. (112). Both positive and 

negative characteristic equations along with Eqs. (70) to (72) were all used for 

solving for pressure head and flow rate at the midpoint. Detailed calculations of 

MOC hand solution is given in appendix A. 

3.2.5 Discussion and Comparison of Results 

The water hammer simulation results of the three methods of solution are 

summarized in Tables 6, 7, and 8, respectively. Table 6 provides the results of 

Surge 2012 solution, WCM hand solution, and MOC hand solution for head and 

flowrate at the reservoir for a simulation duration of 20 sec after the start of valve 

closure. Similarly, Tables 7 and 8 summarize the results of the three methods at the 

pipe midpoint and the downstream valve, respectively. All three methods produced 

very similar results at all of the three locations where calculations were performed.  

For comparison purposes, the results of transient pressure head and 

flowrates obtained from the three procedures and presented in Tables 6 to 8 were 

plotted together and presented graphically in Figures 32 to 38. The strength of 

correlation between the three solutions was evaluated statistically by calculating the 

R2. A matrix of the calculated R2 is provided on each graph of the simulation 

results. 
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Table 6. Simulation Results of Surge 2012, WCM, and MOC at the Reservoir 

Method 
Surge 2012 Software 

Solution 

WCM Hand 

Solution 

MOC Hand 

Solution 

Location Reservoir Results 

Time Head Flow Head Flow Head Flow 

sec ft cfs ft cfs ft cfs 

0 300 29.3 300 29.3 300 29.3 

0.5 300 29.3 300 29.3 300 29.3 

1 300 29.3 300 29.3 300 29.3 

1.5 300 29.1 300 29.1 300 29.1 

2 300 28.7 300 28.7 300 28.8 

2.5 300 28.2 300 28.2 300 28.3 

3 300 27.4 300 27.4 300 27.3 

3.5 300 25.5 300 25.5 300 25.5 

4 300 21.4 300 21.4 300 21.5 

4.5 300 10.7 300 10.7 300 10.9 

5 300 -22.5 300 -22.5 300 -21.9 

5.5 300 -22.5 300 -22.5 300 -21.5 

6 300 -18 300 -18.0 300 -18.0 

6.5 300 -8.9 300 -8.9 300 -9.6 

7 300 19.1 300 19.1 300 18.3 

7.5 300 20.2 300 20.2 300 18.5 

8 300 15.6 300 15.6 300 15.5 

8.5 300 7.6 300 7.6 300 8.6 

9 300 -16.6 300 -16.6 300 -15.8 

9.5 300 -18.4 300 -18.4 300 -16.3 

10 300 -13.7 300 -13.7 300 -13.6 

10.5 300 -6.6 300 -6.6 300 -7.8 

11 300 14.7 300 14.7 300 13.9 

11.5 300 16.9 300 16.9 300 14.6 

12 300 12.2 300 12.2 300 12.2 

12.5 300 5.7 300 5.7 300 7.1 

13 300 -13.2 300 -13.3 300 -12.4 

13.5 300 -15.6 300 -15.6 300 -13.2 

14 300 -11.0 300 -11.0 300 -11.0 

14.5 300 -5.1 300 -5.0 300 -6.6 

15 300 12.0 300 12.0 300 11.2 

15.5 300 14.6 300 14.6 300 12.1 

16 300 10.0 300 10.0 300 10.1 

16.5 300 4.5 300 4.5 300 6.1 

17 300 -11.0 300 -11.1 300 -10.2 

17.5 300 -13.6 300 -13.7 300 -11.1 

18 300 -9.2 300 -9.1 300 -9.3 

18.5 300 -4.0 300 -4.0 300 -5.7 

19 300 10.2 300 10.2 300 9.4 

19.5 300 12.8 300 12.9 300 10.3 

20 300 8.4 300 8.4 300 8.6 
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Table 7. Simulation Results of Surge 2012, WCM, and MOC at the Midpoint 

Method 
Surge 2012 

Software Solution 

WCM Hand 

Solution 

MOC Hand 

Solution 

Location Midpoint Results 

Time Head Flow Head Flow Head Flow 

sec ft cfs ft cfs ft cfs 
0 159.1 29.33 160.065 29.33 160.065 29.33 

0.5 159.1 29.33 160.065 29.33 160.065 29.33 

1 164.4 29.2 165.960 29.21 165.125 29.21 

1.5 172.3 29.0 174.817 29.03 172.929 29.01 

2 180.8 28.7 183.221 28.66 181.782 28.63 

2.5 196.4 28.0 199.158 28.04 197.559 27.97 

3 230.4 26.9 236.983 26.86 231.679 26.71 

3.5 307 24.4 321.346 24.37 308.655 24.06 

4 507.5 18.1 539.489 18.08 511.849 17.48 

4.5 1107.5 -0.50 1167.161 -0.54 1119.685 -1.16 

5 993.3 -5.90 961.909 -5.91 931.712 -5.60 

5.5 345.3 -20.2 278.559 -20.24 293.086 -19.75 

6 69.13 -15.7 71.870 -15.72 121.009 -15.04 

6.5 -401.3 0.50 -433.878 0.54 -391.268 0.84 

7 -292.4 5.60 -281.596 5.64 -250.238 4.72 

7.5 318.01 17.3 321.346 17.32 305.778 16.80 

8 510.75 13.9 517.786 13.91 454.925 13.21 

8.5 920.9 -0.50 936.228 -0.54 898.764 -0.64 

9 816.1 -5.40 818.627 -5.39 788.033 -4.07 

9.5 269.11 -15.1 278.559 -15.14 295.025 -14.64 

10 98.40 -12.5 91.290 -12.48 163.477 -11.80 

10.5 -257.8 0.50 -261.645 0.54 -228.716 0.51 

11 -156.5 5.20 -168.015 5.17 -138.864 3.58 

11.5 320.34 13.5 321.346 13.46 304.373 12.98 

12 490.3 11.3 500.019 11.31 421.988 10.66 

12.5 806.9 -0.50 802.714 -0.54 773.714 -0.41 

13 721.43 -4.90 726.401 -4.96 698.953 -3.19 

13.5 266.68 -12.1 278.559 -12.11 296.094 -11.67 

14 113.47 -10.3 107.925 -10.34 189.785 -9.73 

14.5 -149.11 0.50 -155.062 0.54 -129.314 0.35 

15 -97.51 4.80 -91.636 4.76 -65.872 2.88 

15.5 316.90 11.0 321.346 11.01 303.531 10.60 

16 451.34 9.50 484.6909 9.53 400.485 8.96 

16.5 717.22 -0.50 715.626 -0.54 692.683 -0.30 

17 622.31 -4.60 662.084 -4.58 637.980 -2.62 

17.5 266.21 -10.1 278.559 -10.09 296.777 -9.72 

18 117.66 -8.80 122.094 -8.84 207.693 -8.30 

18.5 -79.81 0.5 -82.560 0.54 -61.922 0.26 

19 -16.27 4.4 -36.695 4.42 -14.130 2.40 

19.5 311.55 9.3 321.346 9.32 302.966 8.97 

20 430.21 8.2 471.553 8.23 385.339 7.73 
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Table 8. Simulation Results of Surge 2012, WCM, and MOC at the Valve 

Method 
Surge 2012 

Software Solution 

WCM Hand 

Solution 

MOC Hand 

Solution 

 Location Valve Results 

Time Head Flow Head Flow Head Flow 

sec ft cfs ft cfs ft cfs 
0 20.13 29.33 20.130 29.33 20.13 29.33 

0.5 26.00 29.20 26.026 29.18 26.041 29.18 

1 34.90 29.00 34.882 28.96 34.903 28.96 

1.5 49.20 28.70 49.182 28.65 49.147 28.64 

2 74.00 28.10 73.975 28.11 73.740 28.06 

2.5 120.20 26.90 120.204 26.88 119.821 26.83 

3 220.50 24.30 220.504 24.27 219.359 24.20 

3.5 476.50 17.80 476.472 17.84 470.811 17.73 

4 1188.5 0 1188.507 0 1165.714 0 

4.5 1201.4 0 1201.398 0 1153.136 0 

5 1146.2 0 1145.720 0 1073.877 0 

5.5 734.1 0 733.779 0 715.378 0 

6 -454.7 0 -455.320 0 -424.398 0 

6.5 -509.2 0 -509.725 0 -436.676 0 

7 -412.9 0 -412.532 0 -358.251 0 

7.5 -63.90 0 -63.810 0 -67.410 0 

8 957 0 957.574 0 924.019 0 

8.5 1036 0 1036.413 0 948.928 0 

9 915.6 0 914.787 0 873.575 0 

9.5 610.6 0 609.917 0 629.826 0 

10 -282.2 0 -283.086 0 -248.765 0 

10.5 -375.9 0 -376.725 0 -280.288 0 

11 -240.9 0 -240.299 0 -208.709 0 

11.5 31.6 0 32.004 0 0.483 0 

12 823.4 0 824.060 0 790.118 0 

12.5 925.9 0 926.420 0 825.042 0 

13 782.2 0 781.273 0 757.336 0 

13.5 534.9 0 534.326 0 574.514 0 

14 -175.5 0 -176.503 0 -143.056 0 

14.5 -283.1 0 -283.711 0 -179.574 0 

15 -134.5 0 -133.716 0 -115.592 0 

15.5 92.6 0 93.055 0 46.487 0 

16 736.2 0 736.973 0 704.411 0 

16.5 846.3 0 846.775 0 741.468 0 

17 695.3 0 694.185 0 680.968 0 

17.5 484.8 0 484.179 0 535.604 0 

18 -102.9 0 -104.001 0 -72.086 0 

18.5 -214.1 0 -214.601 0 -109.053 0 

19 -62.1 0 -61.214 0 -51.768 0 

19.5 134.4 0 134.858 0 79.856 0 

20 674.7 0 675.661 0 644.632 0 
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As shown in Figure 32, commencement of valve closure causes the pressure 

head to rise from its initial or steady state value of 20.13 ft up to around 1200 feet 

in 4.5 sec just after the valve closure is complete. Figure 33 shows how the flow 

rate through the valve starts dropping after the valve starts to close changing from 

29.33 cfs to 0 cfs in 4 sec. The generated steep pressure wave then travels back to 

the reservoir as a positive upsurge wave and arrives there in one second. After 

changing the flow conditions at the reservoir, the wave reflects back again to the 

valve as a downsurge with some attenuation due to pipe friction. The reflected 

down surge reaches the valve at 6.5 sec causing the pressure to drop down to 

around -510 ft. As this wave reaches the valve which is completely shut at this 

time, the valve acts as a dead end and thus, it reflects back to the reservoir as a 

negative upsurge to arrive there in one second. Once the wave arrives to the 

reservoir, and because the head at the reservoir is constant, it reflects as a positive 

downsurge. This downsurge wave causes the pressure head at the valve to rise to 

around 1036 feet at 8.5 sec. Pressure waves continue travelling back and forth 

inside the pipeline until they get completely attenuated by pipe friction. 

The 20 seconds simulation time produced four complete cycles that are 

being attenuated with time due to friction. The time period between each two 

subsequent positive or negative peaks is four seconds and this is the time required 

for a pressure wave generated at the valve to travel the whole length of the pipe and 

get reflected at the reservoir back to the valve again for two times. This time is 

equal to 4L/a, where (L) is the pipe length and (a) is the wave speed. 
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 Figure 32. Transient pressure head at the valve by Surge 2012, WCM, and 

MOC solutions 

 

 Figure 33. Transient flowrate through the valve by Surge 2012, WCM, and 

MOC solutions 
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To emphasize how the sudden flow change generates transient pressures, 

the simultaneous transient head and flowrate at the valve simulated by Surge 2012 

were plotted in one chart and shown in Figure 34. 

  

Figure 34. Simultaneous transient head and flowrate through the valve simulated 

by Surge 2012 solution 
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sec. The same four cycles noticed in Figure 32 for pressure variation at the valve 
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Figure 36. At 4 sec, while flow at the valve was zero, water was still flowing at 

midpoint with a flow rate of around 18 cfs. At 4.5 sec, the zero-flowrate wave 

arrived at the midpoint and resulted in zero flow. After that, the flow direction is 

reversed for two seconds to get back to the original direction at 6.5 sec. The flow at 

the pipe midpoint keeps bouncing back and forth and getting attenuated with time 

during the simulation. All of the three calculation procedures agreed very well and 

produced a constant head of 300 ft at the reservoir as illustrated in Figure 37. The 

upsurge pressure wave generated by changing the valve setting at the beginning of 

the simulation arrives at the reservoir after 1 sec and changes the conditions there. 

Figure 38 illustrates the flow oscillation at the reservoir simulated by the three 

procedures. The initial flowrate of 29.33 cfs starts dropping one second after the 

valve closure initiation. The transient event causes the reservoir to drop to a 

minimum value of -22.5 cfs at time 5 sec which corresponds to one second after 

complete valve closure. Inspecting the correlation matrices provided in Figures 32 

and 33 and Figures 35 to 38, the high R2 values indicate a good agreement between 

the three solutions. The results of Surge 2012, WCM, and, MOC calculations 

showed good agreements with each other when solving for flowrate and head at all 

points of calculations. The WCM hand solution gave the exact solution obtained by 

the Surge 2012 with R2 values of 1. This match in the results is realistic because 

Surge 2012 uses the WCM scheme to solve transient simulations. Therefore, this 

example completes the objective of demonstrating the accuracy of Surge 2012 

software and the ability to properly use the software to model piping systems. 
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Figure 35. Transient pressure head at midpoint by Surge 2012, WCM, and MOC 

solutions 

 

Figure 36. Transient flowrate at midpoint by Surge 2012, WCM, and MOC 

solutions 
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 Figure 37. Transient pressure head at the reservoir by Surge 2012, WCM, 

and MOC solutions 

 

Figure 38. Transient flowrate at the reservoir by Surge 2012, WCM, and MOC 

solutions 
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Chapter 4 

Field Data Collection and Analysis of 

Full Scale Force Main 

 

4.1 Introduction 

The South Beaches Force Main Sewer System (SBFSS) was selected in this 

study for three reasons. The first reason was that this site was accessible. The 

second reason was that some data was already available from different studies. The 

third reason was because this force main has been frequently experiencing pipe 

break incidents that might be attributed to transient loads generated by surge 

problems. The objectives related to the SBFSS was collecting field data to evaluate 

the transient conditions and the dynamic response of the force main system to those 

transient pressures under normal and abnormal operational conditions. The other 

main objective is to use the collected data to develop and calibrate a surge model 

that will be accomplished in chapter 5. Drawings and specifications of the pipes, 

pumps, fittings, and existing surge control devices were collected. Field visits were 

undertaken to collect experimental data from different locations within the site to 

be used for model calibration and verification. In addition to collecting pressure 

data from the pipeline when it was under operation, and in order to evaluate the 

pipe dynamic response to transient pressures, vibration of the pipeline was also 
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evaluated simultaneously with the collected pressure data. This was accomplished 

by collecting acceleration measurements simultaneously with the collected transient 

pressure using the high speed accelerometer and data acquisition system presented 

in chapter 2. Frequency analysis conducted on the collected field data was used to 

evaluate the dynamic response of the pipeline system.   

4.2 Description of SBFSS Pipeline System 

4.2.1 Background 

SBFSS is a wastewater pipeline system that serves the eastern side of 

Brevard County in Florida. The region being served by the SBFSS is shown in 

Figure 39. SBFSS consists of two parallel force mains: B19 and B06. These two 

titles (B19 and B06) come from the northern most pump stations installed on each 

force main. The B19 force main comprises a length of approximately 70,000 ft 

starting from the B19 pump station located at Sea Park Drive and down to the 

South where it discharges to the South Beaches Water Reclamation Facility 

(SBWRF). It consists mainly of 20 and 24 inch ductile iron pipe (DIP) sections and 

24 inch PVC pipe sections. Three pumping stations are pumping into this force 

main: B19, B20, and B01. The B06 force main extends over a length of 

approximately 26,500 ft starting from pumping station B06 located at the Riverside 

Drive and Second Avenue intersection and ending at the SBWRF. The main two 

pumping stations discharging into this force main are B06 and B07. Both pipelines, 

B19 and B06, remain parallel to each other and only interconnect just before 

discharging into a 30-inch ductile iron pipe at the SBWRF.  
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Figure 39. Area served by the South Beaches Force Main Sewer System 
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Information of the SBFSS was collected and obtained from the Brevard 

County Utility Services (BCUS). Data obtained from BCUS included details of all 

pump stations, as built pipeline profile in both hard copy and AutoCAD file format, 

maps showing the locations of air relief valves (ARVs), pumping machinery data, 

and previous field measurements of pressure collected from the force main system. 

Detailed drawings of pumping stations installed on the force main system are all 

given in Appendix B. Previous pressure measurement results provided by the 

BCUS are also shown in appendix B. A copy of Criteria for Water and Sanitary 

Sewerage Systems within Brevard County was also provided by BCUS and was 

used to obtain pipe specifications and pipe pressure rating. A map showing the 

SBFSS layout with all the pumping stations and ARVs on it is given in Figure 40 

and a close up map showing the SBFSS from the B07 pumping station to the 

SBWRF is given in Figure 41. Several broken pipes have occurred at different 

locations on the force main as shown in Figure 42. Damages in the form of pipe 

cracks and bell splits are commonly found to occur from time to time. Excessive 

pressure surges generated by normal operation such as pump startup and stop and 

abnormal conditions such as power failure might be the main reason. In terms of 

pipe material type, length, and size, B19 force main may be divided into three 

segments and B06 force main may be divided into two segments. They are 

interconnected by a 30 inch DIP just before SBWRF. A detailed description of the 

piping material types, lengths, and sizes of the B19 and B06 force mains by 

segment in the direction of flow is given in Table 9. 
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Figure 40. SBFSS layout with locations of pumping stations and ARVs (Courtesy 

of Brevard County Utility Services) 
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Figure 41. A close up map of SBFSS showing a part of B06 force main from B07 

pump station to SBWRF (Courtesy of Brevard County Utility Services) 
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Figure 42. Locations and types of some of the damages occurred on SBFSS during 

2011-2013 (Courtesy of Brevard County Utility Services)

 



 

 

 

 

Table 9. Physical Characteristics of SBFSS Pipeline 

Segment 

No. 

B19 Force Main Pipe B06 Force Main Pipe 

Material 

Type 

Diameter 

(inch) 

Chainage Length 

(ft) 

Material 

Type 

Diameter 

(inch) 

Chainage Length 

(ft) From To From To 

1 DIP/PVC 20 0 18,349 18,349 PVC 20 0 12,353 12,353 

2 PVC 24 18,349 43,447 25,098 DIP 24 12,353 25,719 13,366 

3 DIP 24 43,447 68,914 25,467 - - - - - 

4* DIP 30 68,914 69,785 871 DIP 30 25,719 26,536 817 

Total Pipe Length 69,914  26,536 

 

* This DIP section is common for both force mains starting from the point where they join and ending at the SBWRF. 
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4.2.2 Pumping Stations Description 

A total of five main sewage lift stations are working on SBFSS. Sewage 

pumping stations installed on B19 force main include B19, B20, and B01 while 

pumping stations installed on B06 force main include B06 and B07. Details of 

pumping machinery of B19 force main are given in Table 10. Station B19 is the 

northernmost sewer pump house located on Sea Park Boulevard. It is designed with 

three parallel dry pit pumps. When two pumps are on duty, the third is a standby to 

provide enough pumping capacity for peak day flows in addition to storm runoff 

infiltration. These pumps are installed at an elevation of -10.7 ft and they lift raw 

sewage to a reservoir at the SBWRF at an elevation of 32.5 ft via a 69,914 ft long 

force main.  

Three Flygt (CP 3231/705) dry pit pumps, each designed with a rated power 

of 185 hp and a rated flow of 3643 gpm at a rated head of 147 ft, are installed in 

parallel and take suction from a wet well with high and low level elevations of -9 ft 

and -11.2 ft, respectively. Existing elevations of sewage at the wet well and the 

SBWRF reservoir maintain a static head of 43.7 ft against which, the pumps are 

operating. All pumps have a motor rated speed of 1780 rpm, efficiency of 72.5%, 

and a total moment of inertia of 45.088 lb-ft2. Each pump discharges through a 

tilted disk check valve equipped with a top mounted dashpot installed on the 

discharge piping. All pumps are equipped with a soft start that is set to ramp up and 

down each pump in 8 sec and 10 sec, respectively. As a method for controlling 

pump start, the B19 pumps start sequentially rather than starting simultaneously. 



 

 

 

 

Table 10. Physical and Hydraulic Details of the B19 Force Main Pumping Stations 

Pump 

Station 

No. of 

Pumps in 

Duty 

Type of 

Connection 

Type of 

Check 

Valve 

Motor 

Power 

 (hp) 

Motor 

Speed 

(rpm) 

Efficiency 

(%) 

Rated 

Flow 

(gpm) 

Rated 

Head (ft) 

Inertia, 

WR2  

(lb-ft2) 

B19 

(2) working  

(1) Standby 

Parallel 

Tilted Disk 185 1780 72.5 3643 147 45.088 

Tilted Disk 185 1780 72.5 3643 147 45.088 

Tilted Disk 185 1780 72.5 3643 147 45.088 

B20 

(2) working  

(1) Standby 

Parallel 

Tilted Disk 185 1780 72.5 3643 147 45.088 

Tilted Disk 185 1780 72.5 3643 147 45.088 

Tilted Disk 185 1780 72.5 3643 147 45.088 

B01 

(1) working  

(1) Standby 

Parallel 
Swing 64.6 1765 71.5 1693 106 17.90* 

Swing 64.6 1765 71.5 1693 106 17.90* 

*These values of total inertia were calculated based on rated conditions. 
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The B20 pumping station, located on Riverside Park Drive, is identical to 

the B19 pumping station described previously. However, the only difference that 

was noticed was in the elevations of pumps and sewage in the wet well. Centerline 

elevations of all of the three pumps is -10.1 ft. High and low level elevations of 

sewage in the wet well are -8.0 ft and -10.2 ft, respectively. Pumps in this station 

lift sewage to the downstream reservoir at the SBWRF via 53,040 ft long force 

main. Thus, the resulting static head is 42.7 ft of water column. The performance 

curves of the pumps installed in stations B19 and B20 are given in Figure 43. 

Two ABS (AFP 1501 60 Hz) submersible pumps, connected in parallel in 

pump station B01, located on North Riverside Drive, lift sewage against a static 

head of 43.4 ft water column through a 40,378 ft force main to the downstream 

reservoir at the SBWRF. This pump station is designed with one duty pump and 

one standby pump to provide enough pumping capacity for peak day flows in 

addition to storm runoff infiltration. Pumps at B01 station are installed at an 

elevation of -14.65 ft. High and low level elevations of sewage in the wet well are - 

4.9 ft and -10.9 ft, respectively. The rated conditions for each pump correspond to a 

discharge of 1693 gpm at a head of 106 ft with a power requirement of 64.6 hp and 

operating efficiency of 71.5%. Rated rotational speed of each individual pump is 

1765 rpm. Each pump discharges through a swing check valve installed on the 

discharge piping to prevent flow reversal. Pumps in B01 are equipped with variable 

frequency drives (VFD) designed to ramp pumps up and down in 10 seconds. 

Performance curves of pumps installed in station B01 are shown in Figure 44. 
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Figure 43. Performance curves of pumps in stations B19 and B20 
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ABS 
Pump Performance Curves 

AFP 1501 60 HZ 

Reference Curve 

AFP 1501 

Density 

62.428 lb/ft3 

Viscosity (ft2/s) 

0.000016813 

Rated Speed 

1765 rpm 

Frequency 

60 HZ 

Flow 

1693 US 

g.p.m 

Head 

106 ft 

Rated Power 

64.6 hp 

Hydraulic Eff. 

71.5 % 

NPSH 

20.4 ft 

 

Figure 44. Performance curves of pumps in pumping station B01 
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Total moment of inertia for pumps in station B01 was not available from the 

manufacturer. Therefore, it was calculated based on the available data of the pumps 

rated conditions provided in Table 10. Details of the calculations of the total 

moment of inertia of B01 pumps are given in Appendix C. 

The existing pump station B06, located on North Riverside Drive-Second 

Ave. intersection, is the northernmost sewage pump station discharging to the B06 

force main. It consists of two ABS AFP 1501 4 Pole submersible pumps connected 

in parallel. It is designed with one duty pump and one standby pump to provide 

enough pumping capacity for peak day flows in addition to storm runoff 

infiltration. The two pumps are operating against a static head of 41.33 ft and lift 

sewage to the treatment plant reservoir through a 25,497 ft force main. Rated 

conditions for each individual pump correspond to a flow rate of 1590 gpm at a 

head of 95.6 ft with a rated rotational speed of 1775 rpm. Power requirement of 

each pump is 55 hp and the hydraulic efficiency is 69.4%. 

 None of the drawings provided showed elevation details of pumps and high 

and low levels of sewage in the wet well. Therefore, these elevations were 

approximated based on the top elevation and piping length data found in some of 

the drawings. Also, pipe profile elevation data of the force main extending from 

B06 station to the SBWRF was also missing for most locations. Pumps centerline 

elevation was estimated to be -13 ft and low water level elevation was estimated to 

be -8.83 ft. Each individual pump discharges through a swing check valve and 

starts across the line. No soft start and VFDs are installed in this pumping station. 
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Details of pumping machinery of the B06 force main are given in Table 11. The 

performance curves of pumps installed in B06 station are shown in Figure 45. 

Pump station B07 is the southernmost pump station discharging to the B06 

force main. It is located near the intersection of River Drive and the First Avenue 

on the East shore of the Indian River Lagoon. B07 is designed with one duty pump 

and one standby connected in parallel and operating against a static head of 42.42 ft 

of water column. Both submersible pumps are ABS AFP 1501 6-pole and installed 

at elevation of -11 ft. High and low level elevations in the wet well are -7.91 ft and 

-9.92 ft, respectively. Each individual pump is rated with a flow rate of 1130 gpm 

at a head of 69.5 ft and a motor speed of 1180 rpm. Pump efficiency is 74 % and 

power requirement of each pump is 26.8 hp. Pumps lift sewage via a 14,300 ft long 

force main with swing type check valves installed on their discharge piping. The 

pumps in this station start across the line and no soft starts or VFDs are installed on 

them. Figure 46 shows the performance curves of the B07 pumps.  

Pipeline elevation profile data starting from B07 to the point where it 

interconnects with the B06 force main was missing. However, the horizontal profile 

showing the pipe layout, pipe material types, pipe sizes, and locations of all valves 

and ARVs installed on it was available. Data of total moment of inertia was not 

available for pumps installed in pumping stations B06 and B07. Therefore, the 

inertia values were calculated based on the available pumps data given in Table 11. 

Calculation details are given in Appendix C. 



 

 

 

 

Table 11. Physical and Hydraulic Details of the B06 Force Main Pumping Stations 

Pump 

Station 

No. of 

Pumps in 

Duty 

Type of 

Connection 

Type of 

Check 

Valve 

Motor 

Power 

(hp) 

Motor 

Speed 

(rpm) 

Efficiency 

(%) 

Rated 

Flow 

(gpm) 

Rated 

Head (ft) 

Inertia, 

WR2 

(lb-ft2) 

B06 

(1) working  

(1) Standby 

Parallel 

Swing 55 1775 69.4 1590 95.6 14.84* 

Swing 55 1775 69.4 1590 95.6 14.84* 

B07 

(1) working  

(1) Standby 

Parallel 

Swing 26.8 1180 74 1130 69.5 13.18* 

Swing 26.8 1180 74 1130 69.5 13.18* 

*These values of total inertia were calculated based on rated conditions. 
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ABS 
Pump Performance Curves 

AFP 1501 60 HZ 

Reference Curve 

AFP 1501 

Density 

62.428 lb/ft3 

Viscosity (ft2/s) 

0.000016813 

Rated Speed 

1775 rpm 

Frequency 

60 HZ 

Flow 

1590 US g.p.m 

Head 

95.6 ft 

Rated Power 

55 hp 

Hydraulic Eff. 

69.4 % 

NPSH 

18.6 ft 

 

Figure 45. Performance curves of pumps in pumping station B06 
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ABS 
Pump Performance Curves 

AFP 1501 60 HZ 

Reference Curve 

AFP 1501 

Density 

62.428 lb/ft3 

Viscosity (ft2/s) 

0.000016813 

Rated Speed 

1180 rpm 

Poles 

6 

Flow 

1130 US g.p.m 

Head 

69.5 ft 

Rated Power 

26.8 hp 

Hydraulic Eff. 

74 % 

No. of Vane 

2 

 

Figure 46. Performance curves of pumps in pumping station B07 



 

 

 

131 

4.2.3 Appurtenances 

 Construction drawings showed a total of 38 plug valves installed on the 

SBFSS system. Those valves are distributed as 29 valves installed on the B19 force 

main and 9 valves installed on the B06 force main. Pipe profile drawings also 

showed that the system had 90o, 45o, 22.5o, and 11.25o bends in the vertical 

direction and in the horizontal direction as well to accommodate the pipe layout 

and waterways crossings. 

4.2.4 Existing Surge Control Measures 

 Drawings showed that the force main system was designed with 26 existing 

non-slam combination sewage air valves installed on the high points of the system 

to prevent both vacuum and high pressure surges resulting from the presence of air 

and gases in the pipes. These valves are a short version of type D-025 ARI with a 2 

inch NPT male threaded connection to the force main pipe. A non-slam D-025 

combination air valve combines two orifices in a single body. The large orifice 

with an area of 1.246 square inch is air and vacuum orifice, while the small orifice 

with an area of 0.018 square inch is air release orifice.  

The purpose of these valves is to discharge air during the filling of the pipe, 

admit air into the pipe when it is being emptied, and gently and slowly release 

entrapped air and gases while the system is operating under pressure. During filling 

the pipeline, entrapped air and gases are discharged through the air and vacuum 

orifice. Once wastewater level reaches the bottom of the valve, a float is lifted 

sealing the air and vacuum orifice and preventing air gases from being released. 
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Entrapped air accumulating inside the valve is then compressed in the upper 

conical part of the valve with a pressure equals to the pressure of the system. A 

drop in wastewater level that is enough to cause the float to drop causes the air and 

vacuum orifice and the air release orifice to open resulting in the release of part of 

the accumulated air through the air release orifice. When internal pressure of the 

system falls below atmospheric pressure, the float drops down unsealing the air and 

vacuum and the air release orifice and allowing air to enter into the system. The air 

release orifice should be small enough to prevent air slam conditions and the 

resulting high pressure surges. Lingireddy et. al., (2004) defined an air slam as the 

phenomena of producing high pressure surges due to the rapid deceleration of flow 

at the time air is fully expelled from an air release orifice. The pressure of the air in 

the combination air valves is usually related to the air flow rate through the valve 

orifice. The flow characteristic curves of D-025 combination air valves showing the 

air flowrate values at different valve pressures are shown in Figure 47. 

 

Figure 47. Flow characteristic curves of ARI combination air valves installed in 

SBFSS (Courtesy of ARI) 
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4.3 Measurements and Field Data Collection 

 Field data collected from SBFSS included the following three components 

of data; 

 Data describing the pipeline system and all its components. This part was 

previously discussed in details in section 4.3. 

 Steady state and Transient state pressure data available from previous field 

measurements provided by BCUS. These measurements describe pressure 

histories at different locations of the force main during known normal operation 

conditions. This was presented in Appendix B.  

 Pressure and acceleration data collected directly from the SBFSS by conducting 

a field measurement program. Measuring equipment and procedures used were 

previously detailed in chapter 2. Data and analysis are discussed in this chapter.  

The main four purposes of field data collection and measurements are:  

a) To evaluate steady state and water hammer conditions during normal operation 

with existing surge control measures. 

b) Building a Surge 2012 model for evaluating the potential for surge and 

hydraulic transients to occur in the SBFSS during different operating scenarios 

and for the design of proper surge control devices to be installed on the force 

main if deemed necessary. 

c) Field data are used as a significant tool for calibrating and validating the surge 

2012 model mentioned in item (b) above. In addition to the directly collected 
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field data, previous field measurements provided by BCUS are also used for 

model calibration and validation. 

d) Evaluation of dynamic response of the SBFSS under surge pressure loading. 

4.3.1 Pressure Monitoring at Station B01 

To test for water hammer at pump station B01, a high speed pressure 

transducer was attached on the discharge side of the pump check valve (Figure 48) 

for a total monitoring period of 60 minutes. Pressure data was logged into a 

computer using the DAQ devices with a sampling rate of 1706 S/s. To avoid 

exceeding the Excel sheets capacity and returning an error, data recording code was 

programmed to create a new TDMS file after every 5 minutes.  

