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Appendix N —Wave speed estimation and other complexities for transmission pipes

Appendix N

Wave speed estimation and other complexities (including

restraints and entrained air) for transmission pipelines

N.1 Entrained air in transmission pipelines

Fox (1977) determined that the level of dissolved air in water is typicaly 2% at
normal temperatures. This dissolved air can come out of solution during either a
pressure drop or temperature increase. The other major mechanism whereby air can
be entrained into a pipeline is where insufficient submergence at a pump alows the
formation of vortices. In the absence of air valves on all summits of an undulating
pipeline the presence of air pockets, even if migratory, is inevitable. That said, the
percentage of entrained air that will accumulate in such an undulating pipeline can be
reduced by maintaining minimum grades of 1:250 and 1:500 on downward and
upward slopes, relative to the direction of flow, respectively (and periodic flushing at
air valves located at high points).

N.2 Specific assessment of entrained air

The Hanson Transmission Pipeline (HTP) is a gravity main leading from five 9.1ML
summit tanks. At the time of the testing, in May 2004, the temperature in the region
varied diurnally between 10 to 20 degrees Celsius. A GPS unit was used to accurately
survey the position of al air valves (fire plugs) along the HTP. This information was
compared to that from available “as constructed” survey information recorded shortly
after the construction of the HTP. Table N-1 compares the spacing information from
the two sources and confirms that there are 23 air valves along the HTP at an average

spacing of approximately 550m.

The MTP is a pumped rising main leading from the Morgan filtration/treatment plant
to two 9.1ML staging tanks. It was presumed that there would be more entrained air
in the MTP relative to the HTP. The tests on the Morgan Transmission Pipeline
(MTP) were conducted on days with similar temperatures to those experienced for the
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HTP. As for the HTP, GPS survey was undertaken to confirm the position of al the

air valves (fire plugs) along the MTP. Table N-2 summarises the GPS information and

confirms that there are 62 air valves along the MTP at an average spacing of

approximately 400m.

Table N-1 — Air valve spacing determined from GPS and map information for HTP

AVFP GPS Map AVFP GPS Map
nos. nos.
1-2 61.0 380.7 13-14 213.4 259.0
2-3 1304.5 1313.7 14-15 365.8 360.0
3-4 914.4 907.2 15-16 969.3 961.7
4-5 585.2 546.4 16-17 701.0 666.6
5-6 243.8 261.8 17-18 121.9 111.2
6-7 975.4 984.0 18-19 146.3 188.3
7-8 329.2 334.8 19-20 518.2 486.6
8-9 731.5 744.7 20-21 701.0 703.5
9-10 487.7 456.1 21-22 512.1 509.9
10-11 121.9 108.8 22-23 963.2 888.3
11-12 390.1 403.5 23-BV 755.9 778.4
12-13 396.2 380.3 Avg. 543.9 553.7

Table N-2 — Air valve spacing determined from GPS information for MTP

AVEP 1 eps | AVEP GPS AVEP GPS AVFP GPS
12 1000 | 1718 | 3200 | 3334 | 4365 | 4950 | 400.9
23 422 1819 | 5747 | 3435 | 4475 | 5051 | 7051
34 89.1 1920 | 4094 | 3536 | 5117 | 5152 | 4739
45 6137 | 2021 | 3837 | 3637 | 6234 | 5253 | 5282
56 3561 | 2122 | 3050 | 3738 96.9 5354 | 3165
67 1072 | 2223 8.2 3839 | 2012 | 5455 | 6327
78 5631 | 2324 | 4104 | 3940 | 3031 | 5556 | 634.1
89 6527 | 2425 | 4939 | 4041 | 3395 | 5657 | 369.7
910 | 1646 | 2526 | 3817 | 4142 | 3448 | 5758 | 6366

