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INTRODUCTION

We have been getting requests to provide some literature or documentation that validates the results generated by the Surge2000 program. Although the transient analysis engine used by the Surge2000 program has been in use by thousands of engineers for nearly 30 years all over the world, we do realize that such a document would be a confidence booster for many new users. Several past studies have documented the power of Surge2000 program in generating accurate results. A recent article published in the Journal of American Water Works Association (Wood et. al 2005) documents the computational superiority of the Surge2000 program while providing accurate results compared to other numerical and analytical.  This article compares the results obtained from the Surge2000 program for 4 different models to those from analytical/numerical solutions. The excerpts from this article are presented in the Section I of this document. Section II of this document provides results from an extensive field verification study on a large water distribution system severing about 350,000 people and pumping about 40MGD of water on an average day.  Section III is based on a recent study reported in the Canadian Journal of Civil Engineering on a 1.7 km long 250mm diameter sewage force main pumping againt a static lift of about 75m. Section IV presents a recent study comparing the Surge2000 results with test data conducted on a fire protection sprinkler system in a high rise building. During a routine maintenance test, a cap on the riser was blown off resulting in extensive water damage. Tests were conducted on this system in an effort to determine the probable cause for the cap to blow off. Surge2000 was used in pinpointing the cause for the high pressures in the system and subsequent collapse. Prior to that, Surge2000 was validated using the test data conducted on the fire protection sprinkler system (after necessary repairs), so it can be used for predicting the causes for high pressures. The power of the Surge2000 program in producing accurate results would be unequivocally evident from the results presented in these sections. Although 1000+ packages (transient modeling alone) that are being used worldwide speak for the superiority of the Surge2000 technology, this document would certainly enhance the confidence in the model results. The following section shows the chronology of Surge2000 program.  
Surge2000 Program:
· Based Wave Characteristics Method
· Dr. Don J. Wood developed the method and mainframe computer model as part of 
· Ph.D. work at Carnegie Mellon University (1959-61)

· Work for NASA (1962-66)

· Published papers on 

· wave method in ASCE Journal (1966) 

· effect and modeling of air vessels in ASCE Journal (1970)

· wave action at junctions in ASCE Journal (1971)

· transient response at orifices and short lines in ASME Journal (1972)

· plus over 20 additional technical papers

· Computer models for PCs 

· 1982 – SURGE 1: Networks, valves and pumps

· 1986 – SURGE 2: Expanded pump operation, surge control devices

· 1988 – SURGE 3: Additional surge control devices

· 1991 – SURGE 4: Steady state preprocessor and improved user interface

· 1993 – SURGE5: Couple steady state and transient analysis and graphical evaluation modules (GEMS)

· 1997 – SURGE 5.2: Interactive Inputs and additional pump files

· 2001 – Surge2000:  Windows based graphical user interface. 

· Salient Features:

· Based on a powerful computational engine
· Developed and supported by active researchers 

· Close interaction with industry leaders in surge protection equipment 

· Can handle any type of protection devices

· Can handle very large distribution networks

· Any type liquids

· Powerful and intuitive graphical user interface

Section I

Analytical and Numerical Results
Excerpts from “Numerical Methods for Modeling Transient Flow in Water Distribution Systems” by Wood et.al (2005)
ABSTRACT

A comparison is made between the formulation and computational performance of two numerical methods for modeling hydraulic transients in water distribution systems. One method is Eulerian-based and the other is Lagrangian-based. The Eulerian approach explicitly solves the hyperbolic partial differential equations of continuity and momentum and updates the hydraulic state of the system in fixed grid points as time is advanced in uniform increments. The Lagrangian approach tracks the movement and transformation of pressure waves and updates the hydraulic state of the system at fixed or variable time intervals at times when a change actually occurs. Each method is encoded into an existing hydraulic simulation model that gives initial pressure and flow distribution and tested on several networks of varying size and complexity under equal accuracy tolerance. Results show that the accuracy of the methods is comparable, while the Lagrangian method is more computationally efficient when analyzing large systems. 
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NUMERICAL RESULTS

Justification for the use of any transient flow algorithm rests on its ability to solve problems by means of a computer implementation. This is best evaluated by comparing solutions obtained using the various approaches. Solutions are compared for a number of water distribution systems of various sizes using an equivalent time step. The number of calculations required to obtain the solutions are also compared. This number is proportional to the execution time needed to perform a transient analysis and is therefore a good indicator of the computational efficiency of the numerical solution procedures.