 

Figure 48. Pressure transducer attached to the discharge piping and check valve of 

B01 pump station 
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Times of shutdowns and startups of B01 pumps were all recorded during 

the monitoring period to aid in analyzing the collected data. Recording pump status 

simultaneously with collected pressure data provides known and well-defined 

conditions for calibrating and validating the Surge 2012 model. Five pump startups 

and five shutdown events along with steady state operations in between were 

captured during the monitoring period as shown in Figures 49 to 59. 

During the time period 0-5 min, Figure 49 shows that pump start increased 

the steady state pressure from 33.5 psig to 55.5 psig after creating a pressure spike 

of about 30 psig, 35 sec after pump start. This confirms that the VFDs installed at 

the B01 station are preventing excessive water hammer conditions during normal 

pump startups.  

 

 

Figure 49. Pressure recorded at B01 station for time period 0-5 minutes showing 

pump startup 
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The plot also shows that at a time of 271 sec, a pressure wave arrived at 

B01 while the pump was running causing the pressure to drop to 31 psig. That 

pressure wave might has been generated by a pump shutdown at B19 or B20. The 

remaining part of that pressure wave can be seen in the next five minutes record 

shown in Figure 50. 

 

 

Figure 50. Pressure recorded at B01 station for time period 5-10 minutes showing 

pump shutdown 

The pressure record presented in Figure 50 shows that at a time of 63 sec, a 

pump shutdown occurred reducing pressure from 36 psig to an average of 7 psig. 

Pressure after that pump shutdown reached a minimum value of 2.5 psig and thus 

no negative pressure was recorded. Figure 51 for the monitoring period 10-15 min 

shows a steady state pressure of 13 psig after the pump shutdown of Figure 50 and 

then the pump startup at a time of 76.8 sec. Pressure plot after the pump startup 
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looks very similar to the pump startup given in Figure 49. However, the pump 

startups given in Figures 49 and 51 for the same pumping station produced 

different pressure spike values due to the different initial steady state pressure prior 

to each event. At a time of 222 sec, a pressure wave with a magnitude of 60 psig is 

captured and after that a steady operation with an average pressure of 60 psig 

predominates. 

 

Figure 51. Pressure recorded at B01 station for time period 10-15 minutes showing 

pump startup 

 The steady state operation with one pump running at B01 predominated the 

pressure record of the time period 15-20 min as shown in Figure 52. The recorded 

steady state operation pressure history shown in this figure agreed very well with 

the pressure history provided by BCUS and shown in Figure B.4 in Appendix B. 

Coupling the two figures, it can be known that during the monitoring period 15-20 
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min, one pump was running at each of B19 and B01 stations and a simultaneous 

steady state pressure of 83.2 psig was predominating at B19 station. 

 

Figure 52. Pressure recorded at B01 station for time period 15-20 minutes showing 

a steady state operation 

  At the monitoring time period 20-25 min pump shutdown occurred at a time 

of 50 sec as can be seen in Figure 53. That shutdown caused the pressure to 

decrease to a negative value for a time period of 38 sec starting from a time of 92 

sec and ending in a time of 130 sec. However, the transducer recorded a 38 sec of 

zero pressure value rather than a negative value since it was not calibrated to 

measure negative pressures.  

Pump starts up again 377 sec after the last shutdown as shown in Figure 54. 

This startup is similar to the one shown in Figure 51 except that the initial steady 

state pressure prior to the startup was a little lower. 
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Figure 53. Pressure recorded at B01 station for time period 20-25 minutes showing 

pump shutdown and a negative pressure zone 

 

 

Figure 54. Pressure recorded at B01 station for time period 25-30 minutes showing 

pump startup 
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A steady state condition predominated the next 10 min of monitoring with 

an average pressure of 54.5 psig as shown in Figure 55 for the time period 35-40 

min. 

 

Figure 55. Pressure recorded at B01 station for time period 35-40 minutes showing 

a steady state operation 

 A pump shutdown was captured during the monitoring period 40-45 min as 

shown in Figure 56. This shutdown looks very similar to the shutdown shown in 

Figure 50. Using the records of both figures, it can be concluded that a pump 

shutdown leads to a pressure decrease of 31 psig within 40 sec. At a time of 200 

sec, a low pressure wave reaches the pumping station. That low pressure wave 

reduced the pressure to 1 psig. The frequent appearance of low pressure waves at 

this location justifies the installation of the ARV found in this location. 
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Figure 56. Pressure recorded at B01 station for time period 40-45 minutes showing 

pump shutdown  

In the next monitoring period of 45-50 min, a pump startup was captured as 

shown in Figure 57 and looked similar to the one shown in Figure 51.  

 

Figure 57. Pressure recorded at B01 station for time period 45-50 minutes showing 

pump startup 
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A steady operation predominated the monitoring period 50-55 min as can be 

noticed in Figure 58. In the last five minutes of monitoring shown in Figure 59, a 

pump shutdown followed by a pump startup was captured and came similar to the 

shutdown shown in Figure 53. 

 

Figure 58. Pressure recorded at B01 station for time period 50-55 minutes showing 

steady operation 

 

 

Figure 59. Pressure recorded at B01 station for time period 55-60 minutes showing 

pump shutdown followed by a startup 
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It can be inferred from the pressure records presented in Figures 49-59 that 

the average time duration between a pump startup and shutdown is about 7 

minutes. Normal pump startups were found to create an initial pressure spike of 

about 27 psig within 15 sec. Normal pump shutdowns were found to decrease the 

pressure by about 31 psig within 40 sec. Transient pressure waves generated at B01 

station take about 140 sec to reflect back to the station. However, the point of 

reflection is unknown but could be station B19, station B20, or the downstream 

reservoir at SBWRF. The small water hammer effects noticed in lift station B01 

could be attributed to the presence of the variable frequency drives (VFDs) 

installed on this lift station. However, these protective measures cannot function 

during power loss. 

4.3.2 Pressure and Vibration Monitoring at Station B20 

 To evaluate water hummer conditions and the simultaneous dynamic 

response of pipes, a high speed pressure transducer and an accelerometer were 

attached close to each other on the discharge piping of B20 lift station as illustrated 

in Figure 60. Real time pressure and acceleration data was collected simultaneously 

during a monitoring period of about 55 min. A series of pump startups and 

shutdowns was captured during the monitoring period. Times of pump startups, 

shutdowns, and steady state events were also manually recorded during data 

collection to aid in data analysis and the designation of the operational conditions. 

To graphically investigate how the pipeline dynamically responds to transient 

pressures, pipe acceleration data was plotted with transient pressure data. 
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Figure 60. Pressure transducer and accelerometer attached to the discharge piping 

in B20 lift station 

During the first 5 min monitoring period, all pumps were already off and a 

small pressure wave fluctuating between about 10 psig and 20 psig was recorded as 

can be noticed in Figure 61. Acceleration levels recorded were steady and 

extremely low. Therefore, it can be said that no pipe vibrations were noticed during 

this period. The pumps stayed off until about half of the second 5 min monitoring 

period as shown in Figure 62. The second half of the figure indicates a normal 

pump startup. A normal pump startup induced a pressure spike of about 31 psig 

within 0.5 sec. The transient pressure spike was accompanied by a simultaneous 

acceleration spike from 0 g to 0.13 g within 0.5 sec. 

Pressure Transducer 

Accelerometer Port 
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Figure 61. Pressure and acceleration recorded at station B20 when all pumps were 

off 

 

Figure 62. Pressure and acceleration recorded at station B20 indicating a normal 

pump startup at a time of 140 sec of the second 5 min monitoring period 
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Pump startup induced vibration data shown in Figure 62 was converted 

from time domain into frequency domain format using the FFT function as shown 

in Figure 63 to investigate the main frequency components involved in the recorded 

pipe acceleration signal. Two main peaks can be noticed at a frequency of 54.21 Hz 

with the highest power content followed by a frequency of 108.42 Hz with lower 

frequency content. Definitely, the total frequency range of 1502 Hz contains a 

number of other frequencies with very low energy but all these frequencies cannot 

be seen from the figure because they have very low energy compared to the two 

mentioned frequencies. The use of a log scale for the power axis would enable 

seeing all of the frequency components. However, a linear scale was used rather 

than a log scale to emphasize the important frequencies that contain the highest 

energy in the power spectrum. 

 

Figure 63. Frequency components involved in the pipe acceleration signal after 

normal pump startup 
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 A normal pump shutdown was captured in the third 5 min monitoring 

period. This shutdown, which started with a steady state pressure of 77 psig, caused 

a pressure drop of about 40 psig within a time period of about 8 sec as shown in 

Figure 64. The check valve closure following complete shutdown created a 

pressure spike of about 40 psig. 

 

Figure 64. Pressure and acceleration recorded at station B20 indicating a normal 

pump shutdown at a time of 108 sec of the third 5 min monitoring period 

 Just like what was noticed in Figure 62 after the pump startup, an 

acceleration spike of about 0.1 g was recorded simultaneously with the sudden 

pressure drop induced by the pump shutdown. The time domain graph of this signal 

shown in Figure 65 shows the same frequency components of 54.21 Hz and 108.42 

Hz recorded after the pump startup. 
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Figure 65. Frequency components involved in the pipe acceleration signal after 

normal pump shutdown 

 In order to evaluate the pipeline transient pressures under occasional 

abnormal operating procedures, 20 sec after the normal startup of one pump, that 

pump was manually tripped and then forced to start up again after 18 sec. The 

recorded pressure and acceleration history of this abnormal operational procedure is 

shown in Figure 66. It can be noticed that tripping the pump did not create any 

cavitation in the pipe although the pressure dropped to zero for a very short time. 

However, no negative pressure was created due to pump trip. The forced pump 

startup created a pressure spike of about 75 psig within a time period of about 1.7 

sec. Inspecting Figure 65 gives a very obvious indication that the pipe acceleration 

was clearly related to transient pressure variation. This interaction can also be 

noticed in Figure 67 which shows a normal pump shutdown and the simultaneous 

pressure and pipe acceleration fluctuations. 
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Figure 66. Pressure and acceleration recorded at station B20 showing a normal 

pump startup followed by a manual pump trip and then a manual pump startup  

 

Figure 67. Pressure and acceleration recorded at station B20 showing a normal 

shutdown at a time of 272 sec of the fifth 5 min monitoring period 
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A 20 sec worth close up of the pressure data given in Figure 67 above is 

illustrated in Figure 68.  It shows that a normal pump shutdown did not bring the 

pressure to a negative value and consequently, no cavitation and column separation 

is expected following a normal shutdown. The figure also clearly shows that the 

VFDs installed in B20 lift station efficiently ramp the pump down so that the 

pressure drops from its steady state value to about 20 psig within 7.5 sec. After 

complete shutdown, the check valve closure creates a pressure spike increasing the 

pressure to 78 psig. The downsurge pressure wave generated after the shutdown 

clearly gets dissipated due to pipe friction after about three cycles. 

 

Figure 68. A 20 sec worth pressure record close up following normal shutdown 

during the fifth 5 min monitoring period  
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 During the remaining monitoring time, a series of pump startups and 

shutdowns was captured and the recorded pressure behavior and trend were similar 

to the behaviors and trends presented in Figures 61-68. 

4.3.3 Vibration Monitoring at ARV 

Vibration level of the SBFSS was monitored by attaching an accelerometer 

to the 20 inch PVC pipe surface at an ARV manhole as shown in Figure 69. 

Acceleration data was collected for one hour duration and immediately transferred 

to a computer with a sampling rate of 3011 S/s. 

 

Figure 69. Arrangement of vibration level measurement of SBFSS showing an 

accelerometer attached to the force main pipe surface at an ARV manhole  
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During the one hour vibration study, noises and vibrations were heard and 

felt by the sampling personnel and seemed to be emanating from the force main on 

at least three occasions. Thumping noises could be heard even though the pipe was 

buried under three feet of soil. On at least one occasion when a thump was heard, a 

vibration was also felt on the ground surface. Times of these events were noted and 

the acceleration data files were analyzed. 

Collected acceleration levels coinciding with the noticed thumping events 

are presented graphically in Figure 70. The figure shows a characteristic vibration 

waveform for the pipe which was repeated each time with the same characteristic 

trend but with slightly different acceleration levels. Each of these vibration waves 

extended over extremely short time period of about 0.005 sec and then was 

attenuated quickly. The rapid attenuation of vibration waves noticed here can be 

attributed to the pipe being buried under 3 ft of soil. Such rapid attenuation was not 

noticed in station B20 vibration graphs presented previously since the discharge 

pipe on which the accelerometer was attached was exposed inside the pump house. 

It can also be seen from the figure that there was always only one major cycle 

which extended over a time period of (6×10-4 sec) and increased the acceleration 

level rapidly from zero to the maximum acceleration level of each individual wave. 

The maximum acceleration level recorded during the one hour vibration study was 

0.11 g and can be seen in the middle graph of Figure 70. The upper and lower 

graphs show a maximum acceleration of 0.081 g and 0.062 g, respectively. 
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Figure 70. Captured acceleration waves in the SBFSS pipeline on three separate 

thumping events 
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4.4 Analysis and Conclusions 

Examination of Figures B9 to B10 for the B06 force main and Figures B10 

to B13 and 49 to 68 for the B19 force main shows that the two force mains are 

responding to normal pump startups and shutdowns in a controlled manner. 

Pressure spiking resulting from pump and valve actions is not excessive compared 

to steady state pumping pressures. The recorded pressure oscillations due to pump 

and valve actions seem to be very typical response for pressurized pipeline systems 

with multiple pumps. 

Although no potentially damaging transient responses were observed in 

either force main, pressure deviations recorded in B19 force main were found to be 

higher than those recorded in the B06 force main. This can be explained by the 

presence of larger pumps in B19 and B20 stations installed on B19 force main. The 

presence of a significant length of ductile iron piping connecting between pumping 

stations on the B19 force main can be another factor causing higher pressure 

deviations due to the higher wave speeds associated with metallic pipes compared 

to thermoplastic pipes such as PVC.  

Data of wastewater elevations in the wet wells and the recorded steady state 

pressure data on the pumps discharge piping were used to estimate the total 

dynamic head (TDH) of the five pumping stations. The calculated TDH values 

were then projected on the pumps performance curves previously given in Figures 

43 to 46 to estimate the flowrates and flow velocities in the force mains. Table 12 

summarizes the results and detailed calculations are presented in Appendix D. 
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Table 12. Summary of TDH and Flowrate Calculations of Pumping Stations 

Force 

main 

Pump 

Station 

Calculated 

TDH 

Estimated 

Flowrate 

Force main 

Diameter 

Estimated 

Flow 

Velocity 

 

(ft) (gpm) (in) (ft/sec) 

B19 

B19 191.5 2000 20 2.04 

B20 147.9 3500 18 4.41 

B01 147.4 600 12 1.70 

B06 
B06 73.8 1940 20 1.98 

B07 62.1 1375 24 0.97 

 

Examination of Table 12 shows that the individual force main velocities are 

not exceeding the allowable range of (2-5) ft/s for flow velocities in force mains 

(Criteria for Water and Sanitary Sewerage Systems within Brevard County, 2005). 

Generally, flow velocities in the B06 force main are noticed to be low. When flows 

of B06 and B07 force mains combine and with one pump running at each station, 

the expected flow velocity in a 24 inch force main is 2.35 ft/s which is still within 

the allowable limits. The low velocity explains the recorded low pressure variation 

in the B06 force main. Although the velocities of B19 force main are within the 

limits, they are clearly higher than the velocities of the B06 force main. When 

flows of the three lift stations, (B19, B20, and B01) combine, a flow velocity of 4.3 

ft/s in a 24 inch force main is obtained. In general, the combination of higher wave 

speeds and higher flow velocities makes the B19 force main more vulnerable to 

damages due to pressure transients than the B06 force main.  

Based on the data presented in this chapter, the question that arises is 

whether conducting a complete transient analysis of the SBFSS is required or not. 



 

 

 

156 

The answer to this question can be clearly found by inspecting the following 

guidelines (Wylie and Streeter 1993; Huo 2010). A complete transient analysis 

becomes necessary if a pipeline system meets any one of the following: 

1. Pumping systems with a TDH greater than 50 ft when the flowrate is greater 

than 500 gpm. 

2. A pressurized pipeline longer than 1000 ft with a diameter greater than 8 in. 

3. Pipeline systems with expected column separation including: 

a) Force mains with high points (knees) 

b) Force mains that need for air/vacuum valves 

c) Any pressurized pipelines with steep gradient longer than 300 ft followed 

by long relatively flat gradient. 

Since all the conditions mentioned in these guidelines apply in the case of 

the SBFSS, it can be concluded that an extensive surge analysis is required to 

evaluate the adequacy of this transmission main to operate safely under a variety of 

operational scenarios. 

Acceleration data showed an interesting interaction between the force main 

transient pressure and vibration responses. Whenever a pressure spike was 

recorded, a noticeable increase in the pipe vibration level was also captured. The 

determination of how pipe vibration and transient pressure are related requires 

more experimental work and more pressure and vibration data collected under 

controlled conditions. However, the use of the full scale force main for this detailed 

study is unfeasible because it would require making controlled changes in flow 
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conditions which would interrupt the force main system operation. Therefore, 

building a small scale pipeline system is required to conduct this detailed study. A 

complete description of this study is given in chapter five of this research.   

 

 

 



 

 

 

 

158 

 

Chapter 5 

Modeling and Surge Analysis of 

SBFSS 

 

5.1 Introduction 

The observation made in the previous chapter that the SBFSS response to 

pump and valve actions is reasonably controlled may not still correct under abnormal 

operational conditions. Examples of abnormal and excessive operational scenarios 

are simultaneous tripping (i.e., power loss) of more than one pumping station and 

simultaneous or immediate startup and shutdown of multiple pumps in the same 

station or at different stations. However, in practice, it is obviously infeasible to test 

the force main for these abnormal and excessive conditions due to the potential of 

damaging the system. Computer modeling is the best way to conduct surge analyses 

by solving the complicated transient flow problems and generating numerical model 

simulations for different operational conditions. 

The accuracy of Surge 2012 software has been demonstrated compared to 

other methods. The ability to understand the solution theory and to use the software 

properly was demonstrated in chapter three. Therefore, it will be used to model the 

SBFSS hydraulic system. Collected data presented in chapter four was used to 

develop, calibrate, and validate the Surge 2012 model created. 
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5.2 Objective and Scope of the Study 

The main objective of this study is to evaluate the ability of SBFSS to operate 

normally under its full design capacity with the existing surge control devices 

without experiencing any excessive transients leading to serious operational damages 

following normal pump shutdowns, startups, and power failure events. The other 

objective is to design a surge protection system that can protect the pipeline system 

under the worst case operational scenarios, if deemed necessary. The selected surge 

protection system may be developed by just adding additional surge protection 

devices to work with the existing protection devices or by replacing the whole 

protection system with different one. 

The scope of this study includes building a surge model of the SBFSS with 

the existing protection using Pipe 2012: Surge software. The model is then calibrated 

and validated with the field data collected by high speed data acquisition system built 

specifically for this purpose. Model calibration and validation is accomplished at 

both steady state and transient state. Transient state calibration and validation is 

performed at different operational scenarios and locations. The calibrated and 

validated surge model was then used for conducting transient analysis of excessive 

events to evaluate the adequacy of the existing protection system. If deemed 

necessary, a surge protection system will be designed to protect the pipe system 

under the worst case operation scenarios using the validated surge model. The main 

purpose of the surge protection system is to keep pressure transients within the pipes 

allowed pressure ratings. 



 

 

 

 

160 

5.3 Basic Surge 2012 Model Development 

5.3.1 Model Layout Establishment 

 Building the surge model starts with constructing the pipeline layout. In order 

for the pipe layout to be accurate and well-representative of the actual layout, it 

requires multiple steps. The GIS unit in BCUS provided an AutoCAD drawing file 

for the SBFSS that was used for this purpose. The AutoCAD file was first converted 

into a DXF R12 file. Using the DXF files conversion tool in Surge 2012 (Figure 71), 

the generated DXF R12 file was then imported into Surge 2012 software and 

eventually converted into a P2k file.  

 

Figure 71. DXF files conversion tool being used to produce p2k model file 
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The obtained P2k file has the exact horizontal layout as the original 

AutoCAD drawing as illustrated in Figure 72. This process produces a layout which 

only contains what is included in the AutoCAD file which is basically just the 

horizontal profile. Therefore, the resulting force main layout does not include the 

vertical profile and the other components installed on the force main. To complete 

the layout in Pipe 2012 environment, the lift stations and the downstream reservoir 

that represent the boundary conditions of the model were added. Control valves and 

air/vacuum relief valves were added to the pipeline layout in their exact locations 

after being extracted from the construction drawings. Since the pipeline vertical 

profile cannot be imported from the AutoCAD file, it was very important to input the 

vertical elevations of the pipeline and the lift stations. Construction drawings were 

utilized to input the elevations of the pumps, wastewater elevations in wet wells, and 

the piping details inside the five lift stations. Pipeline vertical profile data was 

available for B19 force main and part of B06 force main in the construction drawings. 

However, manual extraction of elevations from those profile maps and feeding them 

manually into the model would be inaccurate and time demanding for such a large 

piping system. Therefore, retrieving the elevations from the internet would be more 

accurate and efficient but this requires the pipeline layout to be precisely aligned and 

scaled to an internet map. An internet map of the area being served by the SBFSS 

was imported and the force main layout was then scaled to the imported map using 

Advanced Scaling tool in Surge 2012 shown in Figure 73. 
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Figure 72.  SBFSS horizontal layout in AutoCAD file on the left side and the 

generated p2k model layout on the right side 
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Advanced scaling process was accomplished after multiple trials to align the 

model with the internet map. In each trial, 20 nodes of the obtained pipe layout with 

exactly known locations on the internet map were selected. These nodes were then 

added to the map as text nodes at their corresponding locations in Surge 2012 

environment. The model was then aligned and scaled according to the selected 

locations of the 20 text nodes. The alignment quality was then inspected and the 

process was repeated until the model was placed in its correct location on the internet 

map. 

 

Figure 73.  Internet map import, advanced scaling, elevation retrieval tool in Surge 

2012 
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Once the layout was placed in its correct location on the map, elevations 

retrieval from that internet map became possible. There were three sources for 

elevations retrieval to choose from: Open Elevation, USGS (USA), and Google. The 

USGS was found to be the most accurate source therefore it was used. Elevations in 

addition to geographic coordinates of 590 intermediate nodes and 26 junctions 

including the added text nodes were imported from the internet map. Then, by 

subtracting a cover of 36 inches from the ground surface elevations, the pipeline 

vertical profile of the model was defined. A part of the obtained elevation and 

coordinates data is shown in Figure 74. 

 

Figure 74.  Imported elevations and coordinates data of model junctions and text 

nodes 
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 In those places where the force main crosses water ways and canals, the 

vertical pipeline profile was modified according to the details given in the 

construction drawings. The obtained elevations were compared with those provided 

in the construction drawings at a number of locations and they matched within 1 ft. 

The force main model in its final layout after being placed in its real location on the 

map is shown in Figure 75. In order to show more details of the developed force main 

model, close up views of the model starting from station B19 and ending in SBWRF 

are given in Figures 76-83. In these figures, pump stations, ARVs, control valves, 

and pipe junctions are visible. 

 

Figure 75. SBFSS model layout showing the pumping stations, control valves, and 

ARVs 
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Figure 76. A close up view of SBFSS from B19 station to Jackson Ave, FL 

 

Figure 77. A close up view of SBFSS from Jackson Ave, FL to B20 station 

Station B19 

ARVs 

Station B20 
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Figure 78. A close up view of SBFSS from B20 to E Eau Gallie Blvd 

 

Figure 79. A close up view of SBFSS from E Eau Gallie Blvd to B01 station 

Station B01 

Station B20 
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Figure 80. A close up view of SBFSS from B01 station to Franklyn Ave, FL 

 

 

 

Figure 81. A close up view of SBFSS from Franklyn Ave to Magnolia Ave, FL 

Station B06 

Station B01 
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Figure 82. A close up view of SBFSS from Magnolia Ave to Fifth Ave, FL 

 

 
 

Figure 83. A close up view of SBFSS from Fifth Ave, FL to SBWRF 

SBWRF 

Station B07 
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5.3.2 Model Data Input 

The next important step was data input into the model including piping, 

pump, check valve, ARV, and reservoir data. This step has to be accomplished very 

precisely since the model accuracy is directly proportional to the model data. Pipe 

data includes material types, diameters, lengths, friction factors, wave speeds, 

fittings, and first and last nodes of each pipe section. Pipe lengths are already 

imported during the scaling process described earlier. First and last nodes are 

internally created and assigned during the input of different devices on pipes 

boundaries. The remaining piping properties are entered manually. Pipe fittings 

including elbows and control valves were added to the model as minor losses in their 

actual locations. Figure 84 shows an example of piping data input for B19 station 

pipes. At this point, default values of wave speeds and friction coefficients are used 

since the model is not calibrated. Model calibration will determine actual friction 

factors and wave speeds.  

Pump data required to be input to the model include pump type, name, 

elevation, configuration, ID, speed ratio, resistance, direction, grade, and operation 

status (on/off). Data of check valves, non-reopening valves, bypass lines and their 

properties if they are installed at the pump stations are also defined during this stage. 

Figure 85 shows an example of pump data input procedure for pump station B07. In 

the pump type section, the pump-table type was selected for all pumps since head-

flow data tables are available for all pumps after being extracted from their 
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performance curves. Head-flow data tables are entered in the ID section for each 

pump. Normally, pumps located at the same station are assigned the same IDs as they 

are similar in terms of performance curves. 

 

Figure 84. Piping data input into SBFSS Surge 2012 model at B19 station 

 
Figure 85. Pumps data input into SBFSS Surge 2012 model at B07 station 
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Pumps elevation and grade data are taken from construction drawings of each 

pump station given in Appendix B. Pump grade is defined as the elevation of water 

surface on the pump suction side. In all pumping stations, pumps are installed in a 

parallel configuration and therefore they are modeled as single pumps and as a result, 

there is no need to input an equivalent resistance in the resistance section. 

Drawings showed that 14 inch top mounted tilted disk check valves are 

installed on the discharge piping of B19 and B20 pumps. Also, 10 inch, 12 inch, and 

6 inch swing type check valves are installed on the discharge piping of B01, B06, 

and B07 pumps, respectively. Although, closure times and resistances of check 

valves have no effect on the steady state solution of the surge model, they do have a 

significant effect on transient simulation results of the model. Check valve 

manufacturers usually provide Cv data of their check valves but providing closure 

characteristics has been rarely practiced. When available, Cv data can be used for 

calculating valve resistance. However, closure times and Cv data of the check valves 

are not available for SBFSS. 

In order to estimate the resistances of the check valves for the SBFSS, minor 

loss coefficients were needed to be assumed for the valves. Then, from the assumed 

coefficients, resistances were calculated using Surge 2012 software tools. The 

resistance of tilted disc and swing type check valves are very similar to butterfly 

valves for similar sizes. Based on this, minor loss coefficients similar to those of 

butterfly valves of the same sizes can be assumed for the check valves (S. Lingireddy, 

personal communication, July 12, 2013). 



 

 

 

 

173 

The minor loss coefficient for a butterfly valve would be anywhere from 0.1 

to 1.5. Assuming a minor loss coefficient of 0.6 for the tilted disc check valves in 

B19 and B20, resistance (R) and Cv could be calculated as shown in Figure 86. Using 

a pipe size of 14 inch and a minor loss coefficient of 0.6, a value of 0.00815 ft/cfs2 

for the resistance was calculated and used for modeling the tilted disc check valves 

of B19 and B20 pumps. A Cv value of 7550 was also obtained for the tilted disc check 

valves. The mathematical formulae which represent the basis for these calculations 

are given on the right side of Figure 86. 

 

Figure 86. Calculation of tilted disc check valves resistance and Cv based on minor 

loss coefficient and pipe size 

Using the same procedure, resistances and Cv values were calculated for B01, 

B06, and B07 pumps. For the three smaller pumping stations, a higher resistance is 

expected. Therefore, a minor loss coefficient of 1.6 was assumed for calculating the 

resistances and Cv values and the results are given in Table 13. 
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The assumption used for calculating check valves resistances based on 

assumed minor loss coeffecients was verified by comparing the obtained Cv values 

with those of typcial check valves of similar types and sizes but different 

manufacturer. Val-Matic check valves were selected for comparison due to the 

availability of head loss and Cv charts and tables for a wide range of valve sizes. It is 

obvious that the calculated flow coefficients came very close to those provided by 

Val-Matic with extremely low differences providing sufficient verification of the 

assumptions. As previously mentioned, data of check valve closure times were not 

available. During this stage, arbitrary closure times were entered just to enable 

running the basic model. The final selected closure times are discussed in the model 

calibration details. 

Table 13. Calculated Resistances and Flow Coefficients of SBFSS Check Valves 

Compared to Typical Values of Val-Matic Check Valves 

Pump 

Station 

Check 

Valve 

Type 

Size 

(in) 

Assumed 

Minor 

Loss 

Coefficient 

Calculated 

Resistance 

(ft/cfs2) 

Calculated 

Cv 

(gpm/psi1/2) 

Val-Matic 

Cv 

(gpm/psi1/2) 

% 

Difference 

B19& 

B20 

Top 

Mounted 

Tilted 

Disc 

14 0.6 0.00815 7550 7600* 0.66 

B01 Swing 10 1.6 0.0835 2359 2370** 0.46 

B06 Swing 12 1.6 0.0403 3397 3410** 0.38 

B07 Swing 6 1.6 0.6447 849 850** 0.12 

 

* Source: TILTED DISC® CHECK VALVE SPECIFICATON, DRWG. NO.VM-9800-S, Dated in 6-06-2016, Val-Matic 

Valve and Manufacturing Corp. 

** Source: HEAD LOSS CHART FOR SWING CHECK VALVES, DRWG. NO.SS-2824, Dated in 8-25-2011, Val-Matic 

Valve and Manufacturing Corp. 
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As previously mentioned in chapter four, the force main system was designed 

with 26 existing non-slam combination sewage air valves installed on the high points 

of the system. These valves are short version type D-025 from ARI with a 2 inch 

NPT male threaded connection to the force main pipe. A non-slam D-025 

combination air valve combines two orifices in a single body. The large orifice with 

an area of 1.246 square inch is called air and vacuum orifice, while the small orifice 

with an area of 0.018 square inch is called air release orifice. 

These valves were modeled as 2-stage air vacuum valves. A 2-stage air 

vacuum valve allows air into the pipe when the pressure drops below atmospheric 

through an inflow orifice and expels air out when the pipeline pressure exceeds 

atmospheric. Modeling these valves incorporates providing data of valves elevations, 

discharge coefficients, inflow and outflow orifices areas. The downstream SBWRF 

was modeled as a downstream constant head reservoir. Data input for this component 

included the reservoir bed elevation and the water surface grade. A field visit to the 

SBWRF was conducted and the final discharge piping setting and all the required 

data and drawings were collected and entered into the model. 

At this point, the data required to run the model with all existing devices is 

complete. However, surge analysis that will be conducted later may indicate the need 

for replacing the existing or installing additional surge control devices. If this is the 

case, different data input will be added for different devices and this will be discussed 

wherever a new device is added to the model. 
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5.4 Steady State Calibration and Validation 

Once data input was completed, a steady state run was conducted. Results 

were compared with collected field data to determine if the model needs to be 

calibrated. Preliminary steady state run of the model reflected reasonably close 

results to the field data even before any calibration was conducted. This was an 

indication of the accuracy of both building the model and the data used. However, 

model calibration was still needed in order to produce results that are as close as 

possible to the measured steady state pressures which have a direct effect on the 

proceeding transient analysis by providing the required initial conditions. 

Steady state model calibration was accomplished by adjusting the Hazen-

William’s roughness coefficients, i.e., C factor, of PVC and DIP pipes through 13 

trials. In each trial, specific values of C factor are assigned for the pipes and then 4 

runs with different operational scenarios are conducted. Predicted pressures of each 

run are then compared with field pressures measured at similar locations and 

operational status. This procedure ensures that while any of the 4 runs is used for 

calibration, the other three runs provide a validation of model results. The other 

aspect of this procedure is that all runs are being used for calibrating and validating 

both B19 and B06 force mains simultaneously. Discrepancy from the measured 

conditions was evaluated by calculating the difference between the measured and 

predicted pressures. The total difference was then calculated from the summation of 

the individual differences of the 4 runs. The trial that produced the lowest calculated 



 

 

 

 

177 

total difference was then adopted and used as the final calibration run. The assumed 

C factors, operational scenarios, and results of the final steady state calibration trial, 

i.e., trial 13, are given in Table 14 and those of trials 1 through 12 are presented in 

Appendix E. 