1011 | 2437 | 2627 | 6358 | 4243 | 2442 | 5859 | 3189

1112 | 6571 | 2728 | 7022 | 4344 | 9189 | 5960 93.6

1213 | 4704 | 2829 | 5193 | 4445 | 5705 | 6061 | 4778

1314 | 3409 | 2030 | 5723 | 4546 79.2 6162 | 3198

1415 | 1275 | 3031 | 1329 | 4647 | 1779 | 62-tanks | 400.9

1516 | o773 | 313 [ 2367 | aras [ ams | o JoL3

1617 | 2889 | 3233 | 5797 | 4849 | 4684
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Apart from pipeline usage and the frequency of air valves, the most relevant
topological characteristic, affecting the migration of entrained air, is pipeline slope.
Equations determined by Kalinske and Bliss (1943) (refer to Appendix O), together
with the information regarding pipe gradient along sections of the transmission
pipelines, have been used to determine the critical velocity required to sweep
entrained air bubbles along the pipelines to nearby high points. The lengths of
separate sections of pipeline, with approximately uniform sopes, together with the
minimum Kalinske and Bliss (1943) critical velocity for migration of entrained air,
arelisted in Tables N-3 for the HTP.

Table N-3 —HTP length, dope and critical bubble movement velocities

HTP | Length | AEL | Slope Ka'lia”"sékse &1 Hrp | Length | aEL | Siope Ka'g}z;e &

section (m) (m) (deg.) section (m) (m) (deg.)
(1943) (1943)
1 23632 | 9.1 0.22 0.23 16 168.8 2.3 -0.78 0.44
2 19412 | 17.3 0.51 0.35 17 253.2 13.3 3.02 0.86
3 337.6 0.2 0.04 0.09 18 253.2 0.5 0.10 0.16
4 337.6 -6.2 -1.06 0.51 19 84.4 -17.8 | -11.91 1.72
5 844.0 9.0 0.61 0.39 20 168.8 6.1 2.07 0.71
6 337.6 -6.6 -1.12 0.52 21 168.8 6.3 -2.12 0.72
7 422.0 2.2 0.30 0.27 22 168.8 9.3 3.15 0.88
8 84.4 -1.6 -1.09 0.51 23 506.4 11.3 1.28 0.56
9 253.2 4.0 0.91 0.47 24 13504 | 5.7 0.24 0.24
10 168.8 -1.2 -0.40 0.31 25 422.0 5.4 0.73 0.42
11 422.0 2.4 0.32 0.28 26 253.2 3.3 -0.75 0.43
12 168.8 -4.8 -1.63 0.63 27 422.0 3.3 0.45 0.33
13 422.0 11.6 1.57 0.62 28 337.6 -4.0 -0.68 0.41
14 253.2 17.1 3.87 0.97 29 422.0 35 0.48 0.34
15 168.8 1.6 0.54 0.36

Table N-4 shows the variation in the actual flow velocity in the HTP during the 24
hours prior to the transient tests. The average flow velocity during this period was
0.51m/s. This average velocity typically exceeds the critical velocity required to
sweep entrained air bubbles along the HTP to one of the local high points. The

conclusion that there was little entrained air in the HTP, was reinforced on this basis.
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Table N-4 — Average flow in HTP over 24 hours prior to the transient tests

Time (leg/vsv) V?r:r?/gl)ty Time (Ir:rig/vsv) V?rlnolg)ty
12noon 0.17 0.54 12midnight 0.18 0.59
1pm 0.14 0.47 lam 0.17 0.56
2pm 0.14 0.47 2am 0.17 0.56
3pm 0.13 0.41 3am 0.16 0.53
4pm 0.11 0.37 4am 0.16 0.53
5pm 0.11 0.37 5am 0.16 0.51
6pm 0.12 0.38 6am 0.16 0.53
7pm 0.13 0.41 7am 0.17 0.56
8pm 0.14 0.47 8am 0.18 0.59
9pm 0.18 0.59 9am 0.20 0.64
10pm 0.16 0.53 10am 0.23 0.73
11pm 0.16 0.53 11am (20" May 2004) 0.18 0.59

The lengths of separate sections of pipeline, with approximately uniform slopes,

together with the critical velocity for migration of entrained air, are listed in Tables N-
5for the MTP.