Example 1 - Analytical Solutions.  Figure 1 depicts two cases which were analyzed using an exact solution of the basic partial differential equations (1 and 2) and the results compared to MOC and WCM results. Water is flowing from a reservoir at the upstream end to the downstream end of a line of constant cross sectional area, A, and of length, L, a general pipeline profile with initial uniform velocity Vo (or flow rate Qo) and a wave speed, c. At time t = 0, a butterfly valve located at the downstream end of the line, which is completely open, begins to close. Two cases are analyzed. The first case considers the system as shown in Figure 1. For the second case, an orifice is added at the entrance of the reservoir. Analytical and numerical solution details are provided by Boulos et al (1990, 2004). 

Calculations were carried out using the data given in Figure 1 (cases 1 and 2) for a complete valve closure occurring over a time tc = 10 seconds. A computational time period of 1.0 seconds (L/c) is necessary. τ is the ratio of the effective flow area to the fully open flow area for the butterfly valve. For all three methods the computations are initiated at the valve using the initial conditions and the value for the valve area ratio τ at the end of the first time period. The computations then proceed utilizing results obtained from the previous calculations. The results for the three methods of analysis are shown in Table 1 (case 1), Table 2 (case 2) and Figure 2. These tables compare values for the flow rate and the pressure head at the valve for time intervals of 1.0 seconds. For this example and for both cases analyzed, the two numerical methods produce results that are identical to the exact solution. 
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FIGURE 1.  Pipeline and data for comparison of MOC, WCM and exact solution.
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FIGURE 2  Variation in heads at valve (1ft = 0.305m, 1cfs = 28.3L/s)
Example 2.  The second example network was studied earlier by Streeter and Wylie (1967) and is shown in Figure 3. The network comprises 9 pipes, 5 junctions, one reservoir, 3 closed loops, and one valve located at the downstream end of the system. The valve is shut to create the transient. Table 3 summarizes the pertinent pipe system characteristics. The reservoir level is shown in the figure. Figures 4 and 5 compare the transient results obtained using the MOC and WCM solution schemes at the valve and junction 4, respectively. A 20 ft (67 m) length tolerance was used in the analysis which resulted in a required time step of 0.1 seconds. In the figures both solutions are plotted and the two methods produced results that are virtually indistinguishable.
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FIGURE 3  Schematic of pipe network for example 2.
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FIGURE 4  Head at valve for example 2.
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FIGURE 5  Head at node 4 for example 2.

Example 3.  Using a slightly larger more complex system, the methods were applied to the network shown in Figure 6. This represents an actual water system and consists of 40 pipes, 35 junctions, one supply pump and one tank. This example appears in the EPANET (Rossman, 1993) documentation. Table 4 summarizes the pertinent pipe system characteristics. The Pump Station is modeled by designating the inflow at that location. Figures 7 and 8 compare the transient results obtained using the MOC and the WCM solution schemes at nodes 1 and 19 respectively, following a pump shutdown simulated by reducing the inflow to zero over a period of 6 seconds. A 20 ft length (6 m) tolerance was employed in the analysis resulting in a required time step of 0.0139 seconds. As can be seen from the figures, both methods yielded virtually identical results.
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FIGURE 6  Schematic of pipe network for example 3.
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FIGURE 7  Head at node 1 for example 3.
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FIGURE 8  Head at node 19 for example 3.

Example 4.  To illustrate the comparable accuracy of both transient solution schemes on a larger more complex system, the methods were applied to the network shown in Figure 9. This represents an actual water distribution system and consists of 797 pipes, 581 junctions, one supply pump and five tanks. Because of the amount of data required and the fact that this model is based on an actual system the data will not be presented in this paper. The pipe lengths vary from 20 to 4200 feet and the diameters from 4 to 24 inches. Figures 10 and 11 compare the transient results obtained using the (MOC) and the (WCM) solution scheme following a pump trip. Figure 10 shows the pressure transient just downstream from the pump while Figure 11 is for a node some distance away from the pump. The pump trip is modeled using the four quadrant pump characteristics in the form developed by Marchal et al (1965). A 20 ft (6 m) length tolerance was used in the analysis resulting in a time step of 0.0056 seconds. As can be seen from the figure, again both methods produced virtually identical results.
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Figure 9  Schematic of pipe network for example 4
(Maximum length = 4200 ft (1,280m), minimum length = 20 ft (6 m))
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Figure 10  Comparison of results at pump for example 4.
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Figure 11  Comparison of results at node 3066 for example 4.
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Figure 12  Effect of pipe friction on pressure transient.
For a detailed discussion on the results, please refer to the paper by Wood et.al (2005). 
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Section II
Field measurements from a large water distribution network
Comparison of Surge2000 results with field measurements 

on a large water distribution system

Svindland (2005) has done a very extensive field measurement and transient modeling study on a fairly large water distribution system. He compared the measured data with those generated by Surge2000 program of the distribution network transient analysis model. Some of the salient results from Svindland’s study are reported in this document. 