 The basis for adjusting friction coefficients is that higher coefficients produce 

lower head loss and vice versa. To match the experimental pressures, higher or lower 

head losses were needed to be introduced by manipulating friction coefficients. In 

trials 1 through 12, single C factors were assigned for each material type in the entire 

model. The trial that resulted in the lowest discrepancy was then determined and 

selected for further modification to be conducted in trial 13. In this final trial the C 

factors of some individual pipes of each material were adjusted in order to further 

reduce the discrepancy. The first trial was conducted with C factors of 150 and 130 

for PVC and DIP pipes, respectively. These values are reported as the typical friction 

coefficients of new PVC and DIP pipes (Engineering ToolBox, 2014). Since the 

force main system is not new, pipes are expected to be rougher than new pipes. Thus, 

these values represent the upper limits that cannot be exceeded and lower coefficients 

are logically expected to produce better agreement with experimental results. 

Through trials 2 to 6, C factors were kept decreasing by increments of 5 and 10 for 

both pipe materials to end up with 120 for PVC and 100 for DIP in trial 6. This was 

noticed to decrease the total difference and subsequently increase the agreement with 

experimental results as can be seen in Figure 87. The overall decrease in the total 

difference from trial 1 to trial 6 was 56.3%. 
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Table 14. Final Steady State Model Calibration Results Obtained in Trial 13 with C Factors of 120 for PVC 

and 100 for DIP in the Entire Model Except the Following: for DIP from B19 to Junction J-15, C =95. For PVC 

from J-15 to ARV-10, C =100. For PVC from ARV-10 to Node N-87, C = 102. For DIP from B01 to the 

Connection Junction to the Force Main, C = 125. For DIP from B07 to the Connection Junction to the Force 

Main, C = 128 

Run 

Lift 

Station 

or ARV 

Pump 

No. 

Pumps 

Status 

Pressure Upstream Check Valves (psi) Difference 

(psi) Measured Pressure Predicted Pressure 

1 

B19 3 OFF 
N/A N/A N/A 

B19 2 OFF 

B20 6 ON 
68 66.4 1.60 

B20 5 OFF 

B01 7 ON N/A N/A N/A 

B06 12 ON 25.5 25.4 0.10 

B07 9 ON 25 21 4 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 21.1 0.80 

2 

B19 3 ON 
96.5 98.3 1.80 

B19 2 ON 

B20 6 ON 
N/A NA NA 

B20 5 ON 

B01 7 ON N/A NA NA 

B06 12 ON 22 22.7 0.70 

B07 9 OFF N/A NA NA 

ARV-10 N/A N/A 48.8 52.2 3.40 

ARV-25 N/A N/A 16.3 18 1.70 

3 

B19 3 ON 
84.3 85.9 1.60 

B19 2 OFF 

B20 6 ON 
N/A N/A N/A 

B20 5 OFF 

B01 7 ON 60 59.5 0.50 

B06 12 ON 25.5 25.4 0.10 

B07 9 ON 25 21.1 3.90 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 21.2 0.90 

4 

B19 3 ON 
71 74.6 3.60 

B19 2 OFF 

B20 6 OFF 
52.4 54.8 2.40 

B20 5 OFF 

B01 7 ON 46 45.7 0.30 

B06 12 ON 25.5 25.3 0.20 

B07 9 ON 25 20.9 4.10 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 21.2 0.90 

Total Difference 32.6 
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The roughness coefficient of DIP was kept at 100 while that of PVC was 

decreased to 110 in trial 7. An increase of 13.8% in the total difference compared to 

trial 6 was obtained indicating that the friction coefficient for PVC should be kept at 

120. In order to find the most appropriate friction coefficient of DIP pipes, PVC pipes 

were kept at 120 while DIP pipes were assumed to have a C factor of 150 in trial 8. 

The assumption of trial 8 caused the discrepancy to increase steeply by 131.8% 

compared to trial 6. Although a coefficient of 150 is higher than the typical value for 

DIP, it was selected in trial 8 to cover a wide range of options starting from a value 

that is even higher than expected. Keeping the PVC pipes at 120, C factor of DIP 

pipes was kept decreasing through trials 9 to 12 to end up with 110 which is just a 

little higher than what was used in trial 6 for DIP. As Figure 87 shows, decreasing 

the coefficient for DIP was obviously improving the agreement with experimental 

pressures compared to trial 8 but was still producing higher discrepancy compared 

to trial 6.  

Based on these results, it was concluded that trial 6, with C factors of 120 for 

PVC and 100 for DIP pipes, should be selected for further calibration as it produced 

the lowest discrepancy. The final modifications made on trial 6 to produce the final 

calibration conditions in trial 13 are defined in the description of Table 14. These 

final modifications helped further reduce the model discrepancy by 6.6% compared 

to trial 12. As can be seen in Table 14, the maximum difference between the predicted 

and measured pressures is 4.1 psi and 47% of the results are within a difference even 

below 1 psi. 
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Figure 87. Changes in the total differences between measured and model predicted 

results due to changing pipes roughness in steady state calibration  

Scatter plots of measured versus model predicted pressures were also 

developed. Figure 88 shows a comparison between the scatter plots of the first trial 

and the final calibration trial (trial 13) results. The 45o reference lines in each of the 

scatter plots help highlighting how measured and predicted values match with each 

other. The closer the points to the reference line, the more they match with each other. 

The difference between the scatter plots given in Figure 88 can be visually noticed. 

The corresponding total differences and R2 values are also shown on each plot to aid 

evaluate the quality of matching associated with each single trial. In summary, this 

analysis indicated that Hazen-Williams roughness coefficients, i.e., C factors, of 

PVC and DIP pipes selected in trial 13 produced the least error (i.e., the highest R2) 

and thus were used in the model. 
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(a) 

 

(b) 

Figure 88. Scatter plots of steady state model calibration showing measured versus 

model predicted pressure for (a) trial 1 and (b) trial 13 (final trial) 

0

20

40

60

80

100

0 20 40 60 80 100

P
re

d
ic

te
d

 P
re

ss
u

re
 (

p
si

g)

Measured Pressure (psig)

Total difference = 76.2 psi
R2 = 0.9756

0

20

40

60

80

100

0 20 40 60 80 100

P
re

d
ic

te
d

 P
re

ss
u

re
 (

p
si

g)

Measured Pressure (psig)

Total difference = 32.6 psi
R2 = 0.9932



 

 

 

 

182 

5.5 Steady State Analysis 

 Vertical profile schematics of the B19 and B06 force mains are shown in 

Figures 89 and 90, respectively. After validating the steady state results with the 

surge analysis software, a steady state simulation run was conducted with all pumps 

operating at their rated speed. Surge 2012 software performs the steady state 

computations by solving steady state equations of mass balance and energy 

conservation. The resulting steady state hydraulic gradelines of the B19 and B06 

force mains are given in Figures 91 and 92, respectively. Pipeline profiles show 

multiple high points (knees) on both of the force mains. Knees in the pipeline profile 

when present can be a source of introducing entrapped air into the system. 

Eventually, entrapped air would result in cavitation and the subsequent column 

separation and cavity collapse problems.  

Maximum steady state pressures on the B19 and B01 force mains with all 

pumps operating are 98.5 psi and 25.5 psi, respectively. Total maximum flow rate in 

B19 force main is 11.64 cfs resulting in a maximum velocity of 3.7 ft/sec in the 24 

inch PVC pipe. Total maximum flow rate in B06 force main is 7.001 cfs resulting in 

a maximum velocity of 2.2 ft/sec in the 24 inch DIP pipe. Flow velocities are within 

the Brevard County flow velocity criteria of (2-5 ft/sec) in force main systems 

(Criteria for Water and Sanitary Sewerage Systems within Brevard County, 2005). 

Flows from the two force mains combine just before the SBWRF resulting in an 

overall flow rate of 18.641 cfs discharged for treatment at a velocity of 3.8 ft/sec. 



 

 

 

 

 

 

Figure 89. Schematic of B19 force main vertical profile 
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Figure 90. Schematic of B06 force main vertical profile 
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Figure 91. Schematic of steady state HGL of B19 force main when all pumps in all five stations are operating 
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Figure 92. Schematic of steady state HGL of B06 force main when all pumps in all five stations are operating 
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5.6 Modification of Pump Curves 

Trial transient model runs were attempted to test how the model responds to 

transient conditions and to determine if the model returns reasonable solutions before 

any calibration is performed. Pump shutdowns and startups were used to induce the 

transient conditions in these test runs. The results returned by these runs indicated 

that the model solutions did not converge resulting in illogical results. It was found 

that the convergence issue was created by the pumps performance curves. Wood and 

Lingireddy (2012) reported that convergence issues can occur when doing transient 

runs using Surge software with pump curves that are not concave downward 

throughout their entire ranges. By inspecting Figures 43-46 of the performance 

curves of all the pumps used in the model, regions that are concave upward can be 

noticed in all of these pump curves. A conclusion was drawn from the test runs that 

although they caused no convergence problems during the steady state, the pump 

curves cannot be used for transient model runs in their current shapes. In order to 

overcome the convergence problem, the original pump curves were modified so that 

they are concave downward throughout their entire ranges. At the same time, the 

modified curves have to produce the same steady state solutions as the original ones 

do. The modification procedure was conducted by generating two IDs (i.e., 

performance curves) for each lift station in the model as shown in Figures 93-96. The 

first ID is the original curve while the second one is the modified curve. The modified 

ID is composed of only three data sets. Multiple trial and error attempts were 
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performed to match the two curves as much as possible. During each trial, the three 

data sets were manipulated and the resulting curve was compared visually with the 

original curve. If the two curves visually match, a steady state run was performed 

using each ID and the two solutions were further compared. As can be seen in Figures 

93-96, although there are minor deviations between each two IDs in the flow range 

up to the first 1 cfs, they are very similar beyond this range. The obtained alternative 

IDs were found to produce exactly the same solutions as the original ones do. Thus, 

these pump curves were used to represent the characteristics of the pumps in the 

Surge model. Although not listed under the model calibration process, performance 

curves modification was a milestone step without which, no calibration can be 

achieved. 

 

Figure 93. Original and modified performance curves of B19 and B19 lift stations 
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Figure 94. Original and modified performance curves of B01 lift station 

 

Figure 95. Original and modified performance curves of B06 lift station 
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Figure 96. Original and modified performance curves of B07 lift station 

5.7 Transient Model Calibration and Validation  

The Surge 2012 model is calibrated to solve the steady state equations and 

produce results that are in very good agreement with field data. The output of the 

steady state model solution provides the initial conditions required for solving the 

one-dimensional hyperbolic partial differential equations during the transient 

analysis. However, the model is not suitable for transient analysis without further 

calibration.  

5.7.1 Model Calibration Parameters 

The literature reported some of the most important parameters that have a 

direct influence on the generation, propagation, and decay of transient pressures. 

These parameters include but are not limited to cavitation (Bergant et al. 2008), pipe 
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friction factor, and acoustic wave speed (Axworthy and Chabot 2004). The Surge 

2012 model is based entirely on the WCM scheme in which, the effect of vaporous 

cavitation is considered. By considering the vaporous cavitation effect, it is meant 

that the pressure in the force main is not allowed to drop below the vapor pressure of 

water which is -33.2 ft or -14.4 psi. Calculations of vaporous cavitation involved in 

the model use the solution scheme illustrated in Figure 12 and employ Eqs. (100) to 

(108) presented in chapter 1. As previously discussed, friction factors of the involved 

piping materials were adjusted during the steady sate calibration of the model. The 

predicted steady state results obtained were found to correlate very well with field 

data by an R2 value of 0.9932. Therefore, no further adjustment of friction factors is 

required for the model transient state calibration.  

A direct field measurement of the wave speeds of the variety of pipe types 

and sizes of the force main system is not available. Thus, wave speeds of all pipes 

included in the model were estimated using Eq. (21). Since all pipes are buried under 

at least 36 inch of soil, case 2 of full pipe restraint from axial movement was used 

for the Poisson’s ratio term. Density and bulk modulus of water were obtained from 

Chaudhry (1979). Young’s modulus of elasticity and Poisson’s ratio for PVC and 

DIP pipes were obtained from the published literature (Tullis 1989). Class and 

pressure rating of the SBFSS pipes were identified using the Criteria for Water and 

Sanitary Sewerage Systems within Brevard County (2005). The American Water 

Works Association (AWWA) standards for PVC pipes (ANSI/AWWA C900 2008 

and ANSI/AWWA C905 1988) and DIP pipes (ANSI/AWWA C151/A21.51 2002) 
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were then used to obtain wall thickness data of each pipe type and size. Equation 21 

was then solved for the acoustic wave speeds for each pipe material type and size 

used in the model. Results of the wave speed calculations and values of the 

parameters used in the solution are shown in Tables 15 and 16 for PVC pipes and 

DIP pipes, respectively. 

5.7.2 Model Calibration Procedure 

 The boundary conditions used for setting up each calibration run were based 

on the reservoir level, pump operational status (i.e., ON/OFF), water elevation levels 

in the wet wells, and surge inducing events (i.e., shutdown and startup). In order to 

ensure that the model was being calibrated properly, the calibration process was 

achieved based on multiple transient scenarios at multiple pumping stations making 

use of the availability of field data and operational status for those scenarios. The 

procedure used was the selection of those pump stations with available transient field 

data measured at known boundary conditions. Then, the same conditions at those 

pump stations are simulated by the surge model. Predicted results are compared with 

the field data. The accuracy of the Surge model was then evaluated by the 

discrepancy of the computed pressures from the measured pressures. If high 

discrepancy was present, selected calibration parameters were then changed and a 

new model run was performed. The process of changing parameters, running the 

model, and then results comparison was continued until good agreement with the 

field data was achieved. 



 

 

 

 

 

  Table 15. Parameters and Results of Wave Speed Calculations of PVC Pipes using Eq. (21) 

Class & 

Rating 

Dia, D. 

(in) 

Thickness 

e, (in) 

Dia. 

(m) 

Thickness 

(m) 

K 

GPa 

E 

GPa 

ρ 

kg/m3 
μ 

a 

(m/sec) 

a 

(ft/sec) 

AWWA 

C900 

DR-18 

Class 235 psi 

8 0.503 0.2032 0.0127762 2.19 2.758 998.2 0.45 445 1460 

10 0.617 0.254 0.0156718 2.19 2.758 998.2 0.45 441 1448 

12 0.733 0.3048 0.0186182 2.19 2.758 998.2 0.45 439 1441 

AWWA 

C905 

DR-25 

Class 165 psi 

14 0.612 0.3556 0.0155448 2.19 2.758 998.2 0.45 376 1235 

16 0.696 0.4064 0.0176784 2.19 2.758 998.2 0.45 376 1232 

18 0.78 0.4572 0.019812 2.19 2.758 998.2 0.45 375 1230 

20 0.864 0.508 0.0219456 2.19 2.758 998.2 0.45 374 1228 

24 1.032 0.6096 0.0262128 2.19 2.758 998.2 0.45 374 1225 

 

Table 16. Parameters and Results of Wave Speed Calculations of DIP Pipes using Eq. (21) 

Class & 

Rating 

Dia, D. 

(in) 

Thickness 

e, (in) 

Dia. 

(m) 

Thickness 

(m) 

K 

Pascal 

E 

Pascal 

ρ 

kg/m3 
μ 

a 

(m/sec) 

a 

(ft/sec) 

DIP  

ANSI/AWWA 

C151/A21.51 

Class 350 psi 

6 0.25 0.1524 0.00635 2.19 165.5 998.2 0.28 1303 4273 

8 0.25 0.2032 0.00635 2.19 165.5 998.2 0.28 1256 4120 

10 0.26 0.254 0.006604 2.19 165.5 998.2 0.28 1222 4008 

12 0.28 0.3048 0.007112 2.19 165.5 998.2 0.28 1200 3937 

14 0.31 0.3556 0.007874 2.19 165.5 998.2 0.28 1189 3901 

16 0.34 0.4064 0.008636 2.19 165.5 998.2 0.28 1181 3873 

18 0.36 0.4572 0.009144 2.19 165.5 998.2 0.28 1167 3829 

20 0.38 0.508 0.009652 2.19 165.5 998.2 0.28 1156 3792 

24 0.43 0.6096 0.010922 2.19 165.5 998.2 0.28 1143 3748 

30 0.49 0.762 0.012446 2.19 165.5 998.2 0.28 1121 3676 
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Following each calibration performed at any pumping station under specific 

boundary conditions, another available field data set measured at the same pumping 

station but at different boundary conditions was used for verifying the calibrated 

model. Table 17 describes the conditions pertaining to the different calibration 

scenarios. Also, Table 18 describes the initial and boundary conditions of the 

validation scenarios. 

During the calibration process, it was found that in addition to vaporous 

cavitation, pipe friction factors, and wave speeds, other parameters play significant 

roles in affecting the model results. Ramp up and ramp down times of pumps and 

check valve closure and opening times were the most critical parameters affecting 

the model calibration results. An approximation of the ramp up and ramp down times 

of the pumps in stations B19, B20, and B01 was reported by BCUS. However, pumps 

in stations B06 and B07 have no soft starts or soft stops installed on them and 

therefore no ramp times are available. Table 19 gives the approximate ramp times 

obtained from BCUS. Validity of the ramp times provided in Table 19 was tested 

during the calibration process and corrections were applied on them when needed. 

Check valve closure and opening time data is usually not provided by check valve 

manufacturers. The absence of check valve closure and opening characteristics is the 

main reason that usually makes modeling of these components a challenge. The 

actual response of check valves was determined by the model calibration. During the 

calibration, minor changes on the calculated wave speeds (Tables 15 and 16) of some 
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pipes were made to improve the correlation. A detailed description of the calibration 

procedures and results of the different scenarios is given blow. 

Table 17. Initial and Boundary Conditions and Description of the Calibration 

Scenarios 

Scenario 

No. 

Event 

Causing 

Transients 

Location of 

Event 

Number of steadily operating pumps at 

the other pump stations 

1 
Shutdown of 

One Pump 
B20 Station 

 2 pumps at B19 

 1 pump at B01, B06, and B07 

 1 pump at B20 then that pump shuts 

down normally 

2 
Startup of 

One Pump 
B20 Station 

 0 pumps at B19 

 0 pumps at B01 

 1 pump at each of B06, and B07 

 0 pumps at B20 then one pump starts 

up normally 

3 
Shutdown of 

One Pump 
B01 Station 

 0 pumps at B19 

 0 pumps at B20 

 1 pump at each of B06, and B07 

 1 pump at B01 then that pump shuts 

down normally 

4 
Shutdown of 

One Pump 
B06 Station 

 1 pump at B19 

 1 pump at B20 

 1 pump at B01 

 1 pump at B07 

 1 pump at B06 then that pump shuts 

down normally 

5 
Startup of 

One Pump 
B06 Station 

 1 pump at B19 

 1 pump at B20 

 1 pump at B01 

 1 pump at B07 

 0 pumps at B06 then one pump starts 

up normally 
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Table 18. Initial and Boundary Conditions and Description of the Validation 

Scenarios 

No. of 

Scenario to 

be validated  

Event 

Causing 

Transients 

Location of 

Event 

Number of steadily operating pumps at 

the other pump stations 

1 

Shutdown 

of One 

Pump 

B20 Station 

 0 pumps at B19 

 2 pumps at B01 

 One pump at each of B06, and B07 

 1 pump at B20 then that pump shuts 

down normally in 10 sec 

2 
Startup of 

One Pump 
B20 Station 

 1 pump at B19 

 1 pump at B01 

 1 pump at each of B06, and B07 

 0 pumps at B20 then one pump starts 

up normally in 1.8 sec 

3 

Shutdown 

of One 

Pump 

B01 Station 

 0 pumps at B19 

 1 pump at B20 

 1 pump at each of B06, and B07 

 1 pump at B01 then that pump shuts 

down normally in 20 sec (no check 

valve) 

4 

Shutdown 

of One 

Pump 

B06 Station 

 1 pump at B19, B20, and B01 

 1 pump at B07 

 1 pump at B06 then that pump shuts 

down normally in 5 sec 

5 
Startup of 

One Pump 
B06 Station 

 1 pump at B19 

 1 pump at B20 

 1 pump at B01 

 1 pump at B07 

 0 pumps at B06 then one pump starts 

up normally in 2 sec 

 

Table 19. Approximated Ramp Up and Ramp Down Times of Pumps 

Pump Station 
Ramp up Time 

(sec) 

Ramp Down Time 

(sec) 

B19 8 10 

B20 8 10 

B01 10 10 

B06 No soft start No soft stop 

B07 No soft start No soft stop 
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5.7.2.1 Scenario No.1: One Pump Shutdown at B20 Station 

  In this scenario, the shutdown of one pump at B20 station was simulated for 

60 sec time duration. The boundary conditions shown in Table 17 were used in this 

run. Pipes wave speeds were set according to the calculated wave speeds given in 

Tables 15 and 16. According to Table 19, one pump at B20 station was shut down 

completely from its full speed in 10 sec. Since the check valve closure time was 

unknown, multiple trials were conducted using different check valve times staring 

from 1 sec and down to 0.15 sec. Although, the first few pressure cycles are usually 

the most important to match, the main objective of the calibration process was to 

map the predicted pressures to the measured pressures during the whole simulation 

range, if possible. A comparison between predicted and measured pressures for 60 

sec time duration using a check valve closure time of 1 sec, 0.5 sec, and 0.15 sec is 

given in Figure 97 with R2 values provided on each graph. In part (a) of Figure 97 

with a check valve closure time of 1 sec, the model noticeably over predicted the 

measured pressures. However, timing of the pressure cycles (i.e., time intervals 

between successive peaks and valleys) looks very similar to that of measured 

pressures. This agreement in pressure cycles timing validates both the calculated 

wave speeds and the ramp down time used as well. Decreasing the check valve time 

to 0.5 sec was noticed to increase the R2 value and make the cycles timing even more 

similar. It was found that a check valve time of 0.15 sec produced the best correlation 

(R2 = 0.8323) in pressures during almost all the duration time and more significantly 

during the first five cycles. 
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(a) 

 
(b) 

 
(c) 

Figure 97. A comparison between measured pressures and model predicted pressures using a check 

valve time of (a) 1 sec, (b) 0.5 sec, and (c) 0.15 sec 

Check valve closes here in the model and the field 

R2 = 0.5416 

R2 = 0.6592 

R2 = 0.9323 
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Comparing the results of the three check valve closures shown in Figure 97, 

it can be noticed that the rapid check valve closure produced smaller pressure 

variations. This is because the rapid check valve closure means that the check valve 

closes completely just after the pump shutdown and before the velocity of flow 

reversal increases. Longer check valve closure makes the check valve closes after 

the high velocity reversed flow reaches causing high pressure spiking due to the 

check valve closure.  

Although, the calculated wave speeds given in Tables 15 and 16 produced 

good agreement, it was needed to make minor modification on the wave speeds of 

the two pipe sections connecting station B20 to the force main. Wave speeds of the 

16 in DIP and the 18 inch DIP pipes were reduced from 3873 ft/s and 3829 ft/sec, 

respectively to 3000 ft/sec to further improve the correlation. Wave speeds of all of 

the other pipes were kept the same as calculated before. Reducing the wave speeds 

of pump station pipes is justified by the fact that pump stations can usually introduce 

significant amounts of air into pipeline systems. Entrained air is known to have a 

significant effect on reducing the pipes wave speeds dramatically (Svindland 2005). 

Since the calculated wave speeds given in Tables 15 and 16 are based on the 

assumption of no entrained air in the system, a lower wave speed of 3000 ft/sec for 

the pump station pipes where entrained air is expected is well justified. According to 

Svindlad (2005), reducing the wave speed in DIP pipes by 23% is corresponding to 

an entrained air of 0.025%.  
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  It is worth to mention that the check valve was modeled as a non-reopen 

check valve, rather than as a regular check valve. When modeled as a regular check 

valve, that valve was noticed to open and close several times during the simulation 

depending on pressure changes on its upstream and downstream. That repeated 

closure and opening caused excessive pressure spiking and eventually prevented 

getting a stable solution. When modeled as a non-reopen check valve, that valve was 

allowed to close only one time after the pump shutdown and not allowed to open 

again during the simulation. Inspecting part (c) of Figure 97, it can be noticed that 

the check valve closed in both the model and the field at the same time of 15.2 sec. 

For validating the model calibration conducted in Scenario No.1 of one pump 

shutdown at station B20, the same pump was shut down and a 20 sec simulation time 

was obtained. The same calibrated model was used to simulate this shutdown but 

under different initial and boundary conditions. Initial and boundary conditions used 

in this validation run are given in Table 18. A 20 sec comparison between predicted 

and measured pressures after normal pump shutdown is shown in Figure 98.  

It is noticeable that a good correlation with an R2 of 0.9261 is obtained 

throughout the whole simulation time. After the complete pump shutdown, the model 

predicted the minimum pressure and maximum pressure in the first cycle to within 

±7 psi. There is only a 0.5 sec time shift of the peak of the first cycle. In general, 

timing and amplitudes of peaks and valleys agree well over the whole 20 sec time 

duration. 
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Figure 98. Validation results of scenario No.1 of one pump shutdown at B20 

pumping station 

5.7.2.2 Scenario No.2: One Pump Startup at B20 Station 

 Wave speed changes made in scenario No.1 were saved in the model that was 

used here to simulate a single pump startup event in pump station B20. Initial and 

boundary conditions used in this scenario are given in Table 17. A ramp up time of 

8 sec was reported for the pumps in B20 station as Table 19 shows. Simulating a 

single pump start up with a ramp up time of 8 sec resulted in poor correlation (R2 = 

0.3217) with field data as can be seen in Figure 99 (a). The trend line of pressure 

increase from the initial steady state looks much steeper in the field than in the model. 

However, the final steady states correlate very well with the measured pressure. 

Steep pressure rise after the pump startup indicates that the actual ramp up time in 

the field is much shorter than the reported 8 sec. Multiple model runs were attempted 

by reducing the pump ramp up time from 8 sec down to 1.8 sec. Figure 99 shows a 

R2 = 0.8019 
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comparison of the measured and predicted pressure histories at the B20 pump station 

following normal startup of a single pump with a ramp up times of 8 sec, 3 sec, and 

1.8 sec. Reducing the ramp up time was found to improve the correlation. The best 

agreement with field pressure having an R2 of 0.9694 was obtained with a ramp up 

time of 1.8 sec. The model predicted the maximum peak pressure to within 2 psi. The 

upsurge pressure wave generated by the pump startup gets reflected to the pump after 

0.5 sec as a downsurge wave. The model predicted the timing and amplitude of the 

downsurge wave to within 0.2 sec and 1 psi, respectively. During the field trip 

conducted to pump station B20, pumps were noticed to start up and shutdown 

repeatedly over relatively short periods of time. Discrepancy of the obtained ramp 

up time (i.e., 1.8 sec) from the reported time of 8 sec could have been due to a 

malfunction in the soft start device installed on the pump. Personal error in setting 

the soft start or measuring its actual ramp up time are other expected factors that may 

have caused this discrepancy. 

In order to validate the surge model calibration especially for the obtained 

ramp up time, the same pump was brought from off to full speed in 1.8 sec under 

different initial and boundary conditions. Simulation conditions of this validation run 

are explained in Table 18. Figure 100 shows a 40 sec comparison of the measured 

and predicted pressures histories following normal startup of a single pump in B20 

pumping station with a ramp up time of 1.8 sec. Both of the final and initial steady 

states and the amplitude of the transient pressure spike correlate well to the field data 

with an R2 of 0.9356 and thus validating the model. 
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(a) 

 
(b) 

 
(c)  

Figure 99. A comparison of measured and model predicted pressures after one pump 

startup at B20 station using a ramp up time of (a) 8 sec, (b) 3 sec, and (c) 1.8 sec 

R2 = 0.3217 

R2 = 0.7097 

R2 = 0.9694 
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Figure 100. Validation results of scenario No.2 of a single pump startup at B20 

pumping station with a ramp up time of 1.8 sec 

5.7.2.3 Scenario No.3: One Pump Shutdown at B01 Station 

The main goal of this run was to map the predicted pressure history after a 

single pump shutdown to the measured pressure over a duration period of 250 sec. 

Initial and boundary conditions used in this run are given in Table 17. As given in 

Table 19, the reported ramp down time for B01 station is 10 sec. The model was set 

to match the field conditions for scenario No.3 given in Table 17. A single pump was 

then set to shut down in station B01 from its full speed to a complete stop in 10 sec. 

Preliminary analyses of this scenario showed that modeling this pump station with 

the check valve included, produced a result that correlates well with the initial steady 

state and transient field pressures but not with the final steady state. Running the 

model without a check valve was found to both improve the transient response 

R2 = 0.9356 
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correlation and produce very good final steady state correlation with the measured 

pressure. Figure 101 shows a comparison of the measured and predicted pressures 

after running the model with and without a check valve using scenario No.3 

conditions.  

 
(a) 

 
(b) 

Figure 101. A comparison of the measured and predicted pressure histories after a single 

pump shutdown at B01, (a) with a check valve and (b) without and check valve 

R2 = 0.5593 

R2 = 0.9468 
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Normally, after a pump shutdown, check valves close to prevent flow 

reversal. As a result to that closure, pressure builds up on the downstream of closed 

check valves during the final steady state conditions. Figure 101 shows that the 

pressure build up after the complete shutdown is predicted by the model when the 

check valve was included. However, the measured pressure, in the case of station 

B01, does not show that pressure build up. Other than that, the measured final steady 

state pressure keeps close to zero. The only explanation to this response is that the 

check valve does not close in the field, producing this response.  

Based on the preliminary analyses results, it was decided not to include the 

B01 station check valve in the model. Although, a ramp down time of 10 sec gave a 

good agreement with the field data, increasing the ramp down time was found to 

improve the agreement in that part of the curve that slants down when the pump starts 

shutting down. The ramp down time was increased up to 15 sec and then 20 sec 

without a check valve being modeled as can be seen in Figure 102. Although, no 

difference can be noticed by changing the ramp down time from 10 to 20 sec after 

the pump shuts down completely, a ramp down time of 20 sec seems to better 

represent that part of the curve that slants down. 

Figure 102 shows that at a time period of 83-150 sec, the measured pressure 

decreased constantly to zero. The corresponding predicted pressure decreased down 

to -0.9 psi over that time period. The lower limit of the measuring range of the 

pressure transducer used to collect the pressure signal is zero. Since the transducer 
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was not calibrated to measure negative pressures, it always returned zero pressure 

whenever field pressure dropped down to negative value in the force main. 

 

(a) 

 

(b)  

Figure 102. A comparison of measured and model predicted pressures after one 

pump shutdown at B01 without a check valve using a ramp down time of (a) 15 sec 

and (b) 20 sec 

 

R2 = 0.9534 

R2 = 0.9871 
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As a conclusion, the minor discrepancy noticed over that negative pressure 

time period is not a deficiency in the model prediction ability. Other than that, this 

discrepancy would be gone if a pressure transducer with a negative pressure range 

was used to collect the field data. The installation of ARV-26 on the downstream 

side of station B01 by the designer of the force main supports the model finding that 

this location is susceptible to negative pressures following pumps shutdown events. 

Figure 103 shows a 150 sec of simulation results of a single pump shutdown 

at B01 using the calibrated model under different boundary conditions given in Table 

18. The purpose of this run is to validate the changes made to the model following 

the calibration scenario No.3 by running the model for the same transient-inducing 

event but at different initial and boundary conditions. Figure 103 shows that the 

measured and predicted pressure traces look very comparable throughout the whole 

simulation duration. The calculated R2 of 0.9978 indicates a good correlation quality. 

The model predicted not only the measured pressures to within 5 psig, but also the 

whole shape of the measured curve even the pressure depression in the time range 

35-60 sec. Also, comparing the measured pressure in Figure 103 with that in Figure 

102, a proof can be obtained that the pressure depression recorded in Figure 103 

would show up in Figure 102 if it was within the positive range of the transducer. 
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Figure 103. Validation results of scenario No.3 of a single pump shutdown at B01 

pumping station without a check valve and at a ramp down time of 20 sec 

5.7.2.4 Scenario No.4: One Pump Shutdown at B06 Station 

 Pumps at stations B06 and B07 have no VFDs or soft start/stop devices 

installed on them and therefore, they start across the line. As a result, no ramp times 

were reported for the pumps at these two stations. Preliminary analyses were 

conducted to determine the best guess of the ramp down time and the check valve 

closure time of the B06 station pumps. Eventually, modeling the pump with a ramp 

down time and a non-reopen check valve time of 5 sec and 0.1 sec, respectively, was 

found to produce the best preliminary correlation (R2 = 0.8045) with field  data as 

shown in Figure 104. It can be seen that the model could predict the minimum 

pressure drop after the pump shutdown to within 0.2 psig. The low pressure wave of 

the measured pressure generated after the pump shutdown gets reflected back as a 

R2 = 0.9978 
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high pressure wave. The latter gets reflected back again as a lower pressure wave 

after impinging a discontinuity in the system. It is obvious that the model predicts 

the exact amplitudes of the low and high pressure waves reflected back and forth at 

the pump station. However, there is a phase shift of about 15 sec between the peaks 

and valleys of the measured and predicted pressure waves. This shift indicates that 

the reflected peaks and valleys of the pressure waves need to arrive at the pump 

station 15 sec earlier. This early arrival can only occur if these pressure waves 

propagate in the force main with higher wave speeds than the ones used in the model.  