Table N-5—MTP length, slope and critical bubble movement velocities

HTP Length AEL Slope Ka"n.Ske & HTP Length AEL Slope Ka"n-SKe &
section (m) (m) (deg.) Bliss section (m) (m) (deg.) Bliss
(1943) (1943)
1 2382.1 4.0 0.10 0.16 15 334.2 2.0 0.34 0.31
2 1065.5 -5.0 -0.27 0.28 16 364.2 0.2 0.03 0.09
3 2105.0 16.0 0.44 0.35 17 159.5 2.0 0.72 0.45
4 329.0 2.0 0.35 0.31 18 308.9 -1.0 -0.19 0.23
5 1367.8 -3.0 -0.13 0.19 19 2044.9 8.0 0.22 0.25
6 1599.0 7.0 0.25 0.27 20 379.6 4.0 0.60 0.41
7 1857.2 6.0 0.19 0.23 21 632.7 -2.0 -0.18 0.23
8 413.7 -4.0 -0.55 0.40 22 1640.4 8.0 0.28 0.28
9 2503.5 18.0 0.41 0.34 23 318.8 -2.0 -0.36 0.32
10 4215 -2.0 -0.27 0.28 24 571.5 6.0 0.60 0.41
11 499.9 9.0 1.03 0.54 25 319.8 0.2 0.04 0.10
12 303.1 -2.0 -0.38 0.33 26 230.4 2.0 0.50 0.37
13 1847.3 10.0 0.31 0.30 27 1387.8 1.0 0.04 0.11
14 570.5 1.0 0.10 0.17 28 2382.1 4.0 0.10 0.16

594



Appendix N —Wave speed estimation and other complexities for transmission pipes

In the case of the MTP, flow records were not available. However, it was ascertained
from the South Australian Water Corporation operators that the typical pumped flow
in the MTP was 550L/s and that pumping occurred for 1-2hours at least once a day.
Using an average internal diameter of 724.3mm, the velocity in the MTP can be
calculated as 1.21m/s. This velocity exceeds the critical velocities required to sweep
entrained air bubbles along the MTP to one of the local high points.

N.3 Restraint of aboveground transmission pipelines

Restraints may be used to attempt to reduce the longitudinal and lateral movement of
a pipeline. However, if mechanical motion and vibration, related to precursor, flexural
and shear waves, are not completely restrained between supports then energy will be
transferred, viaradiation to, transmission into, or impact on, the supporting structures.
Similar forms of pipeline restraint and support are used for both transmission
pipelines investigated in this research. In fact, the use of aboveground MSCL
pipelines with the types of restraints and supports described below is common to
nearly all transmission pipeline systems throughout South Australia. The construction
of underground gullets (i.e., locations where the pipeline is diverted underground for
short lengths to facilitate vehicular crossing), underground valve units, lateral pipes,
changes in direction and end restraints at tanks or pump stations are also common to

most South Australian transmission pipelines.

The main method of supporting the pipelines involves the placement of concrete
saddle supports at a spacing of approximately 10m. These supports are widened at the
base to improve bearing capacity on the soil beneath. On their own, these saddles
provide vertical support and limited longitudinal and lateral support. The saddles are
similar to the brackets used by Budny et al. (1991) to investigate the effect of pipeline
restraint in the laboratory. In addition to the saddle supports, concrete collar restraints
are used. The spacing of these collar restraints is variable along the transmission
pipelines but is typically 75m. Figure N-1 shows typical saddle supports along the

HTP and a collar restraint adjacent to the location of the transient generator.
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Figures N-1 - Typical collar ring restraints and saddle supports on the Hanson