The distribution system serves about 350,000 people and pumps roughly 40MGD on an average day. There are two main pump stations and several other booster stations. The system has several elevated as well ground-level storage tanks. Figure II.1 shows the schematic for this distribution system. The following figures show some salient results from the comparison study reported by Svindland (2005). These figures, including captions, are extracted directly from Svindland (2005). Considering the complex nature of large distribution systems and the uncertainties associated with demands, roughness factors and wave speeds, the results provided by Surge2000 model are in good agreement with the measured data proving the effectiveness of Surge2000 model in predicting high and low transient pressure problems in large complex distribution systems.  
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Figure II.1: Schematic of the water distribution system
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Figure 5.1 — Scenario #1 Pump 14 Shutdown Field vs. Model 1
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Figure 5.2 — Scenario #1 Pump 10 Shutdown Field vs. Model 1
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Figure 5.3 — Scenario #1 Pump 11 Shutdown Field vs. Model 4
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Figure 5.4 — Scenario #2: 52 second Shutdown Field vs. Model 6
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Figure 5.5— Scenario #2: 24 second Shutdown Field vs. Model 6
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Figure 5.6 — Scenario #3: Field Data vs. Model at Site 1
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Figure 5.7 — Scenario #3: Field Data vs. Model at Site 5
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Figure 5.8 — Scenario #4: Field Data vs. Model at Site 1
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Figure 5.9 — Scenario #4: Field Data vs. Model at Site 2
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PREDICTING THE LOCATION AND DURATION OF TRANSIENT
INDUCED LOW OR NEGATIVE PRESSURES WITHIN A
LARGE WATER DISTRIBUTION SYSTEM

Surge modeling is a tool used by engineers and utility owners in determining the
surge pressures or transients that may result from routine pump and valve
operations. Recent surge modeling work has focused on low and/or negative
pressures within water distribution systems and how those occurrences could
lead to intrusions. Effective surge modeling is needed in order to determine if the
intrusion potential exists and what mitigation is needed to prevent intrusions.
This work focuses on the generally unexplored area of using surge models to
predict the location and duration of transient induced low and/or negative
pressures within large complex water distribution systems. The studied system
serves 350,000 people in the southeast United States, has 65 MGD of pumping
capacity at two treatment plants, over 1500 miles of main and 12 storage tanks.
This work focuses on the correlation between field data and the surge model
using the author's extensive operational knowledge of the system, access to real-
time SCADA data, and different celerity or wave speed values. This work also
traces the steps taken by the author to locate areas within the system that
experienced transient induced low and / or negative pressure.

KEYWORDS: Surge, Water Hammer, Hydraulic Modeling, Transients,
Negative Pressures




Section III
Field measurements from a sewage force main

Comparison of Surge2000 results 
with field measurements on a sewage force main

Axworthy and Chabot(2004) reported an elaborate field measurement program on a sewage force main in an effort to evaluate the performance of computer models for predicting transient pressures. The force main comprises a 1600m long 250mm pipeline pumping sewage from an elevation of about 2m to a manhole at an elevation of about 72m. 720m of this pipeline is a class 50 ductile iron pipe and the rest is class 150 PVC pipe. The rated head and flow for the 1750rpm pump are 82m and 50l/s respectively and the steady state flowrate through the pipeline is about 60l/s when one of the two pumps is operating. The is a ball-check non-return valve at pump discharge and a two-stage (different inflow and outflow orifice diameters) air valve is there at roughly 1300m from the pump station. In addition, there is a pressure relief valve located immediately downstream of the pump. The attached Surge2000 model called “SewerMain_1.p2k” shows rest of the details for the force main and the associated components. Figure III.1 shows the schematics of longitudinal view as well as the plan view of the force main system.

Figure III.2 shows the time vs. measured pressure head plot near pump discharge following a pump trip event. Axworthy and Chabot(2004) indicated that there was widespread cavitation conditions within the pipeline during this pump trip event and the air valve got activated during the test period. This is corroborated by the pressure envelope (Figure III.3) simulated by a computer program that Axworthy and Chabot (2004) have employed to compare the measured and computed results. 
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Figure III. 1: Force Main Schematic (Courtesy: Axworthy and Chabot 2004)

Figure III.2 shows the time vs. measured pressure head plot near pump discharge following a pump trip event. Axworthy and Chabot(2004) indicated that there was widespread cavitation conditions within the pipeline during this pump trip event and the air valve got activated during the test period. This is corroborated by the pressure envelope (Figure III.3) simulated by a computer program that Axworthy and Chabot (2004) have employed to compare the measured and computed results. 
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Figure III.2:  Measured pump head plot near pump discharge (Courtesy: Axworthy and Chabot 2004)
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Figure III.3: Pressure envelope showing widespread cavitation along the force main (Courtesy: Axworthy and Chabot 2004)
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Figure III.4: Comparing Surge2000 results with measured values