 

Figure 104. A comparison of Measured and predicted pressures following a single 

pump shutdown at B06 station with a ramp down time of 5 sec and a non-reopen 

check valve time of 0.1 sec 

R2 = 0.8045 



 

 

 

 

211 

It was necessary to determine how much the wave speed needed to be 

increased and for which pipe sections. Since field data of a single pump startup at 

this station was also available, it was used to investigate if the wave speeds really 

needed to be increased, by how much, and for which pipe sections. The purpose of 

coupling the startup and shutdown field data for calibrating the model at the B06 

station was to ensure that the calibration process results in a model that agrees with 

all pump action events.  

5.7.2.5 Scenario No.5: One Pump Startup at B06 Station 

The main objective of this scenario was to confirm that modifying the wave 

speeds of selected PVC pipe sections on the B06 force main was needed. Then, that 

modification would be made so that the predicted pressures agree with the measured 

pressures in this scenario and in scenario No.4 as well. The initial and boundary 

conditions of this scenario are given in Table 17. The non-reopen check valve time 

was kept at 0.1 and one pump was brought to full speed in 2 sec without any changes 

made on the wave speeds. This run was found to give very similar response to the 

measured pressure trace as shown in Figure 105. However, the model under predicted 

the amplitude of the pressure spike generated by the pump startup. According to the 

basic water hammer equation, i.e., Eq. (24) developed by Joukowsky (1898), the 

water hammer pressure rise due to an instantaneous change in flow velocity, is 

proportional to the wave speed. Based on this concept, in order to increase the 
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amplitude of the pressure spike, a higher wave speed is needed. This supports the 

finding of scenario No.4.  

Multiple trials were attempted by changing the wave speeds for different 

pipes on the B06 force main to come up with a final combination of wave speeds and 

selected pipes. Eventually, increasing the wave speeds of the pipe sections, starting 

from station B06 to node N-64 located at Pine St. and 1st Ave. intersection, to 1500 

ft/sec produced a good agreement as can be seen in Figure 105. This calibration 

clearly produced a model that predicted the measured pressure spike to within 2 psig 

and created a pressure trace that is very similar to the measure one over the whole 

100 sec simulation duration.  

 

Figure 105. A comparison of Measured and predicted pressures following a single 

pump startup at B06 station with a ramp up time of 2 sec and a non-reopen check 

valve time of 0.1 sec before and after modifying the wave speeds on the B06 force 

main 
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As mentioned previously in chapter 4, pressure at the B06 station was 

recorded for 1600 sec. During that time period, multiple successive pump startups 

and shutdowns were captured as shown in Figure B.9 in Appendix B. A part of that 

record that has two successive shutdowns and startups was extracted from Figure B.9 

and used here to validate the calibration procedures made in scenarios No.4 and No.5. 

Figure 106 presents the results of predicted pressure histories following a single 

pump shutdown and startup actions superimposed on the pressure record obtained at 

B06 station. The improvement in correlating scenarios No.4 and No.5 to the field 

pressures is very obvious providing enough validation of the model. 

 

Figure 106. A series of predicted pressures simulated in scenarios No.4 and No.5 

compared to a series of measured pressures following a single pump startups and 

shutdowns at B06 station with a ramp up time of 2 sec, a ramp down time of 5 sec, 

a non-reopen check valve time of 0.1 sec, and the wave speeds of PVC pipe 

sections from B06 station to node N-64 at Pine St. and 1st Ave. intersection 

modified to 1500 ft/sec 

R2 = 0.9984 
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5.8 Hydraulic Transient and Surge Analysis 

The main focus of this section is geared towards evaluating the SBFSS 

response to a variety of operation scenarios with the existing surge control devices. 

The worst case scenario will be defined and the pressure transients and surges will 

be compared to the force main properties. Hydraulic transient and surge analysis 

usually starts with initial steady state analysis. Transient conditions are then triggered 

by a change in the steady state which could be a pump startup, shutdown, or trip. A 

final steady state will eventually occur.  

As previously mentioned, the existing protection for the force main system 

comprises 26 two-stage ARVs. The analysis handles the force main response to both 

normal and abnormal conditions. Normal conditions comprise normal pump startups 

and shutdowns, while abnormal conditions comprise pump tripping by loss of power 

to one or more pump stations. The calibrated computer Surge2012 model was used 

for conducting this analysis. Transient modeling runs for the following operating 

scenarios were conducted to evaluate the force main response to pressure transients 

and surges generated by each scenario. 

1. Simultaneous sequential and normal shutdown of all five pumping stations 

with all ARVs included. Three pumps at each of B19 and B20 and two pumps 

at each of B01, B06, and B07 are working under steady state pressures. 

2. Simultaneous sequential and normal shutdown of all five pumping stations 

without including any ARVs. Steady state is the same as in Scenario No.1. 
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3. Sequential and simultaneous normal shutdown of two pumps at each of B19 

and B20 and one pump at each of B01, B06, and B07 pumping stations with 

all ARVs included. 

4. Sequential and simultaneous normal shutdown of two pumps at each of B19 

and B20 and one pump at each of B01, B06, and B07 pumping stations 

without any ARVs included. 

5. Simultaneous normal startup of one pump at each of the five pumping stations 

while one pump is working at all pumping stations with existing ARVs 

present. 

6. Simultaneous power outage at all five pumping stations without existing 

ARVs included in the model. Three pumps at each of B19 and B20 and two 

pumps at each of B01, B06, and B07 are working under steady state 

pressures. 

7. Simultaneous power outage at all five pumping stations with existing ARVs 

included in the model. Steady state is the same as in Scenario No.6. 

5.8.1 Transient Scenario No.1 

It is meant by sequential shutdown of pumps at any pumping station, that one 

pump starts shutting down normally while the other pumps are running at full speed. 

Then, after complete shutdown of the first pump, the second pump starts shutting 

down while the third pump, if one exists, is still running at full speed. Once the 

second pump shuts down completely, the third pump starts shutting down until it 

comes to complete stop.  
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In this scenario, while three pumps at each of B19 and B20, and two pumps 

at each of the other three pumping stations are working under steady state pressures, 

controlled shutdown takes place at all pumping stations simultaneously. The existing 

ARVs are included in this scenario assuming that all of the valves are working 

properly. The 500 sec simulation starts with 2 sec of steady state operation and then 

controlled shutdowns start at all stations simultaneously. Sequential shutdown at 

B19, B20, B01, B06, and B07 ends after 30 sec, 30 sec, 40 sec, 10 sec, and 10 sec, 

respectively. Figures 107 and 108 show the min/max pressure envelopes in addition 

to the steady state HGL for this transient scenario at B19 and B06 force mains, 

respectively. The red lines in Figures 107 and 108 represent the steady state HGL 

while the horizontal grey lines represents the maximum and minimum pressure 

envelope. The vertical grey lines inside each pressure envelope represent the 

locations of pipe junctions, nodes, and devices included in the model. It can be 

noticed that following simultaneous shutdown of all five stations, the maximum 

envelope of transient pressures is almost laying on the steady state HGL for the 

majority of the force main system. The B19 force main experienced negative 

pressures head of down to -11.8 ft at node N-87, located at N Riverside Drive-Okland 

Ave. intersection, and a little beyond this node. It can be noticed that starting from 

this node and down to the SBWRF, no air valves are installed. However, a negative 

pressure head of -11.8 ft is not enough to cause cavitation problems in the pipeline. 

Although not shown in Figure 108, cavitation occurred at pumping station B07. From 

station B07 and towards the treatment plant, negative pressure as low as -10.8 ft were 
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created in the B06 force main. Station B06 also experienced a minimum negative 

pressure of -20.1 ft. However, this is not enough to cause cavitation. The absence of 

any ARVs from B07 station to the treatment plant is the main reason for the 

occurrence of these negative pressures on the B06 force main.  

 

Figure 107. Scenario No.1 transient pressure envelope for B19 force main after 

controlled simultaneous sequential shutdown of all five pumping stations 

 

 

Figure 108. Scenario No.1 transient pressure envelope for B06 force main after 

controlled simultaneous sequential shutdown of all five pumping stations 
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All ARVs were found to introduce different amounts of air into the pipeline 

when the pressure drops to zero. The activation of the ARVs during this transient 

condition proves that these ARVs play an important role in controlling the negative 

pressures. Figure 109 shows that ARV-1, located about 2100 ft from B19 station, 

was activated once the pressure decreased to zero and started introducing air into the 

pipeline. Whenever the pressure increases, the air valve is noticed to expel air out of 

the pipe. Also, at a time of 37 sec, the pressure goes back to zero and consequently, 

the air valve introduces air into the system to reach about 12 ft3 at a time of 100 sec. 

It is also evident that expelling all the bulk air out of the pipeline at a time of 260 sec 

did not cause any significant air slam pressure. Preventing the occurrence of air slam 

problems is an evidence of the design adequacy of these air valves. Very similar 

response was found for all of the other air valves installed on this system. 

 

Figure 109. Transient pressure and gas volume introduced into the force main 

through AIR-1 following Scenario No.1 
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5.8.2 Transient Scenario No.2 

In order to evaluate the adequacy of existing ARVs in protecting the force 

main system following the operation conditions described in scenario No.1, this 

scenario simulates the force main response to those conditions when no ARVs are 

installed. All ARVs were removed from the model and a 500 sec transient simulation 

run was performed.  

Figures 110 and 111 show the pressure envelopes created by scenario No.2 

simulation of simultaneous sequential shutdown of all pumping stations when no 

ARVs are present on the pipeline system. The lower limit labeled in Figures 110 and 

111 highlights where negative pressures reach the cavitation limit of -33.2 ft or -14.4 

psi. It can be seen that without the existing ARVs, the whole profile of the force main 

system would experience cavitation. Cavitation would also lead to column separation 

and the subsequent cavity collapse leading to excessively high positive pressures. A 

maximum pressure resulting from this scenario was 754 ft occurred at pump station 

B01 (not included in the profile path in Figure 110) on 10 in and 6 in DIP pipes. 

Also, a maximum pressure of 355 ft occurred at B07 station (not included in the 

profile path in Figure 111) on 6 in and 16 in DIP pipes. Although these pressure are 

substantially high compared to steady state pressures, they don’t exceed the pressure 

ratings of these pipes stated in (ANSI/AWWA C151/A21.51). However, these high 

pressures may damage the pumps, valves, and other fittings or may be able to cause 

pipe vibration and displacement.  
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Figure 110. Scenario No.2 transient pressure envelope for B19 force main after 

controlled simultaneous sequential shutdown of all five pumping stations without 

any ARVs installed on the pipeline 

 

 

Figure 111. Scenario No.2 transient pressure envelope for B06 force main after 

controlled simultaneous sequential shutdown of all five pumping stations without 

any ARVs installed on the pipeline 
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5.8.3 Transient Scenario No.3 

 The standby pumps would never run under daily normal operation unless 

abnormal flow conditions such as a hurricane occur. This scenario is intended to 

evaluate the force main response to transient conditions when normal, but still 

critical, simultaneous shutdown takes place when two pumps are working at each of 

B19 and B20 stations and one pump at each of B01, B06, and B07 and all existing 

ARVs are included. Figures 112 and 113 show the pressure envelopes of B19 and 

B06 force mains after running scenario No.3 simulation. The highest pressure of 230 

ft occurred at pumping station B19 while the lowest pressure of -27.4 ft occurred at 

B07 pumping station. It is obvious that this scenario causes no serious transient 

pressure problems in the force main system when all ARVs are present and working 

properly. 

 

Figure 112. Scenario No.3 transient pressure envelope for B19 force main after 

controlled simultaneous sequential shutdown of two pumps at B19 and B20 and 

one pump at B01, B06, and B07 pumping stations with all ARVs present 
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Figure 113. Scenario No.3 transient pressure envelope for B06 force main after 

controlled simultaneous sequential shutdown of two pumps at B19 and B20 and 

one pump at B01, B06, and B07 pumping stations with all ARVs present 

5.8.4 Transient Scenario No.4 

 In this scenario, the same conditions used in scenario No.3 were simulated 

but without the existing ARVs being included in the model. Looking at Figures 114 

and 115, it can be noticed that the absence of the existing ARVs would make the 

whole force main system experience sever cavitation problems even without the 

standby pumps running. The shutdown without the ARVs created very low pressure 

down surges that travelled in the pipeline and then got reflected at different 

discontinuities. The down surges then reflected back as upsurge positive pressure 

waves. Those waves then caused cavity collapses creating very high pressure spiking 

in the system. Transient pressure is predicted to increase to as high as 317 ft at 

pumping station B19. The results indicate that the absence of the existing ARVs 

would damage the pipeline even when standby pumps were not in service. 
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Figure 114. Scenario No.4 transient pressure envelope for B19 force main after 

controlled simultaneous sequential shutdown of two pumps at B19 and B20 and one 

pump at B01, B06, and B07 pumping stations without any ARVs present 

 

 

Figure 115. Scenario No.4 transient pressure envelope for B06 force main after 

controlled simultaneous sequential shutdown of two pumps at B19 and B20 and one 

pump at B01, B06, and B07 pumping stations without any ARVs present 
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5.8.5 Transient Scenario No.5 

 Pump startups usually cause much smaller disturbances in pipeline systems 

than pump shutdowns because it is always a controlled and anticipated event (Baker 

and Ramos, 2000). In this scenario, a transient model run is performed to simulate 

simultaneous startup of one pump at each of the five pumping stations while one 

pump is running at each of them. All ARVs are included in this model simulation. 

As Figures 116 and 117 show, simultaneous pump start at all five pumping stations 

would only cause a maximum pressure head of about 284 ft on B19 force main at 

B01 station and about 92 ft on B06 force main at B06 station. All predicted pressures 

fall below the pipes rating and thus, are not expected to damage the pipeline system. 

5.8.6 Transient Scenario No.6 

This transient modeling scenario simulates a simultaneous pump trip event at 

all five pumping stations due to power outage. During steady state, three pumps at 

each of B19 and B20, and two pumps at each of B01, B06, and B06 are working. All 

ARVs are not included in this transient model run assuming that they are not 

functioning properly. When simulating pump trip conditions resulting from a power 

loss, the ramp down times of the pumps are controlled by the combined pump and 

motor inertia and therefore, normal pump ramp down times cannot be used in this 

case. Also, tripping pumps usually makes the pumps operate abnormally by 

experiencing flow and rotational speed reversal. Under these conditions, pump 

performance curves provided by manufacturers that are usually in the positive 
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quadrant of head-flow relationship are no more representative of pump operation. 

Therefore, four quadrant pump performance data is required to represent all flow 

conditions expected during abnormal operation.  

 

Figure 116. Scenario No.5 transient pressure envelope for B19 force main after 

controlled simultaneous startup of one pump at all five stations while one pump is 

working at each station with all ARVs present 

 

Figure 117. Scenario No.5 transient pressure envelope for B06 force main after 

controlled simultaneous startup of one pump at all five stations while one pump is 

working at each station with all ARVs present 
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For pump trip scenarios, pumps were modeled as File pumps. With this 

selection, a specified pump file is used to represent the pump operation. More details 

about pump files and how they are created are given in chapter 1. Surge2012 is 

provided with a program tool that estimates the appropriate pump file for pumps 

based on the specific speed which is also calculated in the tool from the pump rated 

conditions. The determination of pump files for the five pumping stations is 

discussed in Appendix C. It was found that pumps in stations B19 and B20 are best 

represented by file No.4 while the other three stations are represented by file No.1.  

Figures 118 and 119 show the resulting transient pressure envelopes for B19 

and B06 force mains. Obviously, simultaneous power loss at all five stations would 

cause sever cavitation conditions throughout the entire force main system when no 

ARVs are installed. A maximum pressure of 703 ft occurred at B01 station. The 

pipeline profile from B01 station to the main path of the force main is not shown in 

Figure 118. Maximum pressure at B06 force main did not exceed 115 ft except at 

station B06 where it reached about 161 ft and B07 station where it reached 278 ft for 

a very short time. Figure 119 shows that B06 force main would experience very high 

upsurge pressures compared to the steady state HGL, especially beyond pumping 

station B07. All five pumping stations are predicted to be subject to very high 

pressure spikes due to cavity collapse effects. Obviously, this scenario represents the 

worst case that the force main my experience. However, the next scenario will show 

if the existing protection measures are able to protect the force main under these 

conditions. 



 

 

 

 

227 

 

Figure 118. Scenario No.6 transient pressure envelope for B19 force main after 

power loss at all five stations while all pumps are working and no ARVs are 

present 

 

 

Figure 119. Scenario No.6 transient pressure envelope for B06 force main after 

power loss at all five stations while all pumps are working and no ARVs are 

present 
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5.8.7 Transient Scenario No.7 

 In this scenario, the conditions simulated in scenario No.6 were used but with 

all the ARVs installed on the force main system to evaluate their adequacy in 

protecting the pipeline under the worst case scenario. Figures 120 and 121 show the 

pressure envelopes resulting from this transient model run for B19 and B06 force 

mains, respectively. With the ARVs protection present on the system, the maximum 

pressure is predicted to be 267 ft at pump station B20. The force main system is able 

to withstand this positive pressure safely. Comparing Figure 120 with Figure 118 and 

also comparing Figure 121 with Figure 119, the ARVs adequacy in controlling 

cavitation can be seen. Substantial decrease in the positive pressures in both force 

mains also occurred. With the ARVs protection, the negative pressures noticed in 

Figures 118 and 119 receded towards the positive side. The minimum negative 

pressures predicted on B19 force main were -23 ft at B20 pumping station and -21 ft 

at node N-87 located at N Riverside Drive-Okland Ave. intersection. On B06 force 

main, the minimum pressures predicted were -28.8 ft at station B06 and -18.2 ft at 

B07 station. These negative pressures would not cause cavitation problems and as a 

results, are not expected to damage the force main system. As a conclusion of this 

analysis, the existing ARVs were proved to be able to protect the force main system 

under the worst case scenario represented by simultaneous power loss at all stations. 

The absence of these ARVs would put the force main system under serious damaging 

pressure transients. Therefore, regular maintenance of all existing ARVs must occur. 
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Figure 120. Scenario No.7 transient pressure envelope for B19 force main after 

power loss at all five stations while all pumps are working and all ARVs are 

installed 

 

 

 

Figure 121. Scenario No.7 transient pressure envelope for B06 force main after 

power loss at all five stations while all pumps are working and all ARVs are 

installed 
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5.9 Additional Protection Measures 

 So far, the force main was tested for different critical transient scenarios using 

the Surge2012 model through an extensive surge analysis. The worst case scenario 

was found to be the simultaneous power loss at all five stations leading to tripping 

every single pump at the same moment. The existing ARVs were found to be 

sufficient enough to protect the force main against pressure transients generated 

during the worst case scenario. However, eliminating negative pressures from the 

system would be very good practice even though these negative pressures are higher 

than the cavitation limit, especially if the added protection does not require making 

too much modifications. It was found that adding additional ARVs with the same 

type and size of the existing ones at six more locations would remarkably minimize 

the appearance of negative pressures from the system. Adding these ARVs would 

also minimize pressure transients even more efficiently during the regular daily 

operation scenarios that are less critical that the worst case scenario. The selected six 

locations were identified from the previous surge analysis and were found to be very 

sensitive to pump shutdowns. Three of the ARVs with a 1.26 in2 outflow diameter 

and 0.15 in2 inflow diameter were added to the B19 force main and the other three 

with the same size were added on the B06 force main. The B19 force main new 

ARVs were located at B20 station, N Riverside Drive and Okland Ave. intersection, 

and Shannon Ave. and 1st Ave. intersection, respectively. The B06 force main new 

ARVs were located at B06 station, Orlando Blvd.-South Palm Ave. intersection, and 
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Deland Ave. and South Palm Ave. intersection, respectively. The pressure envelopes 

after adding the additional protection measures are shown in Figures 122 and 123. 

Comparing Figure 122 to Figure 120 and comparing Figure 123 to Figure 121, a 

noticeable reduction in the negative pressure pockets towards the positive side can 

be seen.  

 

Figure 122. Transient pressure response envelope of B19 force main after adding 

three additional ARVs following simultaneous power loss at all stations  

 

Figure 123. Transient pressure response envelope of B06 force main after adding 

three additional ARVs following simultaneous power loss at all stations 
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Chapter 6 

Dynamic Response of a Small Scale 

Pipeline 

 

6.1 Introduction 

Water hammer induced vibrations have been reported in a number of 

publications (Larson and Jönsson 1991; Yi Jia et al. 2005; Bergant et al. 2008). 

However, the literature is lacking studies attempting to experimentally describe how 

pipes vibration can be related to water hammer induced disturbances. Simultaneous 

monitoring of pipe acceleration and pressure conducted on the SBFSS and discussed 

previously, indicated a strong correlation between these two parameters. Recorded 

transient pressure spikes were often accompanied by synchronous acceleration 

spikes. It was inferred from those measurements that the instantaneous transient 

pressure and acceleration spikes generated by water hammer events could be 

statistically correlated. However, those statistical correlations require extensive 

experimental work to be conducted under known and controlled flow conditions. 

Intentional changes in flow conditions and pumps status for experimental purposes 

were infeasible in the large scale SBFSS. Therefore, a small scale single pipeline 

system was needed for investigating the simultaneous dynamic response of water and 

pipe under water hammer conditions. 
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6.2 Objectives and Scope of the Study 

The main objective of this study is to investigate the dynamic response of a 

small scale piping system subjected to water hammer conditions triggered by a 

downstream valve closure. The investigation is geared towards collecting data to 

correlate water hammer induced vibrations to the pipeline system parameters, flow 

conditions, and to transient-causing actions. After identifying the possible correlation 

parameters, statistical correlations would then be developed. 

The scope of this study includes building a physical pipeline system 

composed of a single pipe section that can be easily configured in terms of shape, 

material type, length, and number and type of downstream valves. Several transient 

experiments will be conducted using different pipe material, length, initial flowrate, 

and valve closure times. Transient pressures and accelerations caused by valve 

actions will be measured and the collected data will be analyzed. Pipe accelerations 

will be presented in both the time domain and frequency domain format. The 

frequency domain format will be used to conduct frequency analysis of pipe 

vibration. 

6.3 Physical Model Arrangements 

In order to achieve all of the objectives described above, a single pipe system 

was set up in three different configurations. The first pipe configuration was a U-

shape PVC pipeline having a schematic shown in Figure 124. The second 
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configuration was a straight pipeline with a total length of 73.583 ft as illustrated in 

Figure 125. The third pipe configuration used was also a straight pipeline with a total 

length of 24.5 ft as shown in Figure 126. The experimental work program started 

with the U-shape configuration and then, the second and third configurations were 

used with different pipe type materials and total lengths. The main purpose of using 

the U-shape configuration was to ensure an adequate pipe length to accurately 

measure the water hammer wave speed.  The limited space that was available did not 

allow for using a longer straight pipeline. The use of U-shape pipe configuration for 

measuring the PVC wave speed is discussed in the chapter 7. 

 

 

 

 

 

 

 

 

 

Figure 124. A Schematic of the U-shape Single PVC Pipeline System 
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Figure 125. Schematic of the PVC and galvanized steel pipeline experimental set ups with a total length of 73.58 ft 
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Figure 126. Schematic of the short PVC pipeline experimental set up with a total length of 24.5 ft
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In all cases, as shown in Figures 124-126, the pipeline systems consisted of 

a single Sta-Rite type model SND centrifugal pump with a rated power of 0.75 HP 

and a rated speed of 3450 rpm. The pump was anchored to a 2 ft3 concrete block and 

was pumping water from a tank with a constant head of 2.4 ft on the suction side. 

Performance curve provided by the pump manufacturer is shown in Figure 127.  

  

Figure 127. Sta-Rite pump performance curve provided by the manufacturer 
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value of 12 and the characteristic curve showing the open area ratio at different 

throttling positions shown in Figure 128. A typical ball valve (KYPipe:2012 Manual) 

showed similar characteristics when plotted with the NIBCO ball valve curve. The 

second active valve was a ¾ in solenoid valve from Red Hat with a closure and 

opening time of 0.05 sec. The solenoid valve is initially closed and once it gets 

energized, it opens in 0.05 sec. Denergizing the valve causes the valve to close in 

0.05 sec. On the discharge side of the active valve, was a ¾ in plastic ball valve that 

functioned as a flow control valve. A ¾ in swing check valve from NIBCO with a 

Cv of 14.3 was installed 1 ft upstream of the pump.  

 

Figure 128. Characteristic curve of NIBCO ball valve compared to a typical ball 

valve 
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integral mounting stud was mounted using epoxy glue. The mounting pad was 

allowed to dry out for 24 hours before the accelerometer was attached. This type of 

accelerometer mounting prevents losing significant frequencies in the measurement 

range of the sensor that usually results from poor mounting to the test object.  

The U-shape pipe arrangement shown in Figure 124 consisted of a ¾ in 

nominal diameter PVC schedule 40 with an outside diameter of 1.050 in, a wall 

thickness of 0.113 in, and an actual inside diameter of 0.824 in. The total pipe length 

from the pump to the NIBCO ball valve was 173.08 ft. The pipeline was only 

supported at the two ends while all other locations in between were free to move. 

The valve was mounted on a piece of wood that was driven into the ground. Taking 

the datum at the ball valve, elevations of the different pipeline elements were 

surveyed and determined as indicated in Figure 124. 

In the pipe system illustrated in Figure 125, PVC and steel pipes were used 

alternatively in the experiments while only PVC pipe type was used in the system 

illustrated in Figure 126. Both pipe types were ¾ in schedule 40 with the same 

dimensions as the PVC pipe used in the U-shape system. A wooden base driven into 

the ground was built to provide a support for the valves installed on the downstream 

of the pipe. Wooden posts driven into the ground and distributed every five feet were 

used to support the pipe. The location where the accelerometer was installed was 

kept unsupported and was 2 ft away from the adjacent supports each side. The whole 

physical system was surveyed and the elevations and dimensions details are 

illustrated in Figure 125 and 126. 
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6.4 Flow Meter Calibration  

Since the initial steady state flowrate is one of the parameters intended to be 

related to the pipe dynamic response under water hammer effect, accurate and 

reliable flow measurement was required. A flowmeter calibration experiment was 

the first step in commencing this study. The pipeline arrangement shown previously 

in Figure 124 was used for this purpose. Six runs were conducted starting with the 

flow control valve fully closed and ending with the flow control valve wide open. 

During each run, while the pump was running under steady state, flowrate was 

measured using a graduated cylinder and a stop watch. At the same time, the flowrate 

indicated by the flowmeter was recorded and compared to the graduated cylinder-

measured flowrate. Each run was repeated three times and the average flowrates were 

calculated. The flowmeter calibration experimental results are presented in Table 20. 

Calibration results showed an average error of 0.2 gpm. Flow meter readings in the 

proceeding experimental work were corrected by adding this value to the measured 

flowrate readings. 

Table 20. Flowmeter Calibration Experimental Results 

Run No. 
Flow meter Graduated Cylinder Error 

(gpm) (lpm) (gpm) (lpm) (gpm) 

1 (FC) 0 0 0 0 - 

2 1.5 5.68 1.71 6.47 0.21 

3 4.0 15.14 4.22 15.97 0.22 

4 7.5 28.40 7.7 29.15 0.20 

5 11.2 42.4 11.37 43.04 0.17 

6 (WO) 12.1 45.8 12.32 46.64 0.22 
           FC = Fully Closed, WO = Fully Open 
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6.5 Water Hammer-Induced Vibration 

 In this section, pipe dynamic response in terms of water hammer-induced 

vibrations is discussed and evaluated extensively. Water hammer events were 

induced by closing a downstream valve. The resulting real-time pressure and 

acceleration signals were directly recorded simultaneously using two high speed 

pressure transducers and an accelerometer and transferred to a computer. 

Experiments were conducted at different initial flowrates, valve closure times, pipe 

material types, and pipe lengths. Experimental details and results are presented in the 

next sections. 

6.5.1 Effect of Initial Flowrate  

 The pipe arrangement shown in Figure 125 was used to study the dynamic 

responses of PVC and steel pipes under different initial flowrates. While the initial 

flowrate was adjusted by the plastic ball valve, the solenoid valve provided a constant 

closure time of 0.05 sec. The responses of each material at each single initial flowrate 

were recorded and presented below. 

6.5.1.1 PVC Pipe Response  

 With a ¾ in PVC pipe used in the arrangement shown in Figure 125, five 

experiments were conducted by closing the solenoid valve at different initial 

flowrates with a range of (12.6-2) gpm as shown in Table 21. To ensure that stable 

results were being obtained, each experiment was repeated for five times. The net 
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surge pressure rise was calculated by subtracting the total maximum surge pressure 

from the initial steady state pressure. Average surge pressure rise was then calculated 

for each experiment. Maximum accelerations were found to occur simultaneously 

with maximum surge pressures. Average maximum accelerations were also 

calculated for each experiment.  

Pressure and acceleration results of the first run of each of the five 

experiments are presented graphically in Figures 129 and 130. On the same figures, 

acceleration graphs in the frequency domain obtained by conducting FFT analysis 

are also shown. Since the records of each experiment included the initial steady state, 

the transient state, and the final steady state, initial and final steady state frequencies 

were easily identified and thus filtered out of the FFT results. Frequency domain 

graphs help identifying the frequency components present in the acceleration signal. 



 

 

 

      

Table 21. Experimental Results of Pressure and Acceleration at Different Initial Flowrates for PVC Pipe 

Exp. 

No. 

Closure 

No. 

Initial 

Flow Rate 

 

(gpm) 

Avg. Initial 

Pressure 

 

(psig) 

Total Max. 

Surge Pressure 

(psig) 

Net Max. 

Surge Pressure  

 

(psig) 

Avg. Net 

Max. Surge 

Pressure 

(psig) 

Pressure 

Calculated by 

Eq.(24) 

(psig) 

Max. 

Acceleration 

 

(g) 

Avg. Max. 

Acceleration 

 

(g) 

1 

1 12.6 21.75 217.78 196.03 

197.998 

 

 

193 

 

 

4.83 

6.244 

2 12.6 21.13 219.89 198.76 5.66 

3 12.6 21.53 218.92 197.39 6.67 

4 12.6 21.86 220.42 198.56 6.47 

5 12.6 22.89 222.14 199.25 6.58 

2 

1 11.1 33.53 204.7 171.17 

172.522 

 

 

170.1 

 

 

4.95 

4.642 

2 11.1 33.33 206.29 172.96 4.25 

3 11.1 32.61 206.71 174.1 4.53 

4 11.1 33.62 205.62 172 4.29 

5 11.1 33.44 205.82 172.38 5.18 

3 

1 7.5 44.91 160.5 115.59 

116.732 

 

 

115 

 

 

3.49 

4.052 

2 7.5 44.99 162.32 117.33 4.23 

3 7.5 45.02 162 116.98 4.24 

4 7.5 45.25 162.21 116.96 4.22 

5 7.5 44.9 161.7 116.8 4.08 

4 

1 4.95 53.15 128 74.85 

76.206 

 

 

76 

 

 

2.66 

2.81 

2 4.95 53.21 129.05 75.84 2.77 

3 4.95 53.52 132.07 78.55 3.06 

4 4.95 53.48 130.12 76.64 2.44 

5 4.95 53.29 128.44 75.15 3.12 

5 

1 2 62.28 92.49 30.21 

30.746 

 

 

30.6 

 

 

0.96 

0.956 

2 2 62.2 93.39 31.19 0.95 

3 2 62.3 93 30.7 0.87 

4 2 62.55 92.89 30.34 1.01 

5 2 62.3 93.59 31.29 0.99 
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Figure 129. Results of initial flow rate effect on PVC pipe dynamic response of experiments 1 to 3 from left to right  
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Figure 130. Results of initial flow rate effect on PVC pipe dynamic response of experiments 4 and 5 from left to right
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Decreasing the initial flowrate from 12.6 gpm to 2 gpm is found to decrease 

the initial surge pressure spike from 217 psig to 92 psig, respectively. Acceleration 

amplitude is also noticed to decrease with decreasing initial flowrate.  At the highest 

initial flowrate of 12.6 gpm, the resulting average maximum acceleration was 6.244 

g, while it was decreased to 0.956 g at the lowest flowrate of 2 gpm. Regardless of 

the maximum and minimum pressure amplitudes, the shape of pressure waves for 

the first three experiments is similar. Also, the sinusoidal shape of the pressure waves 

for the last two experiments is similar but different than that of the first three 

experiments. The final steady state pressure in the first three experiments is equal to 

68 psig which is the cut off pressure of the pump. However, the final steady state 

pressure of the last two experiments was about 80 psig which is higher than the pump 

cut off pressure. This can only occur when the check valve stays closed after the 

rapid active valve closure and does not reopen again resulting in a high entrapped 

pressure between the check valve and the active valve that exceeds the cut off 

pressure. It can be concluded that the non-reopen status of the check valve generated 

typical water hammer waves with sinusoidal shapes. On the other hand, the repeated 

opening and closure of the check valve in the first three experiments prevented the 

pressure waves from taking that sinusoidal shape. The periodic nature of the pressure 

waves obtained in experiments 4 and 5 provides a very good response for measuring 

the water hammer wave speed that is discussed in chapter 7. Also, comparing these 

periodic waves with the vibration waves provides a preliminary indication that the 

vibration wave speed in the pipe is much higher than the water hammer wave speed.  
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 Inspecting the vibration waves in Figures 129 and 130 that included 0.1 sec 

duration of acceleration records, it can be noticed that the shapes and the phases of 

these waves are very similar regardless of the decreasing amplitudes. This indicates 

that the frequency is not changing with decreasing amplitude which was proved 

graphically by the FFT figures as discussed below. 

Two main frequency components can be identified in the frequency domain 

graphs shown. The first frequency component of 33.8 Hz is present in experiments 1 

to 4 but disappeared in experiment 5 which had the lowest initial flowrate. 

Decreasing the initial flowrate resulted in decreasing the amplitude of this frequency 

component in experiments 1 to 4 and eventually eliminating the whole frequency 

component in experiment 5. The second frequency component of 122.8 Hz behaved 

exactly the same as the first one except that the latter was also present in experiment 

5 and was not eliminated completely. The frequency domain graph of the final steady 

state, (not shown here), when the valve was fully closed with the pump running, 

showed only one frequency component. That frequency was 122.8 Hz, which is the 

same as the second component but with much lower amplitude than the one obtained 

in experiment 5. Applying the wave physics in a string fixed from both ends (Gunther 

2012), the vibration wave speed in the PVC pipe can be determined. Inducing a 

disturbance in the pipe with a length, L, at a point creates a wave that travels in the 

pipe by a velocity, v. When the wave reaches a fixed point, it reflects back to the 

point of disturbance after a time period of 2L/v completing one wave cycle. The 

frequency, fr is defined as the number of complete wave cycles per sec. As a result;  
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𝑓𝑟 =
𝑣

2L
                                                                                                                             (116) 

Rearranging Eq. 116, an expression for the vibration wave speed can be obtained, 

𝑣 = 2L 𝑓𝑟                                                                                                                           (117) 

Substituting a frequency of 33.8 Hz and a pipe length of 70.583 ft in Eq. 

(117), a vibration wave speed of 4771 ft/sec in the PVC pipe is obtained. 

Results of the average net maximum surge pressure and initial flowrate were 

plotted together. Linear regression shows that the surge pressure spike correlates 

linearly with the initial flowrate as can be seen in Figure 131 with a high coefficient 

of determination, R2 of 0.9996. The higher the initial flowrate, the higher the surge 

pressure increase. This agrees very well with the basic water hammer equation (Eq. 

24) developed by Joukowsky (1898). Equation 24 is only valid when the valve is 

closed rapidly. A valve is said to be closed rapidly when the closure time is less than 

the critical time. Critical closure time is the time required for the wave generated at 

the valve to travel all the pipe length and then reflects back to the valve. Therefore, 

Eq. (24) is only valid when the closure time is equal to 2L/a, where, L is the pipe 

length and, a, is the water hammer wave speed. As will be discussed later, the water 

hammer wave speed in the PVC pipe was found to be 1893 ft/sec. Considering the 

pipe length of 70.583 ft from the active valve to the check valve in Figure 125, the 

critical time of the system is 0.074 sec. Since the solenoid valve closure time is 0.05 

sec, Eq. (24) could be used to calculate the predicted pressure increase at each initial 

flowrate as can be seen in Table 21. 
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Figure 131. Correlation of maximum surge pressure with initial flowrate for PVC 

pipe obtained by linear regression 

Non-linear regression of the maximum acceleration and initial flowrate data 

shows a very good power correlation with R2 of 0.957 as can be seen in Figure 132. 

Since both surge pressure and acceleration correlate to initial flowrate, a very good 

power correlation with an R2 of 0.9574 was also found between these two parameters 

as shown in Figure 133. 

 
Figure 132. Correlation of maximum acceleration with initial flowrate for PVC 

pipe obtained by non-linear regression 
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Figure 133. Correlation of maximum surge pressure with maximum acceleration 

for PVC pipe obtained by non-linear regression 

The mathematical correlation equation given previously in Figure 131 was 
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Experimental results were superimposed on the equation as shown in Figure 134. An 
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Figure 134. Validation of maximum surge pressure and initial flowrate correlation 

equation for PVC pipe 

 
Figure 135. Validation of maximum acceleration and initial flowrate correlation 

equation for PVC pipe 
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6.5.1.2 Steel Pipe Response 

 The same pipeline arrangement shown in Figure 125 previously used to study 

the response in PVC pipe was used to investigate the response of steel pipe under 

different initial flowrates. The ¾ in PVC pipe was replaced by a ¾ in steel pipe 

keeping all the dimensions unchanged. Eight solenoid valve closure experiments 

were conducted staring with a flowrate of 12.22 gpm and ending with a flowrate of 

0.482 gpm. Experimental details and results are presented in Table 22. During the 

experiments 1, 2, and 3, surge pressure exceeded the transducer measurement range 

of 300 psig for a short period of time. Thus, the data acquisition equipment recorded 

a continuous 300 psig during that period. Therefore, only the results of experiments 

4 to 8 will be analyzed here. Since the steel pipe length and flowrates are known, Eq. 

(24) was used to estimate the wave speed in the steel pipe. The estimated wave speed 

will be compared later with the wave speed that will be measured in chapter 7. A 

wave speed ranging from 4300 to 4500 ft/sec was estimated for the steel pipe using 

Eq. (24) and the data presented in Table 22. 

Table 22. Experimental Results of Pressure and Acceleration at Different Initial 

Flowrates for Steel Pipe 

Exp. 

No. 

Closure 

Time 

Initial 

Flowrate 

Avg. Initial 

Pressure 

Total Max. 

Surge 

Pressure 

Net Max. 

Surge 

Pressure 

Max. 

Acceleration 

 (sec) (gpm) (psig) (psig) (psig) (g) 

1 0.05 12.22 15.6 300 NA NA 

2 0.05 12.19 25.61 300 NA NA 

3 0.05 9.434 33.7 300 NA NA 

4 0.05 6.34 47.21 272.21 225 1.12 

5 0.05 4.428 53.57 212.75 159.18 1.09 

6 0.05 2.687 59.4 158.86 99.46 0.97 

7 0.05 1.503 62.62 120.01 57.39 0.44 

8 0.05 0.482 68 86.41 18.41 0.25 
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Pressure, acceleration, and FFT recorded results for experiments 4 to 6 and 7 

to 8 are shown in Figures 136 and 137, respectively. Much higher transient pressures 

were generated in the steel pipe compared to the PVC pipe. This is due to the 

expected higher pressure wave speed in the steel pipe. Regardless of the amplitudes, 

the pressure waves of all experiments look similar. All pressure waves attenuated 

completely due to pipe friction after 0.25 sec. Also, the pressure waves generated in 

the steel pipe look very similar to those generated in the PVC pipe presented in Figure 

129. 

Similar to what was noticed in the PVC pipe case, the generated transient 

pressure and the accompanying accelerations are decreasing with decreasing 

flowrates. The frequency domain graphs show one main frequency component and a 

second small one in some of them. At experiments 4 to 7, the pipe was vibrating with 

a frequency of 54.78 Hz. During experiment 8, which had the lowest flowrate, the 

pipe was vibrating at a frequency of 58.99 Hz. That frequency is the final steady state 

frequency. In general, the frequency was not changing with decreasing initial 

flowrate but the amplitude was decreasing. The FFT analysis shows that the steel 

pipe was vibrating at a higher frequency but lower amplitudes than the PVC pipe. 

Using Eq. (117), a vibration wave speed of 7733 ft/sec is calculated for the steel pipe 

from the measured frequency of 54.78 Hz. Comparing this wave speeds to the one 

calculated for the PVC pipe, it is obvious that the vibration wave speed in the steel 

pipe is higher than that in the PVC pipe by a factor of 1.62.  



 

 

 

      

 

 

  
Figure 136. Results of initial flow rate effect on steel pipe dynamic response of experiments 4 to 6 from left to right 

0

50

100

150

200

250

300

0 0.25 0.5 0.75 1

P
re

ss
u

re
 (

p
si

g
)

Time (sec)

0

50

100

150

200

250

300

0 0.25 0.5 0.75 1

P
re

ss
u

re
 (

p
si

g
)

Time (sec)

0

50

100

150

200

250

300

0 0.25 0.5 0.75 1

P
re

ss
u

re
 (

p
si

g
)

Time (sec)

-1.5

-1

-0.5

0

0.5

1

1.5

0.1 0.3 0.5 0.7 0.9

A
cc

el
er

at
io

n
 (

g
)

Time (sec)

-1.5

-1

-0.5

0

0.5

1

1.5

0.1 0.3 0.5 0.7 0.9

A
cc

el
er

at
io

n
 (

g
)

Time (sec)

-1.5

-1

-0.5

0

0.5

1

1.5

0.1 0.3 0.5 0.7 0.9

A
cc

el
er

at
io

n
 (

g
)

Time (sec)

0

0.025

0.05

0.075

0 250 500 750 1000

P
o

w
er

 (
g

rm
s2

)

Frequency (Hz)

0

0.0025

0.005

0.0075

0.01

0 250 500 750 1000

P
o

w
er

 (
g

rm
s2

)

Frequency (Hz)

0

0.002

0.004

0.006

0.008

0.01

0 250 500 750 1000

P
o

w
er

 (
g

rm
s2

)

Frequency (Hz)

  

2
5
4

 



 

 

 

      

 

 

  
Figure 137. Results of initial flow rate effect on steel pipe dynamic response of experiments 7 to 8 from left to right 
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Just like the procedure used with the PVC pipe, the measured surge pressures 

and accelerations were plotted against initial flowrate and against each other as well 

as shown in Figures 138-140. The Steel pipe also behaved like the PVC pipe in terms 

of the obtained correlations. Surge pressure and acceleration were found to correlate 

very well to initial flowrate with high R2 of 0.9989 and 0.9506, respectively and to 

each other by an R2 of 0.9338. 

 
Figure 138. Correlation of maximum surge pressure with initial flowrate for steel 

pipe obtained by linear regression 

 

Figure 139. Correlation of maximum acceleration with initial flowrate for steel 

pipe obtained by non-linear regression 
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Figure 140. Correlation of maximum surge pressure with maximum acceleration 

for steel pipe obtained by non-linear regression 

For a better comparison, the obtained correlation equations for the PVC pipe 

shown in Figures 131 to 133 were plotted with the correlation equations obtained for 
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Figure 141. Effect of material type on the maximum surge pressure generated after 

valve closure at different initial flowrates 

 

Figure 142. Effect of material type on the maximum acceleration generated after 

valve closure at different initial flowrates 
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Figure 143. Effect of pipe material on the maximum acceleration generated after 

valve closure at different surge pressures 
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Figure 144. Results of initial flow rate effect on short PVC pipe dynamic response of experiments 1 to 3 from left to right 
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 Figure 145. Results of initial flow rate effect on short PVC pipe dynamic response of experiments 4 to 6 from left to right
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Table 23. Experimental Results of Pressure and Acceleration at Different Initial 

Flowrates for a Short PVC pipe section 

Exp. 

No. 

Run 

No. 

Initial 

Flow 

Rate 

Avg. 

Initial 

Pressure 

Total Max. 

Surge 

Pressure 

Net Max. 

Surge 

Pressure 

Max. 

Acceleration 

(gpm) (psig) (psig) (psig) (g) 

1 
1 12.26 17.45 191.76 174.31 3.91 

2 12.26 18.19 192.43 174.24 3.96 

2 1 9.397 40.68 184.97 144.29 3.43 

3 1 6.12 51.47 154.93 103.46 2.57 

4 1 4.26 56.08 132.13 76.05 2.29 

5 1 1.648 62.83 95.29 32.46 1.12 

6 1 0.751 66.5 78.26 11.76 0.41 

 

During steady state, pipe vibration was negligible. When the surge pressure 

waves arrived, shock vibration waves were also recorded with elevated levels. Then, 

just like pressure waves, vibration shock waves attenuated with time with lower 

frequencies. By looking at the acceleration time domain graphs, it can be seen that 

the transient zones look similar in frequency but with decreasing amplitudes. The 

frequency domain graphs show that the pipe was vibrating mainly at a frequency of 

109.6 Hz in experiments 1 to 5. With decreasing flowrate, the amplitude of this 

frequency component starts decreasing and the steady state frequency component of 

120.098 Hz starts showing up at experiment 6 that have the lowest flowrate. This 

response was similar to the response of the long PVC pipe.  

Decreasing the PVC pipe length was found to make the pipe vibrates with 

higher frequencies. Decreasing the pipe length resulted in increasing the vibration 

frequency from 33.8 Hz to 109.6 Hz. This can be explained theoretically by 

inspecting Eq. (116) which shows that increasing the length results in increasing the 
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vibration frequency at a constant wave speed. Using Eq. (117), the frequency of 

109.6 Hz measured for the short PVC pipe, reflects a vibration wave speed of 4713 

ft/sec. The vibration wave speed calculation is based on a pipe length of 21.5 ft which 

is the distance between the active valve and the check valve. The calculated vibration 

wave speed for the short PVC pipe is only off by 58 ft/sec from the wave speed 

calculated for the long PVC pipe. This difference in the vibration wave speed is 

equivalent to a frequency of 1.35 Hz. Knowing that the frequency resolution used 

during data sampling is 2.1 Hz, this difference is well justified. An average of 4742 

ft/sec provides a good estimate of the vibration frequency in the PVC pipe. 

Figures 146-148 obtained from statistical regression performed on the 

experimental results show that the surge pressure and acceleration correlate very well 

to initial flowrate and to each other, as well. The correlation equations obtained were 

very similar to those previously obtained for the long PVC pipe given in Figures 131-

133. However, at constant initial flowrate, and using the same material type, the 

generated surge pressure and acceleration were reduced by reducing the pipe length. 

For comparison, the obtained correlation equations for the long and the short 

PVC pipe experiments were plotted in Figures 149-151. As Figure 149 shows, at 

constant initial flowrate, slightly higher pressure surge are generated in the long pipe. 

The theoretical explanation to this is that the longer the pipe, the higher the mass of 

flowing water, and thus, the higher the kinetic energy destroyed. According to 

Figures 150 and 150, at the same pipe material type and constant flowrate and surge 

pressure, the longer pipe would vibrate with higher acceleration.  
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Figure 146. Correlation of maximum surge pressure with initial flowrate for short 

PVC pipe section obtained by linear regression 

 
Figure 147. Correlation of maximum acceleration with initial flowrate for short 

PVC pipe section obtained by non-linear regression 
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Figure 148. Correlation of maximum surge pressure with maximum acceleration 

for short PVC pipe section obtained by non-linear regression 

 
Figure 149. Effect of pipe length on the maximum surge pressure generated after 

valve closure at different initial flowrates 
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Figure 150. Effect of pipe length on the maximum acceleration generated after 

valve closure at different initial flowrates 

  

Figure 151. Effect of pipe length on the maximum acceleration generated after 

valve closure at different surge pressures 
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6.5.2 Effect of Valve Closure Time (tc)  

 Keeping the flowrate constant at 12.96 gpm, eight experiments using PVC 

pipe and 13 experiments using steel pipe were conducted to study these materials 

dynamic responses to water hammer caused by valve closure at different speeds. The 

pipe arrangement shown in Figure 125 was used in this experimental session. The 

downstream plastic control valve was kept wide open to allow for a constant 

flowrate. The NIBCO ball valve was used as the active valve. In order to measure 

the closure time, a quarter circle chart that was graded from 0 to 90 degrees, was 

affixed under the NIBCO ball valve. The centers of the graded chart and valve handle 

were aligned to each other. When the active valve handle is pointing to 0 degrees, 

the valve is wide open. When the handle is pointing to 90 degrees, the valve is 

completely closed. Rotating the handle from 0 to 90 degrees closes the valve. A 

digital camera with a 30 frame per second (fps) resolution was used to record the 

closure actions. A simple MATLAB code was written to help convert the video 

records into separate frames. Each frame is worth 1/30 sec period of time. The 

MATLAB code is shown below and the valve and chart arrangement, and how a 0.2 

sec valve closure time was measured is shown in Figure 152. 

clc; 

  path = strcat('C:\Users\Wissam\Desktop\Matlab Video 

Code\SANY0123','.avi'); 

obj = mmreader(path);    

for   k = 1 :1: 330    

      frame = read(obj, k); 

      filename = strcat('C:\Users\Wissam\Desktop\Matlab Video 

Code\',num2str(k),'.bmp'); 

      imwrite(frame,filename)      

end 
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Figure 152. Active valve and graded chart arrangement for closure time 

measurement showing a closure action that took place in 0.2 sec 
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Experimental pressure and accompanying acceleration results for PVC and 

steel pipes are presented in Figures 153 and 154, respectively. The valve closure 

speeds of all experiments are illustrated in the legend of each figure. It can be noticed 

for both pipe materials, that the surge pressures and their accompanying accelerations 

are decreasing with increasing closure time. Surge pressures generated in the steel 

pipe are noticeably higher than those noticed in the PVC pipe even at similar closure 

times of 0.23 sec, 0.27 sec, and 0.73 sec. Although, the steel pipe was subjected to 

more sever shock waves, it was vibrating with lower acceleration levels than those 

of the PVC pipe. This conclusion is similar to the conclusion obtained previously by 

closing the solenoid valve at constant speed. A closure time higher than 2 sec resulted 

in a gradual increase in pressure from the initial steady state to the pump cutoff 

pressure without generating any water hammer in both pipe materials. As a result, 

the acceleration recorded during the longest closure time was just the steady state 

acceleration level. Comparing Figures 153 and 154, it can be noticed that regardless 

of the amplitude values of the surge pressure waves of both pipe materials, their 

shapes look very similar. Based on that, it can be concluded that the same valve can 

produce surge pressure waves that are very similar in shapes in different pipe material 

types if the pipe arrangement was kept the same. 

  



 

 

 

      

 

 

Figure 153. Transient pressure and resulting acceleration due to valve closure at different speeds for PVC pipe 
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Figure 154. Transient pressure and resulting acceleration due to valve closure at different speeds for steel pipe 
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The above experimental results of pressure and acceleration were plotted with 

the corresponding valve closure times as given in Figures 155 and 156 for the PVC 

pipe and Figures 157 and 158 for the steel pipe. Power equations obtained from non-

linear regression were found to provide the best fit for all of the four relations with 

significantly high R2 values.  

 
Figure 155. Correlation of maximum surge pressure with valve closure time for 

PVC pipe 

 
Figure 156. Correlation of maximum acceleration with valve closure time for PVC 

pipe 
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Figure 157. Correlation of maximum surge pressure with valve closure time for 

steel pipe 

 

Figure 158. Correlation of maximum acceleration with valve closure time for steel 

pipe 

 Theoretically, a longer closure time results in a decrease in the rate of flow 
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Chapter 7 

Water Hammer Modeling of a Small 

Scale Pipeline 

 

7.1 Introduction 

It is well-documented that the classical one-dimensional (1D) water hammer 

model is capable of providing good agreement with experimental data during only 

the first wave cycle. After the first wave cycle, significant discrepancy in the 

predicted pressures starts to emerge (Ghidaoui et al. 2005). Usually, the traditional 

1D water hammer models over predict the pressure wave after the initial cycle. One 

of the main reasons for this failure in predicting the actual pressure wave stems from 

the use of the quasi-steady wall shear stress expressions. By using such expressions 

like the Darcy-Weisbach and Hazen-Williams formulas, the behavior of wall shear 

stress during steady state is assumed to be the same during a transient event. As a 

result, the two-dimensional (2D) behavior of the velocity profile is ignored. In fact, 

pressure waves generated during transient events, induce flow reversal near the pipe 

wall. Consequently, the combined effect of the flow reversal near the pipe wall and 

the no slip condition (i.e., zero relative velocity at the wall boundary) creates large 

velocity gradient resulting in high shear stress at the pipe wall (Ghidaoui et al. 2002). 

However, the 1D classical water hammer models ignore the dissipation effect of the 
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velocity gradient and as a result, cannot account for the resulting losses created at the 

pipe wall (Axworthy et al. 2000). Several unsteady friction formulas have been 

developed by many researchers including 1D (Dailey et al. 1956; Zielke 1968; Trikha 

1975; Vardy et al. 1993; Brunone et al. 1995; Vardy and Brown 1995; Silva-Araya 

and Chaudhry 1997; Pezzinga 1999; Axworthy et al. 2000) and 2D (Vardy and 

Hwang 1991; Silva-Araya and Chaudhry 1997; Pezzinga 1999) expressions. In the 

1D unsteady friction models, the friction term is either dependent on the 

instantaneous mean flow velocity and acceleration or on the instantaneous mean flow 

velocity and weights for past flow conditions. In the 2D models, the actual cross-

sectional velocity profile is computed during the transient event (Bergant and 

Tijsseling 2008). Detailed reviews of these models are discussed in Ghidaoui et al. 

(2002) and Ghidaoui et al. (2005). Although the results of these unsteady friction 

models compare well with experimental data, a number of major practical drawbacks 

are involved in their use for modeling of water hammer events. The associated 

complexity and computational expense and memory requirements of the 2D models 

make them impractical. On the other hand, the majority of the 1D models are valid 

for limited flow conditions. More than that, most of these models have not been 

sufficiently justified in the literature (Axworthy et al. 2000).  

All of the available water hammer computer packages are based on the 

classical 1D water hammer model which calculates the pipe friction based on the 

quasi-steady friction expressions. As a result, there is always a challenge in matching 

the results of water hammer models with experimental data beyond the first wave 
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due to the slow model damping compared to field damping. However, accurate 

transient simulation beyond the first wave cycle is vital in a number of practical 

applications. Examples of these applications are (Ghidaoui et al. 2005): “(i) the 

design and analysis of pipeline systems, (ii) the design and analysis of surge control 

measures, (iii) the modeling of water quality problems induced by water hammer 

such as contaminant intrusion, and (iv) the use of transient events for collecting data 

for leakage detection and diagnostic applications”. It follows that an efficient 

treatment of the slow damping issue is needed while still using the traditional water 

hammer packages. 

Significant discrepancy in predicted pressure waves also usually arises from 

modeling components with unknown characteristics such as check valves. Check 

valve closure characteristics play a dominant role in changing the results of water 

hammer models. According to Lingireddy (2013), “Modeling check valves is always 

problematic and until the true behavior of these components is represented in the 

model, it may not be easy to get the right response. That said, modeling true 

characteristics of check valves, even if they are accurately known, which is difficult 

in the first place, is quite challenging. Most experimental verification problems tend 

to stay away from pumps for this reason”.  

In this chapter, experimental data obtained from a small scale experimental 

piping system were used to investigate the calibration of water hammer numerical 

models developed by a commercial software package. The software package used 

was Surge 2012 previously described in this research. Surge modeling of small scale 
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pipeline systems is quite easy compared to modeling large real world pipeline 

systems. However, calibrating small scale surge models to match field data is usually 

quite challenging compared to large real world models (Lingireddy 2013). The 

reason behind this difficulty is that the small differences in basic parameters can have 

significant effect on the model results.  

7.2 Objectives and Scope of the Study 

The main objective of this study is to investigate the significant parameters 

that can interact with and affect matching the model results predicted by a traditional 

1D water hammer model with experimental data. After identifying these parameters, 

the possibility of obtaining good agreement with experimental data by manipulating 

these parameters was investigated. 

The scope of this study includes conducting several transient experiments 

using the experimental pipe facility shown in Figure 125 that was previously 

described in chapter 6. Pressure transients with different levels of severity are 

initiated by closing a downstream ball valve at different closure speeds and flowrates. 

Numerical water hammer models are then built to simulate the transient conditions 

generated in the field. Experimental pressure and flow data was collected and used 

for calibrating the water hammer models.  

7.3 Determination of System Parameters 

 A number of the pipeline system parameters should be determined for 

modeling purposes. The parameters, include the pump performance curve, C factor 



 

 

 

   278 

and celerity (i.e., wave speed) of the PVC and the steel pipes, and valve resistances. 

The determination of this data requires conducting several field experiments during 

which, pressure and flow data are collected. The procedures of measuring each of 

these parameters and the results obtained are discussed next. 

7.3.1 Pump Performance Curve Calculation  

Pump performance curve development was conducted to determine if the 

curve provided by the manufacturer was reliable. Using an accurate pump curve was 

found to be a very significant factor that affects the accuracy and convergence of 

numerical surge models. In order to develop the pump curve experimentally, the PVC 

pipeline set up illustrated in Figure 125 was used. On the downstream end of the 

pipeline, the active valve was kept wide open all the time while the control valve was 

used to change the flowrate after each run. Seven experimental runs were conducted 

starting with the control valve wide open and ending with the valve fully closed at 

zero flow. During each run, pressure on the pump discharge side measured by the 

PX-200 transducer was converted to pressure head (Hd). The constant pressure head 

on the pump suction side (Hs) was then subtracted from the calculated Hd to obtain 

the total dynamic head (TDH) of the pump. Table 24 includes the final results of this 

experiment. The resulting data was plotted with the manufacturer data for 

comparison as shown in Figure 159. A significant discrepancy between the two 

curves starts to appear beyond a flowrate of 8.5 gpm. This discrepancy made it 

necessary to repeat the experiment for three times. However, all experiments resulted 

in the same curve indicating the validity of the measured curve. Therefore, the 
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obtained curve was adopted for developing the water hammer models. However, the 

calculated pump curve was wavy with both concave up and down portions. 

Therefore, to prevent any convergence issues, the curve was modified. The modified 

curve concaves downward all the way as shown in Figure 159. 

Table 24. Pump Performance Curve Development Experimental Results 

Run 

No. 

Hs 

(ft) 

PX-200 

(psi) 

PX-300 

(psi) 

Hd 

(ft) 

TDH 

(ft) 

Flowrate 

(gpm) 

Flow Velocity 

(ft/s) 

1 2.4 10.825 2.504 25.36 22.96 12.90 7.7611 

2 2.4 19.5 11.20 45.39 43 12.65 7.6107 

3 2.4 43.5 40 100.81 98.41 9.51 5.7216 

4 2.4 54.1 52.8 125.29 122.9 5.16 3.1045 

5 2.4 63.04 62.9 145.93 143.53 1.97 1.1852 

6 2.4 66.73 66.51 154.45 152.05 0.834 0.5018 

7 2.4 68 68 157.38 155 0 0 

 

 

Figure 159. Manufacturer, calculated, and modified Sta-Rite pump performance 

curves  
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7.3.2 C Factor Calculation 

In order to measure the Hazen-William’s friction factor (C factor) for the 

PVC pipe, the downstream valves of the pipe arrangement shown in Figure 125 were 

removed. This ensures that the head loss measured between the two transducers was 

only due to pipe friction. The pump was started and a steady state flow condition was 

established. Pressure data was then collected for 8 sec and the flowrate was also 

measured. The data collection period resulted in 13,654 samples collected by each 

transducer. A plot of the collected data during the steady state experiment is given in 

Figure 160. 

 

Figure 160. Recorded pressures during the C Factor calculation experiment for 

PVC pipe 

Averaging the collected data points yields a head loss of 19.21 ft due to pipe 

friction at a flowrate of 12.9 gpm. Using the calculated head loss and measured 
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publications (Fielding 1972; Bishop 1978; Stephenson 1989). Jeppson (1985) also 

concluded in his work that PVC pipes had a C factor value of 149. Hazen-William’s 

C factor was calculated using the Hazen-William’s head loss equation that relates the 

head loss in terms of the slope of hydraulic grade line to the hydraulic radius and 

flow velocity (Liou 1998). This equation was first developed by Gardner Williams 

and Allen Hazen in 1902 and was then further modified in 1920 to take its form given 

in Eq. (A.2) in Appendix A (Hazen and Williams 1920). The same experimental 

procedure was repeated after replacing the PVC pipe by a steel pipe. A C factor of 

126 was measured for the steel pipe. For brevity, the pressure records of the steel 

pipe friction factor experiment is not shown.  

7.3.3 Measurement of Pipe Celerity  

Pipe celerity, also called pipe wave speed, is a characteristic of the pipe 

material type as discussed previously. The U-shape pipe arrangement given in Figure 

124 was used to determine the wave speed of the PVC pipe. The reason for using this 

U-shape configuration was to provide enough pipe length to capture the reflecting 

pressure waves. While the pump was operating at its full speed, transient conditions 

were induced in the pipe by manually closing and opening the NIBCO ball valve 

quickly. Three runs were conducted for the valve closure case and another three runs 

were conducted for the valve opening case. The upstream (PX-200) and downstream 

(PX-300) pressure transducers were connected to the data acquisition equipment that 

was sampling at a rate of 1613 S/sec. The data acquisition system was initially set to 
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read the data without any logging. Once a steady state condition was reached, data 

logging was triggered and the ball valve was closed as fast as possible to induce a 

pressure transient. All of the three experiments gave similar responses showing an 

abrupt increase in pressure on the upstream of the valve from 2.8 psi to 217 psi in 

0.13 sec. Then, all the pressure disturbance gets dissipated in less than one second to 

a new steady state which is just the pump cutoff pressure. Figure 161 shows a plot of 

the recorded synchronized pressure at both ends during one of the three experiments. 

The high pressure wave front reached the upstream pressure transducer port PX-200 

after 0.08866 sec indicating that the wave speed required traversing the 167.83 ft 

distance between the two sensors was 1893 ft/sec. Because the sampling process at 

both ends was synchronized with zero time lag, since the two channels share the same 

internal clock on the compact DAQ chassis, the calculated wave speed was very 

accurate. 

 

Figure 161. Synchronized pressures recorded during valve closure for wave speed 

calculation in PVC pipe 
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The entire three valve opening experiments had the same setting and 

procedures used with the valve closure experiments except that the ball valve was 

initially closed and the pump was operating at its cutoff pressure. As shown in Figure 

162, while the pump was operating at the cutoff pressure, data logging was turned 

on and the ball valve was opened as fast as possible causing the pressure upstream 

of the valve to decrease down to zero in 0.09 sec. The down surge wave front reached 

the upstream pressure transducer PX-200 after 0.08866 sec indicating exactly the 

same wave speed recorded in the valve closure experiments. After 1.25 sec, a new 

steady state condition predominated. The same responses were obtained in the 

repeated valve opening and closure experiments and a wave speed of 1893 ft/sec was 

calculated.  

 

Figure 162. Synchronized pressures recorded during valve opening for wave speed 

calculation in PVC pipe 
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Since the pipe length is known, this periodic wave can be used to calculate the wave 

speed. The time period between any two consecutive peaks or valleys (i.e., wave 

length) is equal to 2L/a, where (L) is the pipe length and (a) is the wave speed. The 

pipe length from the active valve to the check valve (i.e., reflection points) is 70.583 

ft. The periodic pressure wave shown in Figure 163 has a wave length of 0.0746 sec. 

This corresponds to a wave speed of 1893 ft/sec. The theoretical wave speed 

calculated by Eq. (21) for the PVC pipe was 1954 ft/sec. This shows that the 

measured wave speed is very close to the theoretical one. However, the theoretical 

wave speed is based on the assumption of no air entrained in the pipe and that the 

pipe is perfectly constrained from horizontal movement. The presence of very small 

amount of air and minor horizontal movement of the pipe during the transient event 

could be responsible for reducing the wave speed by 61 ft/sec compared to the 

theoretical value.  

Figure 163. Periodic pressure wave generated by solenoid valve closure in the 

PVC pipe setup shown in Figure 125 
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After measuring the PVC pipe wave speed in the U-shape pipe set up, it was 

concluded that the data acquisition equipment can capture the wave speed even in 

shorter pipes. Therefore, it was decided to use the pipe set up shown in Figure 125 

to measure the wave speed of the steel pipe. The wave speed was measured by 

conducting a series of valve opening experiments. While the pump was operating 

and the solenoid valve was in closed status, the solenoid valve was then energized to 

open in 0.05 sec. The upstream and downstream pressure transducers captured the 

transient pressure due to valve opening.  