Figure III.4 shows a comparison of Surge2000 results with measured values for the force main pump trip scenario. The measured values presented in Figure III.4 were extracted directly from the graph reported by Axworthy and Chabot (2004) and therefore would reflect only the peaks and valleys more accurately. It is clear from Figure III.4 that the model predicted values are very close to the field measurements. This is despite the fact that there could be several uncertain parameters in model building such as wave speeds for different pipe material for sewage with no entrained air, changes to the wave speed after column separation due to release of dissolved gases, non-return valve dynamics, pump trip characteristics etc. not to mention the measurement inaccuracies – errors in magnitude of measured pressures and/or measurement frequency that can easily miss certain sharp peaks and valleys. Figure III. 5 shows the Surge2000 generated envelope of maximum and minimum pressures for the force main. 
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Figure III.5: Pressure envelope for the force main following a pump trip event

Axworthy and Chabot (2004) presented another comparison study for the same force main system. For this study, the pressures at pump station were measured following a controlled shut down of the pump fitted with a variable speed drive. The speed of the motor was ramped down in 45 seconds. Figure III.6 shows the measured pressures at pump station following controlled shut down of the variable speed pump. 

[image: image29.png]Pressure head (m)

150





Figure III.6:  Measured pump head plot near pump discharge following controlled shut-down (Courtesy: Axworthy and Chabot 2004)

The attached Surge2000 model called “SewerMain_2.p2k” shows the change data provided to simulate controlled shut down of the variable speed pump. Figure III.7 shows a comparison of Surge2000 results with measured values for the force main controlled shut down scenario. The measured values presented in Figure III.7 were extracted directly from the graph reported by Axworthy and Chabot (2004) and therefore would reflect only the peaks and valleys more accurately. It is clear from Figure III.7 that the model predicted values are very close to the field measurements. A more accurate information on ball check valve dynamics and wave speed information is expected to provide more accurate comparison. 
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Figure III.7: Comparing Surge2000 results with measured value for the variable speed operation case
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Axworthy, D.H., and Chabot, N (2004) Pressure Transients in a Canadian Sewage Force Main. Canadian Journal of Civil Engineering, 31, 1039-1050 (2004)
Section IV
High rise fire protection sprinkler system test data

Surge Analysis of High Rise Sprinkler System Test
During a test of a high rise fire sprinkler system a cap on a riser was blown off on the 12th floor causing a great amount of damage. Subsequently a test was conducted (8/24/04)  to simulate the test conditions. A surge analysis was carried out using Surge2000 to model the event. Figure 1 shows a comparison of the test and predicted pressure transient at the location of the 12th  floor riser cap.
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Figure 1.  Comparison of Analysis and Test Results
The actual test involved opening a valve on the ground floor to a dry pipe region. This caused water to flow from the pressurized wet pipe region to the dry pipe region causing a rapid and large loss of pressure which triggered the start of a fire pump. A butterfly valve was then quickly manually closed at the entrance to the dry pipe region. 

      The following time line of events was determined by observations during the test and the characteristics of the PRV and fire pump. The same conditions were used for the Surge2000 model of the 8/24/04 test:

	Time (sec.)                                Event                  

	    0                                 Dry Valve opens – PRV starts to open (assumed initially closed) (Jockey Pump is on pressurizing at 240 psi) 

Butterfly Valve is 50% open

	  0.01                   Dry Valve is fully opened

	  1.3                     Fire Pump comes on

	  1.6                     PRV fully opened 

	  2.1                     Butterfly Valve starts to close 

	  2.6                     Fire Pump at Rated Speed

	  5.6                     Butterfly Valve fully closed


The Surge2000 model used is shown in Figure 2. Figure 3 shows the sequence of events which occurred during the test and which were simulated by the surge analysis. An unknown amount of air is trapped in the sprinkler system and dissolved into the water. The wave speed will be affected. The air will accumulate at the top of the riser pipes and air pockets at  these locations will also affect the response. 

A wave speed of 2000 ft/s was used. This represents a very small amount of dissolved air in the water. Also small amounts of air was assumed to be trapped in the 4 inch riser pipes (.15 and .3 cubic feet). Using these amounts of air and the timeline discussed the results shown in Figure 1 were obtained.
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Figure 2  Surge 2000 Model of Fire Sprinkler System
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Figure 3   Sequence of Events for Test
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Figure 3   Sequence of Events for Test (cont.)
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Figure 3   Sequence of Events for Test (cont.)
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L = 3600ft (1098m), d=12” (305mm)


c = 3600ft/s (1098m/s), qo = 3ft3/s (85L/s)





Case 1 (No Orifice): HR = HO = 45ft (13.7m), Hex = 0





Case 2 (Orifice):       HR = 135ft (41.2m), HO = 45ft (13.7m), Hex = 0
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