Figure 164 shows the upstream and downstream pressure records after one of 

the valve opening runs. It can be seen that due to the repeated rapid valve opening 

and closing while the pump was operating continuously, high pressure was entrapped 

in the pipe. The entrapped pressure when the solenoid valve was in closed status was 

higher than the pump cut off pressure. The downsurge pressure wave generated at 

the solenoid valve traveled the distance of 64.875 ft between the two transducers in 

0.0144 sec. According to this record, a wave speed of 4482 ft/sec was measured for 

the steel pipe. All of the valve opening experiments produced the same wave speed. 

A wave speed of 4482 ft/sec falls within the wave speed range (4300-4500 ft/sec) 

estimated preliminarily in chapter 6 based on Eq. (24) and pressure rise measured 

experimentally due to valve closure. For comparison, a theoretical wave speed of 

4654 ft/sec was calculated using Eq. (21). 
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Figure 164. Synchronized pressures recorded during solenoid valve opening for 

wave speed calculation in steel pipe 
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valve and then the NIBCO ball valve was closed in approximately 0.2 sec. The 

transient pressure generated at the downstream valve was recorded to be used in the 

analysis. The model was first calibrated to match the initial steady state flowrates 

and pressures by adjusting the initial open area ratio of the control valve for each run. 

Table 25 presents the experimental conditions in the field and the model.  

The sensitivity analysis was conducted over four trials. The parameters 

affecting the model results were identified and manipulated and the resulting model 

predicted pressures were compared to the measured pressures. Details of all trials are 

given in Table 26 and graphical comparisons between the predicted and measured 

pressures obtained in trials 1 through 4 are given in Figures 165 through 168, 

respectively. Four parameters were found to be the most critical in changing the 

discrepancy of predicted pressures from measured pressures. Those key parameters 

included the check valve time, the differential pressure head at the check valve, the 

final valve open area ratio, and fictitious injection or bleeding of a small amount of 

flow into or out of the pipe. The check valve time is the time it takes the check valve 

to close completely once the flow reversal wave reaches it. The differential pressure 

head is the pressure difference on both sides of the check valve. A 15 ft differential 

pressure head means that the check valve starts opening only when the pressure on 

the upstream of the valve exceeds the pressure on the downstream of the valve by 15 

ft. A final valve open area ratio of zero means that the active valve was closed by 

100%. A flow injection or bleeding when used, means that the model is set to 

introduce a small fictitious amount of flow into or out of the pipe. 
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Table 25. Experimental and Model Conditions used for Sensitivity Analysis 

Run No. 
Initial Flowrate 

(gpm) 

Active Valve 

Closure Time  

(sec) 

Initial Ratio of 

Control Valve 

1 12.735 0.2 1.00 

2 8.45 0.2 0.205 

3 5.33 0.2 0.120 

4 2.71 0.2 0.068 

5 1.27 0.2 0.0305 

 

Table 26. Model Conditions used for Sensitivity Analysis during Trials 1-4 

Trial 

No. 
Parameter Run 1 Run 2 Run 3 Run 4 Run 5 

 

1 

 

Check Valve Time (sec) 0.06 0.06 0.06 0.06 0.06 

Differential Pressure Head (ft) 0 0 0 0 0 

Final Active Valve Open Ratio 0 0 0 0 0 

Flow Injection (gpm) 0 0 0 0 0 

2 

Check Valve Time (sec) 0.06 0.053 0.02 0.015 0.011 

Differential Pressure (ft) 0 0 0 0 0 

Final Active Valve Open Ratio 0 0 0 0 0 

Flow Injection (gpm) 0 0 0 0 0 

3 

Check Valve Time (sec) 0.06 0.053 0.02 0.015 0.011 

Differential Pressure (ft) 0 0 15 15 15 

Final Active Valve Open Ratio 0 0 0 0 0 

Flow Injection (gpm) 0 0 0 0 0 

4 

Check Valve Time (sec) 0.06 0.053 0.02 0.015 0.011 

Differential Pressure (ft) 15 15 15 15 15 

Final Active Valve Open Ratio 0.01 0.01 0.01 0.01 0.01 

Flow Injection (gpm) 0.045 0.045 0.045 0.045 0.045 
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In the first trial, the main objective was to calibrate the model to match the 

results of the first run and identify to which parameters was the model the most 

sensitive. The analysis showed that the model was very sensitive to the check valve 

closure time. After trying different closure times, good matching to the measured 

pressure was obtained using a check valve time of 0.06 sec. Therefore, in the first 

trial simulations, a check valve time of 0.06 sec was applied to all of the other runs. 

The other three parameters were left equal to zero. As can be seen in Figure 165, the 

parameters setting used in trial 1 resulted in good agreements with measured pressure 

in the first two runs. However, poor prediction was obtained in runs 3 to 5 after the 

first pressure cycle. The upsurge pressure wave generated at the NIBCO valve at the 

moment of complete closure arrives at the downstream after 0.037 sec. At that 

moment, the check valve starts closing. However, it takes the valve 0.06 sec to close 

completely. As a result, the upsurge wave reflects back to the NIBCO valve as a very 

low downsurge pressure wave before the check valve closes.  

Decreasing the check valve times for runs 3 to 5 so that the check valve closes 

earlier in trial 2 eliminated the reflected low pressures and improved the results as 

shown in Figure 166. Therefore, in trial 2, the check valve times of runs 2 to 5 was 

decreased keeping all the other parameters similar to trial 1. Visually, it can be 

noticed that decreasing the check valve times improved the model prediction until 

the third cycles. However, after the third cycles, messy responses were obtained with 

significant discrepancies in the final steady states. The decreased check valve times 

with decreasing flowrate indicates that reducing the flowrate exerts additional 
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pressure on the downstream of the check valve causing the check valve to be partially 

open during steady state. Therefore, the lower the flowrate, the faster the check valve 

closes.  

Modeling runs 3 to 5 in trial 3 with a differential pressure of 15 ft was found 

to give very similar responses to the measured pressures except the slow damping 

issue as shown in Figure 167. However, numerical models always produce solutions 

that dampens pressures much slower than the damping noticed in the field. The 

reason behind that, is that numerical models are based on steady state friction 

formulas. The use of a differential pressure of 15 ft in trials 1 and 2 caused the check 

valve to close and open for multiple times creating those messy responses in Figure 

166. The slow damping issue only becomes significant with transient actions that 

stop the flow completely since the head loss is the product of the constant resistance 

times the flowrate squared. Based on that, closing the NIBCO valve by 100%, made 

it very hard to achieve the damping noticed in the field data. It is quite realistic to 

assume that valves do not close by 100% in one go and they may need for additional 

tightening to close by 100%. In order to address the damping issue, trial 4 was 

conducted by assuming that the active valve was closed by 99%. This procedure was 

found to help dampen the pressure waves much quicker than usual but in this case 

the overall magnitude of pressure waves seemed to drop instead of the amplitude 

only. So, injecting a very small fictitious amount of flowrate of 0.045 gpm into the 

pipe simultaneously with closing the valve by 99% helps increase the magnitude of 

the overall pressure wave back to the right final steady state.  
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Results of trial 4 were found to give good agreements with the measured 

pressures as can be seen in Figure 168. In an additional trial, models of runs 3 through 

5 were further modified. The modification was accomplished by keeping all of the 

settings of trial 4 the same and only changing the combinations of the final valve 

open rations and flow injection. These additional modifications resulted in good 

agreements with the measured pressures over the entire data ranges. In run 3, the 

valve was closed by 97% and a flow of 0.3 gpm was injected simultaneously with 

closure timing. A combination of a final valve open area of 2.6% and a flow injection 

of 0.165 gpm was used for run 4. Similarly, run 5 was modeled by closing the valve 

by 98.3% and injecting a flow of 0.074 gpm. Graphical comparisons of this 

additional trial are not shown here for brevity. So, a certain right combination of 

these four parameters by tweaking there values helps matching the results more 

closely. Inspecting the values assigned for the four parameters for trial 4 in Table 26, 

it can be seen that one single value for all parameters except the check valve time 

was assigned in all runs. It is also worth to notice that the model could predict the 

first wave cycle precisely during all of the four trials regardless of how these 

parameters were set.  
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Figure 165. Trial 1 simulation results conducted for sensitivity analysis 

0

50

100

150

200

250

0 0.5 1 1.5 2

P
re

ss
u

re
 (

p
si

g
)

Time (sec)

Run 1 Measured Pressure

Predicted Pressure

0

50

100

150

200

0 0.5 1 1.5 2

P
re

ss
u

re
 (

p
si

g
)

Time (sec)

Run 2 Measured Pressure

Predicted Pressure

-20

0

20

40

60

80

100

120

140

0 0.5 1 1.5 2

P
re

ss
u

re
 (

p
si

g
)

Time (sec)

Run 3 Measured Pressure

Predicted Pressure

20

40

60

80

100

120

0 1 2 3

P
re

ss
u

re
 (

p
si

g
)

Time (sec)

Run 4
Measured Pressure

Predicted Pressure

50

60

70

80

90

0 1 2 3

P
re

ss
u

re
 (

p
si

g
)

Time (sec)

Run 5 Measured Pressure

Predicted Pressure



 

 

 

   293 

 

 

 

Figure 166. Trial 2 simulation results conducted for sensitivity analysis 
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Figure 167. Trial 3 simulation results conducted for sensitivity analysis 
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Figure 168. Trial 4 simulation results conducted for sensitivity analysis 
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7.5 Modeling of Partial Valve Closure 

Four transient experiments were conducted by partially closing the control 

valve at different flowrates and different closure times as given in Table 27. The 

flowrate was set for each experiment by adjusting the open area ratio of the control 

valve. After establishing steady state, the active valve was closed partially. The 

closure actions were recorded by the digital camera in order to estimate the closure 

times and the closure ratios. Using the upstream pressure transducer (PX-200) and 

the downstream pressure transducer (PX-300), pressure traces were recorded 

simultaneously. All of the partial valve closure experiments were simulated by the 

numerical surge model developed for this purpose. To ensure that the model was 

precisely simulating the transient actions occurring in the field, model results were 

compared with the recorded upstream and downstream pressures in the same time.  

Table 27. Experimental and Model Conditions used during Partial Valve Closure 

Run 

No. 

Initial 

Flowrate 

(gpm) 

Valve Closure 

Time  

(sec) 

Open Ratio 

of Control 

Valve 

Initial Ratio 

of NIBCO 

Valve 

Final Ratio 

of NIBCO 

Valve 

1 8.46 0.17 0.191 1.0 0.14 

2 4.55 0.19 0.1115 1.0 0.10 

3 3.42 0.25 0.087 1.0 0.06 

4 1.45 0.15 0.035 1.0 0.10 

  

A comparison of the predicted and measured pressure traces on the pipe 

upstream and downstream is given in Figure 169. It can be noticed that the model 

not only could predict the initial and final steady states very precisely, but also it 

simulated almost exactly all transient pressure oscillations until they damped out.  
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Figure 169. Comparison of measured and predicted pressure traces on the 

upstream and downstream of a PVC pipe after partial valve closures  
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The four parameters obtained from the sensitivity analysis discussed 

previously were also evaluated during modeling the partial valve closure 

experiments. Closing the valve by 99% for addressing the slow damping issue was 

not needed here since the valve was actually closing partially in the field. As a result, 

both the model and the measured pressures are noticed to attenuate quickly. Also, no 

flow injection was needed to be assumed in modeling these partial closure 

experiments. The differential pressure was assumed to be zero for all simulations, 

which by looking at the comparisons in Figure 169, looks to give very good results. 

It can be concluded that the differential pressure at the check valve is not a critical 

parameter in simulating transient actions that do not result in complete flowrate 

stoppage. The most important parameter was found to be the check valve time. Just 

like the procedure used in the complete valve closure given in Table 26, a decreasing 

check valve time with decreasing flowrates was needed to be used. A check valve 

time of 0.06 sec, 0.02 sec, 0.015 sec, and 0.011 sec was used to model experiments 

1 through 4, respectively. 

7.6 Modeling Closure Time Effect 

In this investigation, all valves were removed from the pipeline except the 

NIBCO ball valve that was used as a control and an active valve in the same time. 

The flowrate was adjusted by the NIBCO ball valve and then the same valve was 

closed with two different closure times at constant flowrate. Four constant flow 

experiments were performed as given in Table 28. 
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Table 28. Field and Model Conditions used for Modeling Closure Time Effect  

Exp. 

No. 

Flowrate 

(gpm) 

Closure 

Time 

(sec) 

Initial Open 

Area Ratio 

Final Open 

Area Ratio 

Check Valve 

Time 

(sec) 

Diff. 

Pressure 

(ft) 

1 6.65 
0.08 0.23 0.01 0.04 10 

0.54 0.23 0.01 0.04 10 

2 4.64 
0.09 0.2021 0.01 0.02 10 

0.20 0.2021 0.01 0.02 10 

3 3.16 
0.06 0.1609 0.01 0.015 10 

0.08 0.1609 0.01 0.015 10 

4 2.23 
0.04 0.1341 0.01 0.01 10 

0.07 0.1341 0.01 0.01 10 

 

 A general numerical model was built to simulate the transient events of all 

experiments. In order to provide the necessary damping effect, the active valve was 

modeled to be closed by 99% rather than being closed completely. Also, the check 

valve was modeled to open when the differential pressure reaches 10 ft. It can be 

noticed that a single check valve time could be used for modeling each constant 

flowrate experiment regardless of the valve closure speed. Just like what was found 

in the previous analysis, this analysis confirmed that decreasing the initial flowrate 

made the check valve close faster. Comparisons of predicted and measured pressures 

on the upstream and downstream of the PVC pipe are given in Figures 170 and 171. 

It is evident that the assumptions used resulted in numerical models that provided the 

required damping and predicted the pressure peaks and valleys very well. It follows 

that a good understanding of check valve closure behavior with appropriately 

addressing the pressure damping can result in good agreement with field data beyond 

the first pressure cycle using the 1D water hammer package. 
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Figure 170. Modeling results of closure time effect for experiments 1 and 2 
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Figure 171. Modeling results of closure time effect for experiments 3 and 4 
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Chapter 8 

Conclusions 

 

1. The WCM-based Pipe 2012: Surge software has been demonstrated to provide 

very similar solution of water hammer equations to the MOC solutions. Hand 

calculations of the single pipe numerical example based on the WCM and MOC 

schemes, in addition to the software solution agreed very well. Statistically, 

solving for surge pressure head and also for the flowrate at the valve, the 

midpoint, and the reservoir resulted in R2 of 1 between the software and the 

WCM solutions. This is very reasonable since both solutions are based on the 

same numerical model. Statistical values of R2 ranging from 0.996 to 1 were 

obtained between the solutions by WCM and MOC when solving for pressure 

head and flowrate at all three numerical nodes. 

2. The SBFSS consists of two major branches: B19 and B06. The field data 

collected from the force main system during an extensive monitoring program 

and the data obtained from the BCUS showed that the two force mains are 

responding to controlled pump operation without experiencing serious water 

hammer issues. The recorded pressure spiking was not much excessive when 

compared to the steady state pressures. Transient pressure oscillations due to 

pump actions in B19 force main was noticed to be higher than pressure 

oscillations in B06 force main. This could be attributed to the higher flow 
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velocity and higher wave speed. In either case, pressure variations are not 

expected to damage the force mains.  

3. Based on the collected field data, the calculated TDHs and flowrates, and pipeline 

geometry, it was found that conducting a transient analysis was needed by 

comparing this information to the guidelines provided by Wylie and Streeter 

1993. 

4. Simultaneous pressure and acceleration sampling from the SBFSS showed an 

interesting interaction between these two parameters. Vibration waves were 

captures simultaneously with water hammer waves.  

5. The SBFSS Surge model was calibrated to match field data through 13 trials. The 

model predicted pressures correlated very well with field data by a statistical R2 

value of 0.9932.   

6. Model calibration during transient state was carried out over five different pump 

actions at different pumping stations and different boundary conditions. 

7. The calibration of the SBFSS Surge model showed two key requirements for a 

successful calibration. The first requirement is that surge models must be 

calibrated to match both steady state and transient state conditions so that they 

represent the system properly. The second key requirement is that calibrating a 

surge model should include pump startup and shutdown times and should also 

investigate check valve times. Matching field results was found to be very 

sensitive to pump startup and shutdown times and check valve closure times. 
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8. For each calibration run, a validation run was conducted and supported by field 

data to proof the calibration integrity. 

9. Transient analysis conducted using the calibrated SBFSS model identified that 

the worst case scenario would be the simultaneous loss of power to all five 

pumping station if the existing ARVs were not installed. This scenario would 

result in pipe cavitation along its whole profile. However, the existing ARVs was 

found to protect the pipeline under the worst case scenario. This means that 

proper maintenance of the existing ARVs must be considered seriously. 

10. It was found that adding additional ARVs with the same type and size of the 

existing ones at six more locations would remarkably minimize the appearance 

of negative pressures from the system even during the regular daily operation. 

The selected six locations were identified from the surge analysis and were found 

to be very sensitive to pump shutdowns. Three of the ARVs with a 1.26 in2 

outflow diameter and 0.15 in2 inflow diameter were added to the B19 force main 

and the other three with the same size were added on the B06 force main. The 

B19 force main new ARVs were located at B20 station, N Riverside Drive and 

Okland Ave. intersection, and Shannon Ave. and 1st Ave. intersection, 

respectively. The B06 force main new ARVs were located at B06 station, 

Orlando Blvd.-South Palm Ave. intersection, and Deland Ave. and South Palm 

Ave. intersection, respectively. 

11. In both PVC and steel pipes, reducing the initial flowrate resulted in reducing 

maximum transient pressure and maximum acceleration. In both cases, 
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acceleration spikes were generated simultaneously with pressure spikes. The FFT 

graphs of the PVC and steel pipes showed that the pipes were vibrating at 

constant main frequencies but with decreasing amplitudes with decreasing initial 

flowrate. 

12. The long PVC pipe was vibrating with a frequency of 33.8 Hz and a vibration 

wave speed of 4771 ft/sec while the steel pipe with the same length was vibrating 

with higher frequency of 54.78 Hz and higher vibration wave speed by a factor 

of 1.62. 

13. Decreasing the PVC pipe length resulted in increasing the vibration frequency 

from 33.8 Hz to 109.6 Hz but the vibration wave speed remained about the same. 

14. At constant initial flowrate, the longer pipe would experience higher transient 

pressures and higher vibration levels. 

15. Pipe accelerations for different material types and pipe lengths correlated very 

well by power equations with initial flowrates. 

16. For both PVC and steel pipes of the same length, increasing the valve closure 

time resulted in decreasing pressure and acceleration spikes. Plotting valve 

closure times with maximum pressure and accelerations showed strong power 

correlations. 

17. Water hammer wave speeds measured experimentally was 1893 ft/sec for the 

PVC and 4482 ft/sec for steel. These values were very close to the theoretical 

wave speeds. Comparing the measured water hammer wave speeds to the 

calculated vibration wave speeds for the PVC and steel pipes, it can be noticed 
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that the vibration wave speed is much higher than the water hammer wave speed 

for the same pipe. For the PVC pipe, the vibration wave speed was 2.52 times 

higher than the water hammer wave speed. For steel it was 1.73 higher than water 

hammer wave speed. 

18. Sensitivity analysis of a single pipe with a pump and check valve on the upstream 

and an active valve on the downstream showed that water hammer models are 

very sensitive to the following parameters: a) check valve time, b) differential 

pressure head on both sides of a check valve, c) final valve open ration, and d) 

amount of fictitious flowrate injection. 

19. Tweaking the parameters mentioned in item 18, was found to produce water 

hammer models that could match the field data far beyond the first wave cycle 

using a 1D classical water hammer model package. 
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Appendix A 

WCM and MOC Hand Calculations 

 

A. 1 Steady State Calculations 

With a hydraulic grade line extending from 300 ft at the reservoir to 20.13 ft 

at the valve along a 1000 ft pipe, the total head loss is calculated as follows: 

hfo = HRo – HVo 

where: 

hfo is the head loss due to friction,  

HRo and HVo are the steady state pressure heads at the reservoir and the valve, 

respectively. 

hf = 300 – 20.13 = 279.87 ft 

Pressure head at midpoint (HMo) = (279.87 × 0.5) + 20.13 = 160.065 ft 

The pipe cross-sectional area (A) = (0.5)2 × π = 0.785 ft2 

Steady state flowrate is calculated using the Darcy-Weisbach friction equation 

(Donald et al. 2013): 

Q = √
hf × 2g × D × A2

f × L
                                                                                                (A. 1) 
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Qo = √
279.87 ×  2 × 32.174 × 1 ×  (0.785)2

0.0129 × 1000
= 29.33 ft3/sec 

and thus, the steady state flow velocity, Vo = 29.33 (ft3/sec)/0.785 = 37.344 ft/sec 

Based to the concept of flow continuity; 

QRo = QMo = QVo = Qo = 29.33 ft3/sec 

where: 

QRo, QMo, and QVo are the steady state flowrate values at the reservoir, the pipe 

midpoint, and the globe valve, respectively. 

The Hazen-Williams coefficient, C, that gives the same head loss caused by a 

friction factor of 0.0129 is calculated by Hazen-Williams equation shown below 

(Hazen and Williams, 1920): 

Vo = 1.318 C (
D

4
)

0.63

(
hf

L
)

0.54

                                                                                    (A. 2) 

where: 

L is the pipe length. 

Substituting the known pipe dimensions and the calculated values of Vo and hf, the 

Hazen-Williams coefficient, C is obtained as shown below: 

37.344 = 1.318 C (
1

4
)

0.63

(
279.87

1000
)

0.54

 

C = 135 
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A. 2 MOC Hand Calculations 

Solving the example problem by the MOC involved the following steps: 

1. The pipeline was divided into two 500 ft long reaches creating three points 

where calculations are required: The reservoir, the midpoint, and the valve. This 

makes the selected reach increment Δx = 500 ft. 

2. All pipe constants and initial conditions previously calculated in section A.1 are 

used. 

3. A value for the numerical time step Δt should be selected so that the wave 

traverses the pipe in one or multiple of Δt. When a calculation is required at a 

specific point such as the midpoint, the time step should then be selected so that the 

wave reaches that point at one or multiple of time steps. In this solution a numerical 

time step of 0.5 sec was selected. 

4. The simulation constants are calculated as follows: 

Ca =
g A

a
=  

32.174 × 0.785

1000
= 0.0253 

where: 

(g) is the acceleration due to gravity, (A) is the pipe cross-sectional area, and (a) is 

the wave speed. 

Friction Term =
𝑓 ∆t

2DA
=  

0.0129 × 0.5

2 × 1 × 0.785
= 0.0042 
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These two values are always constant for all time steps. 

5. Calculate the open area ratio (τ) at each time step based on the valve 

characteristic curve that gives the relationship between the valve stem position and 

the open area ratio. For our current example, a linear valve closure is assumed such 

that: 

 τ =1- (t/tc)  

where: tc is the total valve closure time, (4 sec), and t is the time. 

For example: 

At t = 0.5 s, τ =1- (0.5/4) = 0.875 

At t = 4 s, τ =1- (4/4) = 0 

and at all times after 4 sec, τ = 0 

6. Initially at t = 0, head and flowrate values at all of the three locations are equal to 

the initial conditions calculated in section A.1. 

QRo = QMo = QVo = Qo = 29.33 ft3/sec 

HRo = 300 ft, HMo = 160.065 ft, HVo = 20.13 ft 

7. Using the Ca value calculated in step 4, the τ values calculated in step 5, and the 

initial or steady state head and flow conditions at the valve, the valve flow 

coefficient Cv values at each time step using Eq. (114) are calculated. For example, 

at t = 0.5 sec, Cv is calculated as follows:  
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Cv(0.5) =
(τQvo)2

CaHvo
=

(0.875 × 29.33)2

0.0253 × 20.13

= 1293.23                                                                                   

8. Based on the wave speed, at t = 0.5 sec, (after valve closure commenced at t = 0), 

the wave will have been generated at the valve and made changes there and then 

propagated and has just arrived at the midpoint but did not make any changes there. 

This means that at t = 0.5 sec, calculation is only required at the valve but the 

conditions at the midpoint and the reservoir remain constant at the steady state 

conditions.  

To calculate the new flow conditions at the valve at t = 0.5 sec, Cp is calculated 

using equation 70 based on the flow conditions at the midpoint at the previous time 

step (t = 0 sec in this case) and using the calculated constants in step 4. 

Cp = QM +
gA

a
HM −

𝑓∆t

2DA
QM|QM| 

Cp(0.5) = 29.33 + 0.0253 × 160.065 − 0.0042 × 29.33 × |29.33| = 29.849 

where:  

QM and HM are the flowrate and Head at midpoint at the previous time step. The 

new flowrate through the valve at t = 0.5 sec is then calculated using the boundary 

condition Eq. (113), the Cv value at t = 0.5 sec calculated in step 7, and Cp value at t 

= 0.5 sec calculated above: 

QV(0.5) = 0.5 (−1293.23 + √(1293.23)2 + 4 × 29.849 × 1293.23) = 29.19
ft3

sec
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The new head value at the valve at t = 0.5 is then obtained using the positive 

characteristic equation 68 and the calculated value of flowrate at t = 0.5 sec above. 

29.19 =  29.849 − 0.0253 × HV(0.5) 

HV(0.5) = 26.042 ft 

At this moment (1st Δt), flow conditions at all points are defined and known and 

will be used for the 2nd Δt calculations. 

9. At t = 1 sec (2nd Δt), a second pressure wave will have been generated at the 

valve due to the going on closure and at the same time the first pressure wave that 

was generated at the valve will have made changes at the pipe midpoint and just 

arrived at the reservoir but has not made changes there. Also, the second pressure 

wave will have just arrived at the midpoint but has not made any changes yet. 

Based on that, a calculation is required at both the valve and the midpoint but the 

steady state flow conditions are still predominating at the reservoir and thus, no 

calculation is required there. 

The Cv values at each time step are already calculated in step 7. The Cp(1) at 

the valve at the 2nd Δt is calculated using Eq. (70), the constants calculated in step 

4, and the previously calculated flowrate and head at the midpoint obtained in step 

6. Since flow conditions at the midpoint have not changed yet, the Cp(1) value of the 

2nd Δt is still equal to the value obtained for the 1st Δt: 

Cp(1) = 29.849, and Cv(1) = 950.129 
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Similar to calculating QV(0.5), the flowrate at the valve at the 2nd Δt is calculated 

from Cv(1)  and Cp(1): 

QV(1) = 0.5 (−950.129 + √(950.129)2 + 4 × 29.849 × 950.129) = 28.96 ft3/s 

and using the positive characteristic line Eq. (68), head at the 2nd Δt is: 

28.96 =  29.849 − 0.0253 × HV(1) 

HV(1) = 34.903 ft 

It can be noticed that the pressure head is increasing due to the shock waves 

action. At this time, a calculation at the midpoint is required. The new conditions at 

the midpoint at the 2nd Δt are calculated using the positive and negative 

characteristic equations based on the calculated conditions at the two boundaries at 

the previous time step (1st Δt).  

The constants calculated in step 4 and Eq. (70) are involved in calculating 

Cp at the midpoint at the 2nd Δt based on the flowrate and head at the reservoir 

calculated at the 1st Δt: 

Cp = 29.33 + 0.0253 × 300 − 0.0042 × 29.33 × |29.33| = 33.389 

On the other hand, Ca and the friction term constants calculated in step 4 

along with Eq. (71) are used to calculate Cn at the midpoint at the 2nd Δt based on 

the flowrate and head at the valve calculated at the previous time step (1st Δt): 

Cn = 29.19 − 0.0253 × 26.042 − 0.0042 × 29.19 × |29.19| = 25.034                 
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The flowrate at the midpoint is then calculated using equation A.3 

(Chaudhry 2014): 

Qp = (
Cp + Cn

2
)                                                                                                              (A. 3) 

QM(1) = (
33.389 + 25.034

2
) = 29.211 ft3/s 

The head at the 2nd Δt is now easily calculated by substituting the calculated 

flowrate in either Eq. (68) or Eq. (69) and using the calculated Cp or Cn value, 

respectively. 

HM(1) =
33.389 − 29.211

0.0253
= 165.125 ft     

10. At t = 1 sec, steady states conditions are still predominating at the reservoir and 

therefore no calculation is required. However, the first pressure wave generated at 

the valve has just arrived at the reservoir but has not made changes in the flow 

conditions. At this moment, flowrate and head values are all known at all of the 

three points. 

11. Starting from t = 1.5 sec (3rd Δt), there will always be pressure waves acting on 

each of the three locations of the pipe and therefore, calculations are required at all 

of the three points until the end of simulation. 

12. At t =1.5 sec, using the flowrate and head values at the reservoir for the 2nd Δt 

calculated in step 9, the Cp at the valve is calculated by Eq. (70): 

Cp = 29.211 + 0.0253 × 165.125 − 0.0042 × 29.211 × |29.211| = 29.887 
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The Cp value calculated above and the Cv value for the 3rd Δt calculated in 

step 7 are substituted in Eq. (113) to calculate the transient flowrate at t = 1.5 sec: 

QV(1.5) = 0.5 (−659.811 + √(659.811)2 + 4 × 29.887 × 659.811)

= 28.643 ft3/sec 

and the head at the valve at t = 1.5 sec is calculated then using the positive 

characteristic equation 68 by substituting the QV(1.5) calculated above: 

28.643 =  29.887 − 0.0253 × HV(1.5) 

HV(1.5) = 49.148 ft 

13. Cp at midpoint at t = 1.5 is calculated using equation 70 by substituting the head 

and flow value at the reservoir obtained from the previous time step: 

Cp = 29.33 + 0.0253 × 300 − 0.0042 × 29.33 × |29.33| = 33.389 

Cn at midpoint at t = 1.5 is calculated using Eq. (71) by substituting the head and 

flow values at the valve (HV(1) and QV(1)) obtained from the previous time step: 

Cn = 28.966 − 0.0253 × 34.903 − 0.0042 × 28.966 × |28.966|

= 24.639                 

The flowrate at the midpoint at t = 1.5 sec is then calculated using equation 

A.3 after substituting Cp and Cn values calculated above: 

QM(1.5) = (
33.389 + 24.639

2
) = 29.014 ft3/sec 
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Transient head at midpoint for the 3rd Δt is now obtained by substituting 

QM(1.5) calculated above in Eq. (68): 

HM(1.5) =
33.389 − 29.014

0.0253
= 172.929 ft     

14. Transient conditions at the reservoir at t = 1.5 are calculated as follows: 

Flowrate and head at the midpoint calculated at the previous time step are 

substituted in Eq. (71) to calculate Cn: 

Cn = 29.211 − 0.0253 × 165.125 − 0.0042 × 29.211 × |29.211|

= 21.531                 

Equation (112) is used to calculate transient head at the reservoir: 

HR(1.5) = 300 ft 

The negative characteristic Eq. (69) is used to calculate the transient 

flowrate at the reservoir at this time step by substituting Cn and HR(1.5) calculated 

above: 

QR(1.5) = 21.531 + (0.0253 × 300) = 29.12 ft3/sec 

15. Step 14 is repeated for calculating transient conditions at the three locations 

until the end of simulation time. 

Figure A.1 illustrates the numerical finite difference grid used for solving 

the pipe problem and Table A.1 shows the spread sheet program developed in 

Excel to perform all the MOC calculations discussed above. 
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Table A.1 MOC Hand Solution Spread Sheet  

Time 

sec 

Reservoir Midpoint Valve 

τ Cn Hp Qp Cp Cn Qp Hp Cv Cp Qp Hp 
0 1 

 
300 29.33 

  
29.33 160.065 

  
29.33 20.13 

0.5 0.875 
 

300 29.33 
  

29.33 160.065 1293.230 29.849 29.190 26.042 

1 0.75 
 

300 29.33 33.389 25.034 29.211 165.125 950.129 29.849 28.966 34.903 

1.5 0.625 21.531 300 29.12 33.389 24.639 29.014 172.929 659.811 29.887 28.643 49.148 
2 0.5 21.184 300 28.77 33.230 24.032 28.631 181.782 422.279 29.934 28.068 73.741 

2.5 0.375 20.668 300 28.26 32.965 22.969 27.967 197.559 237.532 29.866 26.834 119.822 

3 0.25 19.758 300 27.35 32.570 20.847 26.709 231.679 105.570 29.755 24.205 219.359 

3.5 0.125 17.919 300 25.51 31.869 16.251 24.060 308.655 26.392 29.642 17.731 470.811 

4 0 13.875 300 21.46 30.428 4.529 17.478 511.849 0.000 29.493 0.000 1165.714 

4.5 0 3.275 300 10.86 27.164 -29.493 -1.165 1119.685 0.000 29.174 0.000 1153.136 

5 0 -29.487 300 -21.90 17.970 -29.174 -5.602 931.712 0.000 27.169 0.000 1073.877 

5.5 0 -29.046 300 -21.46 -12.339 -27.169 -19.754 293.086 0.000 18.099 0.000 715.379 

6 0 -25.567 300 -17.98 -11.976 -18.099 -15.038 121.009 0.000 -10.737 0.000 -424.398 

6.5 0 -17.171 300 -9.58 -9.061 10.737 0.838 -391.268 0.000 -11.048 0.000 -436.676 

7 0 10.734 300 18.32 -1.614 11.048 4.717 -250.238 0.000 -9.064 0.000 -358.251 

7.5 0 10.957 300 18.55 24.536 9.064 16.800 305.779 0.000 -1.705 0.000 -67.410 

8 0 7.905 300 15.50 24.725 1.705 13.215 454.925 0.000 23.378 0.000 924.019 

8.5 0 0.989 300 8.58 22.100 -23.378 -0.639 898.764 0.000 24.008 0.000 948.929 
9 0 -23.376 300 -15.79 15.867 -24.008 -4.071 788.034 0.000 22.101 0.000 873.575 

9.5 0 -23.940 300 -16.35 -7.173 -22.101 -14.637 295.025 0.000 15.935 0.000 629.827 

10 0 -21.222 300 -13.63 -7.663 -15.935 -11.799 163.477 0.000 -6.294 0.000 -248.765 

10.5 0 -15.363 300 -7.77 -5.279 6.294 0.507 -228.716 0.000 -7.091 0.000 -280.288 

11 0 6.293 300 13.88 0.065 7.091 3.578 -138.864 0.000 -5.280 0.000 -208.709 

11.5 0 7.039 300 14.63 20.682 5.280 12.981 304.373 0.000 0.012 0.000 0.484 

12 0 4.589 300 12.18 21.340 -0.012 10.664 421.988 0.000 19.990 0.000 790.119 
12.5 0 -0.479 300 7.11 19.160 -19.990 -0.415 773.714 0.000 20.874 0.000 825.043 

13 0 -19.989 300 -12.40 14.493 -20.874 -3.190 698.953 0.000 19.161 0.000 757.337 

13.5 0 -20.832 300 -13.24 -4.178 -19.161 -11.669 296.094 0.000 14.535 0.000 574.514 

14 0 -18.602 300 -11.01 -4.932 -14.535 -9.734 189.785 0.000 -3.619 0.000 -143.056 

14.5 0 -14.146 300 -6.56 -2.924 3.619 0.348 -129.314 0.000 -4.543 0.000 -179.574 

15 0 3.619 300 11.21 1.210 4.543 2.877 -65.872 0.000 -2.924 0.000 -115.592 

15.5 0 4.509 300 12.10 18.283 2.924 10.604 303.531 0.000 1.176 0.000 46.488 

16 0 2.463 300 10.05 19.088 -1.176 8.956 400.485 0.000 17.822 0.000 704.412 
16.5 0 -1.505 300 6.08 17.228 -17.822 -0.297 692.683 0.000 18.759 0.000 741.468 

17 0 -17.821 300 -10.23 13.523 -18.759 -2.618 637.980 0.000 17.229 0.000 680.969 

17.5 0 -18.731 300 -11.14 -2.212 -17.229 -9.720 296.777 0.000 13.551 0.000 535.605 

18 0 -16.841 300 -9.25 -3.042 -13.551 -8.296 207.693 0.000 -1.824 0.000 -72.087 

18.5 0 -13.268 300 -5.68 -1.309 1.824 0.257 -61.922 0.000 -2.759 0.000 -109.053 

19 0 1.824 300 9.41 2.044 2.759 2.402 -14.130 0.000 -1.310 0.000 -51.768 

19.5 0 2.735 300 10.33 16.640 1.310 8.975 302.966 0.000 2.020 0.000 79.857 

20 0 0.979 300 8.57 17.478 -2.020 7.729 385.339 0.000 16.309 0.000 644.632 

  

 3
3
0
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A. 3 WCM Hand Calculations 

Solving the example problem by the MOC involved the following steps: 

1. The pipeline was divided into three components: a reservoir, a friction orifice at 

midpoint, and a valve. Each element was analyzed separately and in the same time 

the effect of elements on each other was accounted for. 

2. Initial conditions calculated in section A.1 are used throughout the WCM 

calculations. 

3. The WCM simulation constants are then calculated as follows: 

F1 and F2 are calculated using Eq. (76). Since the pipe cross-sectional area 

is constant, therefore; 

F1 = F2 =
a

g × A
=

1000

32.174 × 0.785
= 39.54 

Pipeline resistance Rp is calculated using Eq. (A.4) (Wood et al. 2005); 

Rp = −
hfo

Qo
2                                                                                                                       (A. 4) 

Rp = −
279.87

(29.33)2
= −0.325 

 

Valve wide open resistance C’100% is calculated using Eq. (A.5) (Wood et al. 

2005); 

C′100% = −
(HVo − HVe)

QVo
2                                                                                               (A. 5) 
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where: 

HVe is the head downstream the valve which is equal to zero in this case because 

the valve is discharging into the atmosphere. 

C′100% = −
20.13 − 0

(29.33)2
= −0.0234 

4. Similar to the MOC solution, a value for the numerical time step Δt should be 

selected so that the wave traverses the pipe in one or multiple of Δt. In this solution 

a numerical time step of 0.5 sec was selected so that the solution can be easily 

compared to the MOC solution. The spread sheet will be comprised of 40 time 

steps. 

5. Valve open area ratios (τ) at each time step (from t = 0 to t = 20 sec) are 

calculated based on the valve characteristic curve that gives the relationship 

between the valve stem position and the open area ratio. For our current example, a 

linear valve closure is assumed such that: 

 τ = Ao/A=1- (t/Tc)  

where:  

Ao is the open valve area at time t. Tc is the total valve closure time, (4 sec). 

6. Valve resistance at each time step (C’t) is then calculated using Eq. (A.6) (Wood 

et al. 2005); 

C′t =
C′100%

τt
2                                                                                                                     (A. 6)  
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7. At t = 0, head and flowrate values at all of the three locations are equal to the 

initial conditions calculated in section A.1. 

QRo = QMo = QVo = Qi(0) = 29.33 ft3/sec 

HRo = H2(0) = 300 ft, HMo = 160.065 ft, HVo = H1(0) = 20.13 ft 

8. With a wave speed of 1000 ft/s, a pressure wave generated at the valve takes 0.5 

sec to reach the midpoint and 1 sec to reach the reservoir. 

9. At t = 0.5 sec, a pressure wave will have been generated at the valve, changed 

conditions there, and just reached the midpoint but did not cause any changes there 

yet. So a component analysis is done at this time at the valve while the conditions 

at midpoint and reservoir remain at their initial state. 

The mathematical basis of the calculations at the valve will be based on Figure 9 

and Eqs. (74) to (81) discussed in chapter 1. Since the valve is located at the 

downstream of the pipe then no waves are expected on the downstream side. As a 

result, ΔH2, ΔH4, H2, and H4 shown in Figure 9 are always equal to 0 in this case 

and therefore, these parameters will not affect the analysis. Also, there is no 

downsurge (ΔH1) acting on the valve at this time. The conditions at the valve at t = 

0.5 sec before and after the wave action are shown graphically in Figure A.2.  

Equation (75) is first solved using the flow conditions of the previous time step. As 

discussed in chapter 1, the parameters A(t) and B(t) for the valve are always equal 

to 0. 

𝑏(0.5) = (0 + 20.13 + 2 × 0 − 0 − 2 × 0 + (39.54 + 0) × 29.33) = 1179.885 
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Figure A.2 Flow conditions at the valve before (upper part) and after (lower part) 

the wave action for the first time step 

The second term in Eq. (74) is cancelled out (since B(t) = 0 for the valve) and the 

quadratic equation is solved for the transient flowrate (Qo) after the wave action as 

shown in Eq. (A.7); 

𝑄𝑜(𝑡) = F1 −
√F1

2 − 4 × C(t) × b(𝑡)

2 × C(t)
                                                                            (A. 7) 

So, the transient flowrate at t = 0.5 sec is; 

Qo(0.5) = F1 −
√F1

2 − 4 × C(0.5) × b(0.5)

2 × C(0.5)
 

Qo(0.5) = 39.59 −
√(39.59)2 − 4 × (−0.03056) × 1179.885

2 × (−0.03056)
= 29.18 cfs 

The convention used is that the flow through and away from the valve is positive. 

Therefore, the flowrate approaching the valve after the wave action is; 

Q3(0.5) = - Qo(0.5) = -29.18 cfs 
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Valve closure produces an upsurge pressure wave (ΔH3) that propagates towards 

the pipe upstream end and is calculated using Eq. (77). This equation is written in 

the time step format as shown in Eq. (A.8) below; 

∆H3(0.5) = ∆H1(0) + F1(Qo(0) − Qo(0.5))                                                                   (A. 8) 

∆H3(0.5) = 0 + 39.54(29.33 − 29.18) = 5.895 ft 

The calculation above shows that a pressure wave (ΔH3 = 5.895 ft) is generated at 

the valve and, as illustrated in Figure A.2, it is travelling towards the pipe upstream 

and will arrive at the midpoint after 0.5 sec. The new pressure head at the valve 

upstream after the wave action is calculated using Eq. (79). Writing Eq. (79) in 

terms of time step produces Eq. (A.9) as given below; 

H3(0.5) = H1(0) + ∆H1(0) + ∆H3(0.5)                                                                           (A. 9) 

H3(0.5) = 20.13 + 0 + 5.895 = 26.025 ft 

At this point of time, all transient conditions at all locations are known and well 

defined. In summary, at the end of t = 0.5 sec, the flow conditions are as follows: 

Head at the reservoir, H4(0.5) = 300 ft 

Flowrate at the reservoir, Qo(0.5) = 29.33 cfs 

Head at midpoint, HM(0.5) = 160.065 ft 

Flowrate at the reservoir, Qo(0.5) = 29.33 cfs 

Head at valve, H3(0.5) = 26.025 ft 

Flowrate at valve, Qo(0.5) = 29.18 cfs 

ΔH3 = 5.895 ft is heading towards the midpoint 

Conditions after wave 

action by the end of the 

1stΔt 
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10. at t = 1 sec, the first pressure wave will have changed conditions at the 

midpoint, partially transmitted and just arrived at the reservoir, partially reflected at 

the midpoint and just arrived at the valve but did not cause any changes at neither 

the valve nor the reservoir. Simultaneously, the pressure wave generated at the 

valve at t = 0.5 sec will have caused changes there and a new pressure wave is 

being generated at the valve but will be accounted for at the next time step. Based 

on that, a calculation is required at the valve with the initial conditions shown in 

Figure A.3 and a calculation is required at the midpoint using the initial conditions 

shown in Figure A.4. 

 

 

Figure A.3 Flow conditions at the valve before (upper part) and after (lower part) 

the wave action for the second time step 

Figure A.3 shows that the calculated transient conditions at the 1stΔt are used as 

initial conditions to calculate the new transient conditions for the next time step. 

The new conditions shown in the lower part of the figure are obtained as follows; 
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𝑏(1) = (0 + 26.025 + 2 × 0 − 0 − 2 × 0 + (39.54 + 0) × 29.18) = 1179.885 

Qo(1) = F1 −
√F1

2 − 4 × C(1) × b(1)

2 × C(1)
 

Qo(1) = 39.54 −
√(39.54)2 − 4 × (−0.0416) × 1179.885

2 × (−0.0416)
= 28.956 cfs 

∆H3(1) = ∆H1(0.5) + F1(Qo(0.5) − Qo(1)) 

∆H3(1) = 0 + 39.54(29.18 − 28.956) = 8.854 ft 

H3(1) = H1(0.5) + ∆H1(0.5) + ∆H3(1) 

H3(1) = 26.025 + 0 + 8.854 = 34.879 ft 

The analysis above produces a pressure wave of 8.854 ft propagating towards the 

pipe upstream side. This wave will make changes at the midpoint and the reservoir 

at t = 1.5 sec and t = 2 sec, respectively. 

11. Midpoint calculations at t = 1 sec are based on Figure 9 and Eqs. (74) to (81). It 

is addressed by the friction orifice analogy which assumes that there is a valve 

located at the midpoint the resistance of which is equivalent the pipe resistance. In 

this analysis the resistance constant C(t) is always equal to the wide open resistance 

that is calculated by Eq. (A.9). Also, the open area ration (τ(t)) is always equal to 1 

since the pipe at the midpoint is always wide open during the simulation. 

C(t) = −(
HRo − HVo

QMo
2 )                                                                                                  (A. 10) 

C(t) = − (
300 − 20.13

(29.33)2
) = −0.325 
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τ(t) = 1 at midpoint for all time steps. 

Conditions before and after the wave action at the midpoint for the 2nd Δt are 

illustrated in Figure A.4.  

 

 

Figure A.4 Flow conditions at the midpoint before (upper part) and after (lower 

part) the wave action for the second time step 

It is obvious from Figure A.4 that at t = 1 sec, the initial flowrate at the midpoint 

was still at the steady state value and a pressure wave of 5.895 ft generated at the 

valve at t = 0.5 sec reached the midpoint and caused changes there. The transient 

calculations that produced the new conditions at the midpoint shown in the lower 

part of the figure are discussed below. 

F1 and F2 are calculated using Eq. (76); 

F1 = F1 =
1000

32.174 × 0.785
= 39.54 
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and using Eq. (75) and the calculated F1 and F2 values, b1 is obtained as shown 

below; 

𝑏(1) = (0 + 300 + 2 × 0 − 20.13 − 2 × 5.895 + (39.54 + 39.54) × 29.33)

= 2587.589 

The quadratic solution of Eq. (74) is arranged as shown in Eq. (A.11); 

Qo(1) = 2 × F1 −
√(2 × 𝐹1)2 − 4 × C(t) × b(1)

2 × C(t)
                                                   (A. 11) 

Qo(1) = 2 × 39.54 −
√(2 × 39.54)2 − 4 × (−0.325) × 2587.589

2 × (−0.325)
= 29.209 cfs 

Q3(1) = -Qo(1) = -29.209 cfs 

Q4(1) = Qo(1) = 29.209 cfs 

∆H3(1) = ∆H1(0.5) + F1(Qo(0.5) − Qo(1)) 

∆H3(1) = 0 + 39.54(29.33 − 29.209) = 4.748 ft 

H3(1) = H1(0.5) + ∆H1(0.5) + ∆H3(1) 

H3(1) = 300 + 0 + 4.748 = 304.748 ft 

∆H4(1) = ∆H2(0.5) + F2(Qo(1) − Qo(0.5)) 

∆H4(1) = 5.895 + 39.54(29.209 − 29.33) = 1.146 ft 

H4(1) = H2(0.5) + ∆H2(0.5) + ∆H4(1) 

H4(1) = 20.13 + 5.895 + 1.146 = 27.171 ft 

HMo =
(H3(1) − H4(1))

2
+ H4(1) 

HMo =
(304.748 − 27.171)

2
+ 27.171 = 165.960 ft 
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12. Transient analysis given above and as illustrated in Figure A.4, shows that the 

pressure wave of 5.895 ft coming from the valve is virtually transmitted and 

reflected at the midpoint. The reflected wave of 1.146 ft propagates towards the 

valve and will make changes there at t = 1.5 sec. The transmitted wave of 4.748 ft 

propagates towards the reservoir and makes changes at t = 1.5 sec. 

13. Steady state conditions are still predominating at the reservoir at t = 1 sec 

because the pressure wave will have just arrived but did not cause changes in the 

flow conditions. 

14. Starting from t = 1.5 sec, transient calculations are required all three points 

simultaneously. 

15. Transient calculations at the valve at t = 1.5 sec are illustrated in Figure A.5 and 

detailed below; 

τ(1.5) = 1 −
1.5

4
= 0.625 

C′(1.5) =
−0.0234

0.6252
= −0.0599 

The upper part of Figure A.5 shows the initial conditions at the valve for the 3rd Δt. 

Head and flowrate were obtained from the previous time step and the pressure 

wave of 1.146 ft is the wave reflected from the midpoint and calculated during the 

previous pressure wave. The results shown in the lower part of the figure were 

obtained from the transient analysis calculations given below; 

𝑏(1.5) = (34.879 + 2 × 1.146 − 0 − 2 × 0 + (39.54 + 0) × 28.956) = 1182.174 
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Figure A.5 Flow conditions at the valve before (upper part) and after (lower part) 

the wave action for the third time step 

 

Qo(1.5) = F1 −
√F1

2 − 4 × C(1.5) × b(1.5)

2 × C(1.5)
 

Qo(1.5) = 39.54 −
√(39.54)2 − 4 × (−0.0599) × 1182.174

2 × (−0.0599)
= 28.652 cfs 

∆H3(1.5) = ∆H1(1) + F1(Qo(1) − Qo(1.5)) 

∆H3(1.5) = 1.146 + 39.54(28.956 − 28.952) = 13.153 ft 

H3(1.5) = H1(1) + ∆H1(1) + ∆H3(1.5) 

H3(1.5) = 34.879 + 1.146 + 13.153 = 49.178 ft 

The pressure wave of 13.153 ft produced at the valve at t = 1.5 sec will make 

changes at the midpoint at t = 2 sec. 

16. Conditions at the midpoint at t = 1.5 sec are shown in Figure A.6.  
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Figure A.6 Flow conditions at the midpoint before (upper part) and after (lower 

part) the wave action for the third time step 

The pressure wave of 8.854 ft shown in the upper part of Figure A.6 was obtained 

from the analysis calculations performed at the valve during the previous time step. 

There is also still no pressure wave impinging on the midpoint from the reservoir at 

this time. Conducting the transient analysis calculations at the midpoint using the 

initial conditions, shown in the upper part of the figure, produce the new conditions 

shown in the lower part of the figure. It follows that the wave of 8.854 ft coming 

from the valve gets reflected to the valve at the midpoint as a 1.717 ft wave and 

gets transmitted to the reservoir as a 7.136 ft. These results were obtained by the 

following calculations; 

𝑏(1.5) = (0 + 304.748 + 2 × 0 − 27.171 − 2 × 8.854 + (39.54 + 39.54)

× 29.209) = 2569.876 

The quadratic solution of Eq. (74) is then arranged as shown in Eq. (A.12); 
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Qo(1.5) = 2 × F1 −
√(2 × 𝐹1)2 − 4 × C(t) × b(1.5)

2 × C(t)
                                              (A. 12) 

Qo(1.5) = 2 × 39.54 −
√(2 × 39.54)2 − 4 × (−0.325) × 2569.876

2 × (−0.325)
= 29.028 cfs 

Q3(1.5) = -Qo(1.5) = -29.028 cfs 

Q4(1.5) = Qo(1.5) = 29.028 cfs 

∆H3(1.5) = ∆H1(1) + F1(Qo(1) − Qo(1.5)) 

∆H3(1.5) = 0 + 39.54(29.209 − 29.028) = 7.136 ft 

H3(1.5) = H1(1) + ∆H1(1) + ∆H3(1.5) 

H3(1.5) = 304.748 + 0 + 7.136 = 311.884 ft 

∆H4(1.5) = ∆H2(1) + F2(Qo(1.5) − Qo(1)) 

∆H4(1.5) = 8.854 + 39.54(29.028 − 29.209) = 1.717 ft 

H4(1.5) = H2(1) + ∆H2(1) + ∆H4(1.5) 

H4(1.5) = 27.171 + 8.854 + 1.717 = 37.742 ft 

HMo =
(H3(1.5) − H4(1.5))

2
+ H4(1.5) 

HMo =
(311.884 − 37.742)

2
+ 37.742 = 174.813 ft 

17. The first pressure wave generated at the valve will have arrived at the reservoir 

and made changes in flow conditions at t = 1.5 sec. Therefore, calculations are 

required to be conducted at this time. The reservoir is analyzed using the pipe 

junction analysis procedure discussed in chapter 1. The reservoir is modeled as a 

pipe junction with a transmission coefficient (Ti) equal to 0. 



344 

Based on this assumption Eq. (90) gives; 

Ri = 0 – 1 = -1 

A reflection coefficient of -1 means that pressure waves propagating from the 

midpoint from the previous time steps and impinging on the reservoir at the current 

time steps will always be negatively reflected with the same original value. 

Looking at Figure A.4, a pressure wave of 4.748 ft was generated from the 2nd Δt 

analysis at the midpoint. This wave is reflected negatively at the reservoir at t = 1.5 

sec. Therefore; 

ΔH(1.5) = - ΔH(1) = - 4.748 ft   (reflected wave) 

Equation (93) is then used to calculate the head at the reservoir after the wave 

action H2; 

H2(1.5) = H1(1.5) + ΔH(1) + R×ΔH(1) 

H2(1.5) = 300 + 4.748 - 1×4.748 = 300 ft 

This result agrees with the assumption that the head at the reservoir is constant. The 

new transient flowrate at the reservoir at t = 1.5 sec is calculated using Eq. (A.13) 

(Wood et al., 2005); 

∆H(1.5) × (1 − R1) = F1 × (Q1(1.5)
′ − Q1(1))                                                         (A. 13) 

−4.748 × (1 − (−1)) = 39.54 × (Q1(1.5)
′ − 29.33) 

Q1(1.5)
′ = 29.209 cfs 

18. Calculations conducted in steps 15-17 are repeated for all the remaining time 

steps based on the following rule: For any time step, the combined effects of the 

pressure wave coming from the midpoint at the previous time step and the valve 
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settings changes are considered in the analysis at the valve similar to what have 

been done in step 15. This analysis produces and new pressure wave that 

propagates to the midpoint and arrives there in 0.5 sec. At the same time step, the 

combined effects of the pressure wave coming from the valve at the previous time 

step and the pressure wave reflected from the reservoir at the previous time step are 

considered for analyzing the midpoint and calculating the new transient conditions 

in a way similar to what have been done in step 16. This analysis produces a 

pressure wave that arrives at the valve in 0.5 sec and makes changes there in the 

next time step and another pressure wave that propagates to the reservoir and 

arrives there in 0.5 sec and makes thus makes changes in the next time step. And 

again at the same time step being analyzed, the pressure wave coming from the 

midpoint at the previous time step arrives at the reservoir and gets negatively 

reflected back to the midpoint and the effect of that on flowrate and head at the 

reservoir is calculated similar to what have been done in step 17.  

As a check, after complete valve closure the valve should act as a dead end 

with a reflection coefficient R1 = 1 (Wood et al., 2005). This means that pressure 

waves coming from the midpoint are positively reflected at the fully closed valve. 

This was approved by the analysis used as shown in Table A.2 under the valve 

calculations part. It can be seen that starting from the complete closure time (t = 4 

sec) and after, all pressure waves (ΔH1) coming from the midpoint towards the 

valve are positively reflected back as ΔH3 in the next time step. 



 

 Table A.2 WCM Hand Solution Spread Sheet 

Time 

(Sec) 

Open Area 

 Ratio, τ 

(Ao/A) 

Valve  

Resistance 

C’(t) 

Reservoir 

H2 ΔH Q1 Q1' 

0 1 -0.023400204 300 0 29.33 29.33 

0.5 0.875 -0.030563532 300 0 29.33 29.33 

1 0.75 -0.041600363 300 0 29.33 29.33 

1.5 0.625 -0.059904523 300 -4.751 29.090 29.09 

2 0.5 -0.093600817 300 -7.145 28.728 28.73 

2.5 0.375 -0.166401453 300 -9.721 28.237 28.24 
3 0.25 -0.374403269 300 -17.364 27.358 27.36 

3.5 0.125 -1.497613075 300 -36.994 25.487 25.49 

4 0 0 300 -80.995 21.391 21.39 
4.5 0 0 300 -211.698 10.683 10.68 

5 0 0 300 -655.511 -22.473 -22.47 
5.5 0 0 300 -0.718 -22.509 -22.51 

6 0 0 300 88.801 -18.017 -18.02 

6.5 0 0 300 179.486 -8.939 -8.94 
7 0 0 300 554.345 19.099 19.10 

7.5 0 0 300 22.079 20.216 20.22 

8 0 0 300 -92.250 15.550 15.55 
8.5 0 0 300 -157.021 7.608 7.61 

9 0 0 300 -479.255 -16.632 -16.63 

9.5 0 0 300 -34.834 -18.394 -18.39 
10 0 0 300 93.566 -13.662 -13.66 

10.5 0 0 300 140.449 -6.558 -6.56 

11 0 0 300 421.148 14.744 14.74 
11.5 0 0 300 42.522 16.894 16.89 

12 0 0 300 -93.333 12.174 12.17 

12.5 0 0 300 -127.493 5.725 5.73 
13 0 0 300 -375.269 -13.256 -13.26 

13.5 0 0 300 -47.160 -15.641 -15.64 

14 0 0 300 92.427 -10.966 -10.97 
14.5 0 0 300 117.030 -5.047 -5.05 

15 0 0 300 337.984 12.048 12.05 

15.5 0 0 300 49.959 14.575 14.58 
16 0 0 300 -91.023 9.971 9.97 

16.5 0 0 300 -108.444 4.486 4.49 

17 0 0 300 -307.230 -11.053 -11.05 
17.5 0 0 300 -51.461 -13.656 -13.66 

18 0 0 300 89.435 -9.133 -9.13 

18.5 0 0 300 101.165 -4.016 -4.02 
19 0 0 300 281.348 10.215 10.21 

19.5 0 0 300 52.171 12.854 12.85 

20 0 0 300 -87.640 8.421 8.42 

  

 3
4
6

 



 

Table A.2 Continues 

Time 

 

(Sec) 

Open 

Area 

 Ratio, τ 

(Ao/A) 

Valve  

Resistance 

C’(t) 

Friction Orifice at Midpoint 

HM H1 Q1 ΔH1 H2 Q2 ΔH2 b Qo Q3 ΔH3 H3 Q4 ΔH4 H4 

0 1 -0.023 160.065 300.000 29.330 0.000 20.130 29.330 0.000                 

0.5 0.875 -0.031 160.065 300.000 29.330 0.000 20.130 29.330 5.896 

       

  

1 0.75 -0.042 165.961 304.751 29.210 0.000 27.170 29.210 8.856 2587.589 29.210 -29.210 4.751 304.751 29.210 1.144 27.170 

1.5 0.625 -0.060 174.817 311.896 29.029 -4.751 37.738 29.029 13.156 2569.876 29.029 -29.029 7.145 311.896 29.029 1.712 37.738 

2 0.5 -0.094 183.221 316.865 28.663 -7.145 49.577 28.663 23.081 2534.062 28.663 -28.663 9.721 316.865 28.663 -1.317 49.577 

2.5 0.375 -0.166 199.158 327.085 28.043 -9.721 71.231 28.043 47.546 2473.610 28.043 -28.043 17.364 327.085 28.043 -1.427 71.231 

3 0.25 -0.374 236.983 354.358 26.862 -17.364 119.608 26.862 101.727 2359.077 26.862 -26.862 36.994 354.358 26.862 0.831 119.608 

3.5 0.125 -1.498 321.346 417.989 24.374 -36.994 224.703 24.374 255.137 2120.895 24.374 -24.374 80.995 417.989 24.374 3.368 224.703 

4 0 0.000 539.489 592.693 18.085 -80.995 486.286 18.085 708.667 1536.632 18.085 -18.085 211.698 592.693 18.085 6.445 486.286 

4.5 0 0.000 1167.161 1167.209 -0.541 -211.698 1167.113 -0.541 6.445 -42.692 -0.541 0.541 655.511 1167.209 -0.541 -27.839 1167.113 

5 0 0.000 961.909 956.229 -5.913 -655.511 967.588 -5.913 -27.839 -478.979 -5.913 5.913 0.718 956.229 -5.913 -205.970 967.588 

5.5 0 0.000 278.559 211.917 -20.245 -0.718 345.200 -20.245 -205.970 -1734.322 -20.245 20.245 -88.801 211.917 -20.245 -594.549 345.200 

6 0 0.000 71.870 31.714 -15.724 88.801 112.027 -15.724 -594.549 -1323.817 -15.724 15.724 -179.486 31.714 -15.724 -27.203 112.027 

6.5 0 0.000 -433.878 -433.831 0.541 179.486 -433.926 0.541 -27.203 42.882 0.541 -0.541 -554.345 -433.831 0.541 48.596 -433.926 

7 0 0.000 -281.596 -276.424 5.639 554.345 -286.767 5.639 48.596 456.259 5.639 -5.639 -22.079 -276.424 5.639 174.361 -286.767 

7.5 0 0.000 321.346 370.171 17.325 22.079 272.521 17.325 174.361 1467.757 17.325 -17.325 92.250 370.171 17.325 510.692 272.521 

8 0 0.000 517.786 549.270 13.912 -92.250 486.302 13.912 510.692 1163.191 13.912 -13.912 157.021 549.270 13.912 39.419 486.302 

8.5 0 0.000 936.228 936.276 -0.541 -157.021 936.181 -0.541 39.419 -42.692 -0.541 0.541 479.255 936.276 -0.541 -60.813 936.181 

9 0 0.000 818.627 814.089 -5.393 -479.255 823.165 -5.393 -60.813 -435.572 -5.393 5.393 34.834 814.089 -5.393 -152.435 823.165 

9.5 0 0.000 278.559 241.267 -15.147 -34.834 315.850 -15.147 -152.435 -1272.457 -15.147 15.147 -93.566 241.267 -15.147 -446.502 315.850 

10 0 0.000 91.290 65.984 -12.476 93.566 116.596 -12.476 -446.502 -1037.254 -12.476 12.476 -140.449 65.984 -12.476 -46.819 116.596 

10.5 0 0.000 -261.645 -261.597 0.541 140.449 -261.693 0.541 -46.819 42.882 0.541 -0.541 -421.148 -261.597 0.541 68.213 -261.693 

11 0 0.000 -168.015 -163.670 5.168 421.148 -172.360 5.168 68.213 417.419 5.168 -5.168 -42.522 -163.670 5.168 136.152 -172.360 

11.5 0 0.000 321.346 350.811 13.459 42.522 291.881 13.459 136.152 1123.290 13.459 -13.459 93.333 350.811 13.459 396.028 291.881 

12 0 0.000 500.019 520.826 11.310 -93.333 479.212 11.310 396.028 936.030 11.310 -11.310 127.493 520.826 11.310 51.180 479.212 

12.5 0 0.000 802.714 802.762 -0.541 -127.493 802.667 -0.541 51.180 -42.692 -0.541 0.541 375.269 802.762 -0.541 -72.573 802.667 

13 0 0.000 726.401 722.429 -4.958 -375.269 730.373 -4.958 -72.573 -400.039 -4.958 4.958 47.160 722.429 -4.958 -123.474 730.373 

13.5 0 0.000 278.559 254.733 -12.111 -47.160 302.385 -12.111 -123.474 -1005.429 -12.111 12.111 -92.427 254.733 -12.111 -355.415 302.385 

14 0 0.000 107.925 90.542 -10.344 92.427 125.307 -10.344 -355.415 -852.802 -10.344 10.344 -117.030 90.542 -10.344 -53.604 125.307 

14.5 0 0.000 -155.062 -155.015 0.541 117.030 -155.110 0.541 -53.604 42.882 0.541 -0.541 -337.984 -155.015 0.541 74.997 -155.110 

15 0 0.000 -91.636 -87.944 4.764 337.984 -95.328 4.764 74.997 384.150 4.764 -4.764 -49.959 -87.944 4.764 113.386 -95.328 

15.5 0 0.000 321.346 341.064 11.010 49.959 301.628 11.010 113.386 910.125 11.010 -11.010 91.023 341.064 11.010 321.959 301.628 

16 0 0.000 484.691 499.467 9.531 -91.023 469.915 9.531 321.959 783.272 9.531 -9.531 108.444 499.467 9.531 54.901 469.915 

16.5 0 0.000 715.627 715.674 -0.541 -108.444 715.579 -0.541 54.901 -42.692 -0.541 0.541 307.230 715.674 -0.541 -76.295 715.579 

17 0 0.000 662.084 658.691 -4.585 -307.230 665.477 -4.585 -76.295 -369.382 -4.585 4.585 51.461 658.691 -4.585 -105.003 665.477 

17.5 0 0.000 278.559 262.026 -10.093 -51.461 295.092 -10.093 -105.003 -831.253 -10.093 10.093 -89.435 262.026 -10.093 -294.090 295.092 

18 0 0.000 122.094 109.400 -8.836 89.435 134.789 -8.836 -294.090 -724.168 -8.836 8.836 -101.165 109.400 -8.836 -55.300 134.789 

18.5 0 0.000 -82.560 -82.513 0.541 101.165 -82.608 0.541 -55.300 42.882 0.541 -0.541 -281.348 -82.513 0.541 76.693 -82.608 

19 0 0.000 -36.695 -33.519 4.419 281.348 -39.871 4.419 76.693 355.811 4.419 -4.419 -52.171 -33.519 4.419 98.036 -39.871 

19.5 0 0.000 321.346 335.469 9.318 52.171 307.223 9.318 98.036 765.120 9.318 -9.318 87.640 335.469 9.318 270.401 307.223 

20 0 0.000 471.553 482.587 8.236 -87.640 460.519 8.236 270.401 673.390 8.236 -8.236 94.947 482.587 8.236 55.260 460.519 
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Table A.2 Continues 

Time 

(Sec) 

Open Area 

 Ratio, τ 

(Ao/A) 

Valve  

Resistance 

C’(t) 

Valve 

H1 ΔH1 Q1 b Qo Q3 ΔH3 H3 

0 1 -0.023 20.130 0.000 29.330   29.330   0.000 20.130 

0.5 0.875 -0.031 26.026 0.000 29.181 1179.885 29.181 -29.181 5.896 26.026 

1 0.75 -0.042 34.882 1.144 28.957 1179.885 28.957 -28.957 8.856 34.882 

1.5 0.625 -0.060 49.182 1.712 28.653 1182.174 28.653 -28.653 13.156 49.182 

2 0.5 -0.094 73.975 -1.317 28.113 1185.597 28.113 -28.113 23.081 73.975 

2.5 0.375 -0.166 120.204 -1.427 26.877 1182.964 26.877 -26.877 47.546 120.204 

3 0.25 -0.374 220.504 0.831 24.268 1180.109 24.268 -24.268 101.727 220.504 

3.5 0.125 -1.498 476.472 3.368 17.837 1181.771 17.837 -17.837 255.137 476.472 

4 0 0.000 1188.507 6.445 0.000 1188.507 0.000 0.000 708.667 1188.507 

4.5 0 0.000 1201.398 -27.839 0.000 1201.398 0.000 0.000 6.445 1201.398 

5 0 0.000 1145.720 -205.970 0.000 1145.720 0.000 0.000 -27.839 1145.720 

5.5 0 0.000 733.779 -594.549 0.000 733.779 0.000 0.000 -205.970 733.779 

6 0 0.000 -455.320 -27.203 0.000 -455.320 0.000 0.000 -594.549 -455.320 

6.5 0 0.000 -509.725 48.596 0.000 -509.725 0.000 0.000 -27.203 -509.725 

7 0 0.000 -412.532 174.361 0.000 -412.532 0.000 0.000 48.596 -412.532 

7.5 0 0.000 -63.810 510.692 0.000 -63.810 0.000 0.000 174.361 -63.810 

8 0 0.000 957.574 39.419 0.000 957.574 0.000 0.000 510.692 957.574 

8.5 0 0.000 1036.413 -60.813 0.000 1036.413 0.000 0.000 39.419 1036.413 

9 0 0.000 914.787 -152.435 0.000 914.787 0.000 0.000 -60.813 914.787 

9.5 0 0.000 609.917 -446.502 0.000 609.917 0.000 0.000 -152.435 609.917 

10 0 0.000 -283.086 -46.819 0.000 -283.086 0.000 0.000 -446.502 -283.086 

10.5 0 0.000 -376.725 68.213 0.000 -376.725 0.000 0.000 -46.819 -376.725 

11 0 0.000 -240.299 136.152 0.000 -240.299 0.000 0.000 68.213 -240.299 

11.5 0 0.000 32.004 396.028 0.000 32.004 0.000 0.000 136.152 32.004 

12 0 0.000 824.060 51.180 0.000 824.060 0.000 0.000 396.028 824.060 

12.5 0 0.000 926.420 -72.573 0.000 926.420 0.000 0.000 51.180 926.420 

13 0 0.000 781.273 -123.474 0.000 781.273 0.000 0.000 -72.573 781.273 

13.5 0 0.000 534.326 -355.415 0.000 534.326 0.000 0.000 -123.474 534.326 

14 0 0.000 -176.503 -53.604 0.000 -176.503 0.000 0.000 -355.415 -176.503 

14.5 0 0.000 -283.711 74.997 0.000 -283.711 0.000 0.000 -53.604 -283.711 

15 0 0.000 -133.716 113.386 0.000 -133.716 0.000 0.000 74.997 -133.716 

15.5 0 0.000 93.055 321.959 0.000 93.055 0.000 0.000 113.386 93.055 

16 0 0.000 736.973 54.901 0.000 736.973 0.000 0.000 321.959 736.973 

16.5 0 0.000 846.775 -76.295 0.000 846.775 0.000 0.000 54.901 846.775 

17 0 0.000 694.185 -105.003 0.000 694.185 0.000 0.000 -76.295 694.185 

17.5 0 0.000 484.179 -294.090 0.000 484.179 0.000 0.000 -105.003 484.179 

18 0 0.000 -104.001 -55.300 0.000 -104.001 0.000 0.000 -294.090 -104.001 

18.5 0 0.000 -214.601 76.693 0.000 -214.601 0.000 0.000 -55.300 -214.601 

19 0 0.000 -61.214 98.036 0.000 -61.214 0.000 0.000 76.693 -61.214 

19.5 0 0.000 134.858 270.401 0.000 134.858 0.000 0.000 98.036 134.858 

20 0 0.000 675.661 55.260 0.000 675.661 0.000 0.000 270.401 675.661 
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Appendix B  

Force Main Drawings and Previous 

Measurements 

 

B.1 SBFSS Drawings 

 The following pages provide detailed drawings provided by BCUS. The 

drawings cover the following; 

1. B19 pumping station details. 

2. B20 pumping station details. 

3. B01 pumping station. 

4. B06 pumping station. 

5. B07 pumping station. 

 

 



 

 

Figure B1. Upper floor details of pumping station B19 
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Figure B2. Lower floor details of pumping station B19 
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Figure B3. Pump and piping schematic at dry pit of pumping station B19 
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Figure B4. Upper floor details of pumping station B20 
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Figure B5. Plan and profile details of pumping station B01 
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Figure B6. Pump and piping details of pumping station B01 
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Figure B7. Pump and piping details of pumping station B06 
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Figure B8. Pump and piping details of pumping station B07 
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B.2 Previous Measurements 

 The following pressure histories were recorded during an investigation plan 

carried by BCUS to study the force main response to pump stations shutdown and 

startup operations. Data was collected by pressure data recorders installed on 

pumps discharge piping and on other locations of the force main. The investigation 

plan included both B19 and B06 force mains. Two synchronized pressure data 

recorders were used each time.  

 For studying B06 force main response, on January 18, 2010, one transducer 

was installed on the discharge piping of B06 pumping station and in the same time, 

the second transducer was installed on the discharge piping of the B07 pumping 

station. A series of pump startups and shutdowns was captured at B06 station as 

shown in Figure B.1. On the other end, the lower part of Figure B.1 shows pressure 

history recorded at B07 pumping station. Two startups and two shutdowns were 

captures during the monitoring period.  

The designations of steady states, shutdowns, and startups events labeled on 

the figures were based on observations made on pressure gauges before collecting 

the data. In another measurement scenario, one of the data collectors was installed 

on the base of an ARV located at Shannon Av while the other data recorder was 

kept installed on the discharge piping of B06 station. Pressure measurements are 

shown graphically in Figure B.2. Figures B.1 and B.2 help identify steady state and 

transient states pressure and correlate them with known operational scenarios. 
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For studying B19 force main response, on February 5, 2010, one pressure 

collector was installed on the discharge piping of B19 station and the other pressure 

collector was installed on the discharge piping of B20 station. The collected 

pressure variation is given in Figure B.3. During this test, pumps at B19 were all 

off while two pump starts and two pump stops in addition to steady state operation 

were captured at B20 station. In another monitoring phase, the data recorder at B19 

station was kept in place while the other recorder was installed on the discharge 

piping of station B01. The collected pressure is shown in Figure B.4. One pump 

operation at each of B19, B20, and B01 in the same time was approximated to 

produce a total combined flow rate of 6100 gpm. The other measurement scenario 

included recording pressure data at B19 pumping station and an ARV downstream 

of B19 simultaneously as given in Figure B.5. 



 

 

Figure B.9 Pressure history recorded on the discharge side of B06 station (upper part) and B07 station (lower part) (Courtesy of 

Brevard County Utility Services)  
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Figure B.10 Pressure history recorded on the discharge side of B06 station (upper part) and ARV (lower part) (Courtesy of 

Brevard County Utility Services)  
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Figure B.11 Pressure history recorded on the discharge side of B19 station (upper part) and B20 station (lower part) (Courtesy 

of Brevard County Utility Services)  
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Figure B.12 Pressure history recorded on the discharge side of B19 station (upper part) and B01 station (lower part) (Courtesy 

of Brevard County Utility Services)  
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Figure B.13 Pressure history recorded on the discharge side of B19 station (upper part) a downstream ARV (lower part) 

(Courtesy of Brevard County Utility Services)  
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Appendix C 

Pump Files and Inertia Calculations 

 

Based on the available rated conditions of pumps, the combined inertia 

values and file numbers were calculated using Surge 2012 software tools. The 

figures below show the entered and the obtained data on single window. Equations 

shown in the calculation windows are the equations on which these calculations are 

based. 

 

C.1. Calculation of inertia and file number for B19 and B20 pumps 
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C.2. Calculation of inertia and file number for B01 pumps 

 

 

C.3. Calculation of inertia and file number for B06 pumps 



367 

 

C.4. Calculation of inertia and file number for B07 pumps 
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Appendix D 

TDH and Flowrate Calculations 
 

D.1 TDH Calculations      

Neglecting velocity heads, TDH can be calculated using the following 

Equation (Henry Liu, 2003):         

TDH = Hd - Hs                                                                                                  (D-1)  

Hd = Pd (ft of water) + Elevation (ft)        

Hs = Ps (ft of water) + Elevation (ft)        

where:         

Hd = total head on the discharge side of the pump      

Hs = total head on the suction side of the pump      

Pd = water pressure on the discharge side of the pump     

Ps = water pressure on the suction side of the pump      

In all cases, when calculating the total head on the discharge piping, water 

pressure term is equal to the average measured steady state pressure and the 

elevation term is the elevation of the pressure transducer used. Also, when 

calculating the total head on the suction side, water pressure is equal to zero and the 

elevation term is the high water level elevation in the wet wells. 
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B19 Pumping Station:      

Hd = 83.2 (psig)×2.31 (ft water/psig) + (-9.7) (ft) = 182.5 ft     

Hs = 0 (psig)×2.31 (ft water/psig) + (-9.0) (ft) = -9 ft     

TDH = 182.5 - (-9) = 191.5 ft      

B20 Pumping Station:      

Hd = 64.5 (psig)×2.31 (ft water/psig) + (-9.1) (ft) = 139.9 ft     

Hs = 0 (psig)×2.31 (ft water/psig) + (-8.0) (ft) = -8 ft     

TDH = 139.9 - (-8) = 147.9 ft      

B01 Pumping Station:      

Hd = 58.6 (psig)×2.31 (ft water/psig) + 2 (ft) = 137.4 ft     

Hs = 0 (psig)×2.31 (ft water/psig) + (-10.0) (ft) = -10 ft     

TDH = 137.4 - (-10) = 147.4 ft      

B06 Pumping Station: 

Hd = 25.1 (psig)×2.31 (ft water/psig) + (7) (ft) = 65 ft 

Hs = 0 (psig)×2.31 (ft water/psig) + (-8.83) (ft) = -8.83 ft 

TDH = 65 - (-8.83) = 73.8 ft 

B07 Pumping Station: 

Hd = 22.4 (psig)×2.31 (ft water/psig) + (2.69) (ft) = 54.4 ft 

Hs = 0 (psig)×2.31 (ft water/psig) + (-8.01) (ft) = -8.01 ft 

TDH = 54.4 - (-8.01) = 62.1 ft 
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Appendix E 

Steady State Model Calibration 

Results 
     

Table E1. Steady State Model Calibration Results Obtained in Trial 1 with Friction Coefficients of 

150 for PVC and 130 for DIP 

Run 

Lift 

Station 

or ARV 

Pump 

No. 

Pumps 

Status 

Pressure Upstream Check Valves (psi) Difference 

(psi) Measured Pressure Predicted Pressure 

1 

B19 3 OFF 
N/A N/A N/A 

B19 2 OFF 

B20 6 ON 
68 57.7 10.30 

B20 5 OFF 

B01 7 ON N/A N/A N/A 

B06 12 ON 25.5 22.3 3.20 

B07 9 ON 25 19.1 5.9 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 19 1.30 

2 

B19 3 ON 
96.5 92.9 3.60 

B19 2 ON 

B20 6 ON 
N/A NA NA 

B20 5 ON 

B01 7 ON N/A NA NA 

B06 12 ON 22 20.4 1.60 

B07 9 OFF N/A NA NA 

ARV-10 N/A N/A 48.8 52.6 3.80 

ARV-25 N/A N/A 16.3 16.8 0.50 

3 

B19 3 ON 
84.3 78.1 6.20 

B19 2 OFF 

B20 6 ON 
N/A N/A N/A 

B20 5 OFF 

B01 7 ON 60 55.5 4.50 

B06 12 ON 25.5 22.5 3.00 

B07 9 ON 25 19.3 5.70 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 19.2 1.10 

4 

B19 3 ON 
71 65.2 5.80 

B19 2 OFF 

B20 6 OFF 
52.4 48.6 3.80 

B20 5 OFF 

B01 7 ON 46 40.7 5.30 

B06 12 ON 25.5 22.3 3.20 

B07 9 ON 25 19 6.00 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 18.9 1.40 

Total Difference 76.2 
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Table E2. Steady State Model Calibration Results Obtained in Trial 2 with Friction 

Coefficients of 145 for PVC and 125 for DIP 

Run 

Lift 

Station 

or ARV 

Pump 

No. 

Pumps 

Status 

Pressure Upstream Check Valves (psi) 
Difference 

(psi) 
Measured Pressure Predicted Pressure 

1 

B19 3 OFF 
N/A N/A N/A 

B19 2 OFF 

B20 6 ON 
68 58.7 9.30 

B20 5 OFF 

B01 7 ON N/A N/A N/A 

B06 12 ON 25.5 22.7 2.80 

B07 9 ON 25 19.3 5.7 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 19.3 1.00 

2 

B19 3 ON 
96.5 93.6 2.90 

B19 2 ON 

B20 6 ON 
N/A NA NA 

B20 5 ON 

B01 7 ON N/A NA NA 

B06 12 ON 22 20.7 1.30 

B07 9 OFF N/A NA NA 

ARV-10 N/A N/A 48.8 53.1 4.30 

ARV-25 N/A N/A 16.3 17 0.70 

3 

B19 3 ON 
84.3 79 5.30 

B19 2 OFF 

B20 6 ON 
N/A N/A N/A 

B20 5 OFF 

B01 7 ON 60 56.2 3.80 

B06 12 ON 25.5 22.9 2.60 

B07 9 ON 25 19.5 5.50 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 19.4 0.90 

4 

B19 3 ON 
71 66.3 4.70 

B19 2 OFF 

B20 6 OFF 
52.4 49.3 3.10 

B20 5 OFF 

B01 7 ON 46 41.4 4.60 

B06 12 ON 25.5 22.7 2.80 

B07 9 ON 25 19.3 5.70 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 19.2 1.10 

Total Difference 68.1 
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Table E3. Steady State Model Calibration Results Obtained in Trial 3 with Friction 

Coefficients of 140 for PVC and 120 for DIP 

Run 

Lift 

Station 

or ARV 

Pump 

No. 

Pumps 

Status 

Pressure Upstream Check Valves (psi) 
Difference 

(psi) 
Measured Pressure Predicted Pressure 

1 

B19 3 OFF 
N/A N/A N/A 

B19 2 OFF 

B20 6 ON 
68 59.7 8.30 

B20 5 OFF 

B01 7 ON N/A N/A N/A 

B06 12 ON 25.5 23.2 2.30 

B07 9 ON 25 19.6 5.4 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 19.6 0.70 

2 

B19 3 ON 
96.5 94.2 2.30 

B19 2 ON 

B20 6 ON 
N/A NA NA 

B20 5 ON 

B01 7 ON N/A NA NA 

B06 12 ON 22 21.1 0.90 

B07 9 OFF N/A NA NA 

ARV-10 N/A N/A 48.8 53.7 4.90 

ARV-25 N/A N/A 16.3 17.1 0.80 

3 

B19 3 ON 
84.3 80 4.30 

B19 2 OFF 

B20 6 ON 
N/A N/A N/A 

B20 5 OFF 

B01 7 ON 60 56.8 3.20 

B06 12 ON 25.5 23.3 2.20 

B07 9 ON 25 19.8 5.20 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 19.7 0.60 

4 

B19 3 ON 
71 67.5 3.50 

B19 2 OFF 

B20 6 OFF 
52.4 50 2.40 

B20 5 OFF 

B01 7 ON 46 42.1 3.90 

B06 12 ON 25.5 23.1 2.40 

B07 9 ON 25 19.5 5.50 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 19.5 0.80 

Total Difference 59.6 
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Table E4. Steady State Model Calibration Results Obtained in Trial 4 with Friction 

Coefficients of 135 for PVC and 115 for DIP 

Run 

Lift 

Station 

or ARV 

Pump 

No. 

Pumps 

Status 

Pressure Upstream Check Valves (psi) 
Difference 

(psi) 
Measured Pressure Predicted Pressure 

1 

B19 3 OFF 
N/A N/A N/A 

B19 2 OFF 

B20 6 ON 
68 60.8 7.20 

B20 5 OFF 

B01 7 ON N/A N/A N/A 

B06 12 ON 25.5 23.7 1.80 

B07 9 ON 25 19.9 5.1 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 19.9 0.40 

2 

B19 3 ON 
96.5 94.9 1.60 

B19 2 ON 

B20 6 ON 
N/A NA NA 

B20 5 ON 

B01 7 ON N/A NA NA 

B06 12 ON 22 21.4 0.60 

B07 9 OFF N/A NA NA 

ARV-10 N/A N/A 48.8 54.3 5.50 

ARV-25 N/A N/A 16.3 17.3 1.00 

3 

B19 3 ON 
84.3 80.9 3.40 

B19 2 OFF 

B20 6 ON 
N/A N/A N/A 

B20 5 OFF 

B01 7 ON 60 57.5 2.50 

B06 12 ON 25.5 23.8 1.70 

B07 9 ON 25 20.1 4.90 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 20.1 0.20 

4 

B19 3 ON 
71 68.7 2.30 

B19 2 OFF 

B20 6 OFF 
52.4 50.8 1.60 

B20 5 OFF 

B01 7 ON 46 42.8 3.20 

B06 12 ON 25.5 23.6 1.90 

B07 9 ON 25 19.8 5.20 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 19.8 0.50 

Total Difference 50.6 
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Table E5. Steady State Model Calibration Results Obtained in Trial 5 with Friction 

Coefficients of 125 for PVC and 105 for DIP 

Run 

Lift 

Station 

or ARV 

Pump 

No. 

Pumps 

Status 

Pressure Upstream Check Valves (psi) 
Difference 

(psi) 
Measured Pressure Predicted Pressure 

1 

B19 3 OFF 
N/A N/A N/A 

B19 2 OFF 

B20 6 ON 
68 63.2 4.80 

B20 5 OFF 

B01 7 ON N/A N/A N/A 

B06 12 ON 25.5 24.7 0.80 

B07 9 ON 25 20.6 4.4 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 20.6 0.30 

2 

B19 3 ON 
96.5 96.3 0.20 

B19 2 ON 

B20 6 ON 
N/A NA NA 

B20 5 ON 

B01 7 ON N/A NA NA 

B06 12 ON 22 22.3 0.30 

B07 9 OFF N/A NA NA 

ARV-10 N/A N/A 48.8 55.6 6.80 

ARV-25 N/A N/A 16.3 17.8 1.50 

3 

B19 3 ON 
84.3 80.9 3.40 

B19 2 OFF 

B20 6 ON 
N/A N/A N/A 

B20 5 OFF 

B01 7 ON 60 58.8 1.20 

B06 12 ON 25.5 24.8 0.70 

B07 9 ON 25 20.7 4.30 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 20.8 0.50 

4 

B19 3 ON 
71 71.2 0.20 

B19 2 OFF 

B20 6 OFF 
52.4 52.4 0.00 

B20 5 OFF 

B01 7 ON 46 44.3 1.70 

B06 12 ON 25.5 24.7 0.80 

B07 9 ON 25 20.5 4.50 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 20.6 0.30 

Total Difference 36.7 
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Table E6. Steady State Model Calibration Results Obtained in Trial 6 with Friction 

Coefficients of 120 for PVC and 100 for DIP 

Run 

Lift 

Station 

or ARV 

Pump 

No. 

Pumps 

Status 

Pressure Upstream Check Valves (psi) 
Difference 

(psi) 
Measured Pressure Predicted Pressure 

1 

B19 3 OFF 
N/A N/A N/A 

B19 2 OFF 

B20 6 ON 
68 64.4 3.60 

B20 5 OFF 

B01 7 ON N/A N/A N/A 

B06 12 ON 25.5 25.3 0.20 

B07 9 ON 25 20.9 4.1 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 21 0.70 

2 

B19 3 ON 
96.5 97.1 0.60 

B19 2 ON 

B20 6 ON 
N/A NA NA 

B20 5 ON 

B01 7 ON N/A NA NA 

B06 12 ON 22 22.8 0.80 

B07 9 OFF N/A NA NA 

ARV-10 N/A N/A 48.8 56.3 7.50 

ARV-25 N/A N/A 16.3 18.1 1.80 

3 

B19 3 ON 
84.3 84 0.30 

B19 2 OFF 

B20 6 ON 
N/A N/A N/A 

B20 5 OFF 

B01 7 ON 60 59.5 0.50 

B06 12 ON 25.5 25.4 0.10 

B07 9 ON 25 21.1 3.90 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 21.2 0.90 

4 

B19 3 ON 
71 72.5 1.50 

B19 2 OFF 

B20 6 OFF 
52.4 53.2 0.80 

B20 5 OFF 

B01 7 ON 46 45.1 0.90 

B06 12 ON 25.5 25.2 0.30 

B07 9 ON 25 20.9 4.10 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 21 0.70 

Total Difference 33.3 
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Table E7. Steady State Model Calibration Results Obtained in Trial 7 with Friction 

Coefficients of 110 for PVC and 100 for DIP 

Run 

Lift 

Station 

or ARV 

Pump 

No. 

Pumps 

Status 

Pressure Upstream Check Valves (psi) 
Difference 

(psi) 
Measured Pressure Predicted Pressure 

1 

B19 3 OFF 
N/A N/A N/A 

B19 2 OFF 

B20 6 ON 
68 61.2 6.80 

B20 5 OFF 

B01 7 ON N/A N/A N/A 

B06 12 ON 25.5 25.9 0.40 

B07 9 ON 25 20.8 4.2 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 21.1 0.80 

2 

B19 3 ON 
96.5 97.5 1.00 

B19 2 ON 

B20 6 ON 
N/A NA NA 

B20 5 ON 

B01 7 ON N/A NA NA 

B06 12 ON 22 23.4 1.40 

B07 9 OFF N/A NA NA 

ARV-10 N/A N/A 48.8 54.5 5.70 

ARV-25 N/A N/A 16.3 18.1 1.80 

3 

B19 3 ON 
84.3 84 0.30 

B19 2 OFF 

B20 6 ON 
N/A N/A N/A 

B20 5 OFF 

B01 7 ON 60 59.5 0.50 

B06 12 ON 25.5 26 0.50 

B07 9 ON 25 20.9 4.10 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 21.2 0.90 

4 

B19 3 ON 
71 73.2 2.20 

B19 2 OFF 

B20 6 OFF 
52.4 54.1 1.70 

B20 5 OFF 

B01 7 ON 46 45.5 0.50 

B06 12 ON 25.5 25.2 0.30 

B07 9 ON 25 20.9 4.10 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 21 0.70 

Total Difference 37.9 
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Table E8. Steady State Model Calibration Results Obtained in Trial 8 with Friction 

Coefficients of 120 for PVC and 150 for DIP 

Run 

Lift 

Station 

or ARV 

Pump 

No. 

Pumps 

Status 

Pressure Upstream Check Valves (psi) 
Difference 

(psi) 
Measured Pressure Predicted Pressure 

1 

B19 3 OFF 
N/A N/A N/A 

B19 2 OFF 

B20 6 ON 
68 58.3 9.70 

B20 5 OFF 

B01 7 ON N/A N/A N/A 

B06 12 ON 25.5 22.9 2.60 

B07 9 ON 25 18 7 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 18.2 2.10 

2 

B19 3 ON 
96.5 93.4 3.10 

B19 2 ON 

B20 6 ON 
N/A NA NA 

B20 5 ON 

B01 7 ON N/A NA NA 

B06 12 ON 22 21.4 0.60 

B07 9 OFF N/A NA NA 

ARV-10 N/A N/A 48.8 45.2 3.60 

ARV-25 N/A N/A 16.3 16.4 0.10 

3 

B19 3 ON 
84.3 78.6 5.70 

B19 2 OFF 

B20 6 ON 
N/A N/A N/A 

B20 5 OFF 

B01 7 ON 60 54.2 5.80 

B06 12 ON 25.5 23.1 2.40 

B07 9 ON 25 18.1 6.90 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 18.4 1.90 

4 

B19 3 ON 
71 64.8 6.20 

B19 2 OFF 

B20 6 OFF 
52.4 50.1 2.30 

B20 5 OFF 

B01 7 ON 46 40.6 5.40 

B06 12 ON 25.5 22.9 2.60 

B07 9 ON 25 17.9 7.10 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 18.2 2.10 

Total Difference 77.2 
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Table E9. Steady State Model Calibration Results Obtained in Trial 9 with Friction 

Coefficients of 120 for PVC and 130 for DIP 

Run 

Lift 

Station 

or ARV 

Pump 

No. 

Pumps 

Status 

Pressure Upstream Check Valves (psi) 
Difference 

(psi) 
Measured Pressure Predicted Pressure 

1 

B19 3 OFF 
N/A N/A N/A 

B19 2 OFF 

B20 6 ON 
68 60.2 7.80 

B20 5 OFF 

B01 7 ON N/A N/A N/A 

B06 12 ON 25.5 23.7 1.80 

B07 9 ON 25 18.9 6.1 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 19.1 1.20 

2 

B19 3 ON 
96.5 94.5 2.00 

B19 2 ON 

B20 6 ON 
N/A NA NA 

B20 5 ON 

B01 7 ON N/A NA NA 

B06 12 ON 22 21.8 0.20 

B07 9 OFF N/A NA NA 

ARV-10 N/A N/A 48.8 48.5 0.30 

ARV-25 N/A N/A 16.3 16.4 0.10 

3 

B19 3 ON 
84.3 80.4 3.90 

B19 2 OFF 

B20 6 ON 
N/A N/A N/A 

B20 5 OFF 

B01 7 ON 60 56.1 3.90 

B06 12 ON 25.5 23.8 1.70 

B07 9 ON 25 19 6.00 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 19.2 1.10 

4 

B19 3 ON 
71 67.3 3.70 

B19 2 OFF 

B20 6 OFF 
52.4 51.1 1.30 

B20 5 OFF 

B01 7 ON 46 42.1 3.90 

B06 12 ON 25.5 23.6 1.90 

B07 9 ON 25 18.8 6.20 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 19 1.30 

Total Difference 54.4 
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Table E10. Steady State Model Calibration Results Obtained in Trial 10 with 

Friction Coefficients of 120 for PVC and 125 for DIP 

Run 

Lift 

Station 

or ARV 

Pump 

No. 

Pumps 

Status 

Pressure Upstream Check Valves (psi) 
Difference 

(psi) 
Measured Pressure Predicted Pressure 

1 

B19 3 OFF 
N/A N/A N/A 

B19 2 OFF 

B20 6 ON 
68 60.8 7.20 

B20 5 OFF 

B01 7 ON N/A N/A N/A 

B06 12 ON 25.5 23.9 1.60 

B07 9 ON 25 19.1 5.9 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 19.3 1.00 

2 

B19 3 ON 
96.5 94.8 1.70 

B19 2 ON 

B20 6 ON 
N/A NA NA 

B20 5 ON 

B01 7 ON N/A NA NA 

B06 12 ON 22 21.9 0.10 

B07 9 OFF N/A NA NA 

ARV-10 N/A N/A 48.8 49.5 0.70 

ARV-25 N/A N/A 16.3 17 0.70 

3 

B19 3 ON 
84.3 80.9 3.40 

B19 2 OFF 

B20 6 ON 
N/A N/A N/A 

B20 5 OFF 

B01 7 ON 60 56.6 3.40 

B06 12 ON 25.5 24 1.50 

B07 9 ON 25 19.3 5.70 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 19.5 0.80 

4 

B19 3 ON 
71 68.1 2.90 

B19 2 OFF 

B20 6 OFF 
52.4 51.4 1.00 

B20 5 OFF 

B01 7 ON 46 42.5 3.50 

B06 12 ON 25.5 23.8 1.70 

B07 9 ON 25 19.1 5.90 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 19.3 1.00 

Total Difference 49.7 
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Table E11. Steady State Model Calibration Results Obtained in Trial 11 with 

Friction Coefficients of 120 for PVC and 115 for DIP 

Run 

Lift 

Station 

or ARV 

Pump 

No. 

Pumps 

Status 

Pressure Upstream Check Valves (psi) 
Difference 

(psi) 
Measured Pressure Predicted Pressure 

1 

B19 3 OFF 
N/A N/A N/A 

B19 2 OFF 

B20 6 ON 
68 62.1 5.90 

B20 5 OFF 

B01 7 ON N/A N/A N/A 

B06 12 ON 25.5 24.4 1.10 

B07 9 ON 25 19.8 5.2 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 19.9 0.40 

2 

B19 3 ON 
96.5 95.6 0.90 

B19 2 ON 

B20 6 ON 
N/A NA NA 

B20 5 ON 

B01 7 ON N/A NA NA 

B06 12 ON 22 22.2 0.20 

B07 9 OFF N/A NA NA 

ARV-10 N/A N/A 48.8 52 3.20 

ARV-25 N/A N/A 16.3 17.4 1.10 

3 

B19 3 ON 
84.3 82 2.30 

B19 2 OFF 

B20 6 ON 
N/A N/A N/A 

B20 5 OFF 

B01 7 ON 60 57.7 2.30 

B06 12 ON 25.5 24.5 1.00 

B07 9 ON 25 19.9 5.10 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 20.1 0.20 

4 

B19 3 ON 
71 69.7 1.30 

B19 2 OFF 

B20 6 OFF 
52.4 52.1 0.30 

B20 5 OFF 

B01 7 ON 46 43.4 2.60 

B06 12 ON 25.5 24.3 1.20 

B07 9 ON 25 19.7 5.30 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 19.9 0.40 

Total Difference 40 
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Table E12. Final Steady State Model Calibration Results Obtained in Trial 12 with 

Friction Coefficients of 120 for PVC and 110 for DIP 

Run 

Lift 

Station 

or ARV 

Pump 

No. 

Pumps 

Status 

Pressure Upstream Check Valves (psi) 
Difference 

(psi) 
Measured Pressure Predicted Pressure 

1 

B19 3 OFF 
N/A N/A N/A 

B19 2 OFF 

B20 6 ON 
68 62.8 5.20 

B20 5 OFF 

B01 7 ON N/A N/A N/A 

B06 12 ON 25.5 24.7 0.80 

B07 9 ON 25 20.1 4.9 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 20.3 0.00 

2 

B19 3 ON 
96.5 96.1 0.40 

B19 2 ON 

B20 6 ON 
N/A NA NA 

B20 5 ON 

B01 7 ON N/A NA NA 

B06 12 ON 22 22.4 0.40 

B07 9 OFF N/A NA NA 

ARV-10 N/A N/A 48.8 53.3 4.50 

ARV-25 N/A N/A 16.3 17.6 1.30 

3 

B19 3 ON 
84.3 82.6 1.70 

B19 2 OFF 

B20 6 ON 
N/A N/A N/A 

B20 5 OFF 

B01 7 ON 60 58.2 1.80 

B06 12 ON 25.5 24.8 0.70 

B07 9 ON 25 20.3 4.70 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 20.4 0.10 

4 

B19 3 ON 
71 70.6 0.40 

B19 2 OFF 

B20 6 OFF 
52.4 52.4 0.00 

B20 5 OFF 

B01 7 ON 46 43.9 2.10 

B06 12 ON 25.5 24.6 0.90 

B07 9 ON 25 20.1 4.90 

ARV-10 N/A N/A N/A N/A N/A 

ARV-25 N/A N/A 20.3 20.2 0.10 

Total Difference 34.9 

 