Transmission Pipeline
N.4 Wave speed estimation
Theoretical estimation of wave speed for composite pipelines
The theoretical wave speed for a composite steel and cement walled pipeline can be
estimated using the procedure described by Wylie and Streeter (1993). The thickness

of cement lining is converted to an equivalent thickness of steel using the ratio

between the elastic modulus for the cement and steel as follows:

oo =t x 2 (N-1)

The approximate theoretical wave speed for the composite pipeline can then be

determined (assuming there is no water/air mixture) using the usual equation:

_ K/p )
a_\/1+(K/ES)(D/e)c (N-2)
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where K is the bulk modulus of water, p is the density of water, Esisthe elastic
modulus of steel, D istheinternal diameter of the pipeling, e is the thickness of the
equivalent steel wall and c is a pipe restraint factor which, for an axially restrained
pipe, is calculated using:

c=1-v? (N-3)

where vis Poisson'sratio for steel

Theoretical estimation of wave speed for Hanson Transmission Pipeline

The Hanson Transmission Pipeline (HTP) comprises 650mm nominal diameter Mild
Steel Cement Mortar Lined (MSCL) pipe. It is located aboveground, supported by
saddles (at approximately a 10m spacing) and restrained by collars at an approximate
spacing of 75m. Pipe joints are fully welded. Plans of the HTP indicate that it has a
wall thickness of 3/16 of an inch (4.76mm) along its entire length. Sections of pipe
(previoudly cut out to be replaced) reveal that the thickness of the cement lining varies
between 10 to 15mm (with an average thickness of approximately 12.5mm). Figure
N-2 shows the abovementioned and other details of the material types, thickness and

properties for the HTP.

Properties of steel,
cement and water at 660 mm
15°C

Es =210 GPa

Ec =25 GPa

K =2.14 GPa

pw = 999.1 kg/m?*
ps = 7850 kg/m®
Y = 9.8 kKN/m?*
¥s = 77.0 KN/m?
Yc = 23.0 kN/m?®
vs =0.30 ts=4.76 mm y
Ve = 0.15

tc =12.5 mm

Figure N-2 - Cross section and details for the Hanson Transmission Pipeline
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It is arguable whether the HTP is axially restrained. The below ground chambers for
in-line valves and cross connections, the lateral offtake, the insertion flowmeter and
multiple vehicular crossings provide axia restraint. Furthermore, the collars and, to a
lesser extent, each saddle support provide additional axial restraint. Assuming the
HTP is effectively restrained, and using the properties specified in Figure N-2, the
approximate theoretical wave speed for the HTP is 1055m/s.

Theoretical estimation of wave speed for Morgan Transmission Pipeline

The Morgan Transmission Pipeline (MTP) comprises 750mm nominal diameter Mild
Steel Cement Mortar Lined (MSCL) pipe. As for the HTP, it is located aboveground,
supported by saddles and restrained by collars. The pipe joints are again fully welded.
Plans of the MTP indicate that its wall thickness varies for known sections from 5/16,
1/4 to 3/16 of an inch (7.94, 6.35 to 4.76mm). Sections of pipe cut to enable CCTV
camera access revealed that the thickness of the cement lining was approximately
12.5mm at multiple locations. Figure N-3 shows the abovementioned and other details

of the material types, thickness and properties for the MTP.

Properties of steel,
cement and water at 762 mm
15°C

Es =210 GPa

Ec =25 GPa

K =2.14 GPa

pw = 999.1 kg/m?
ps = 7850 kg/m?
T = 9.8 kKN/m?
¥s = 77.0 KN/m? tc=12.5mm
Ye = 23.0 kN/m?®

vs =0.30 \
ve=0.15

ts = 4.76 — 7.94 mm

Figure N-3 - Cross section and details for the Morgan Transmission Pipeline
The determination of a theoretical wave speed for the MTP is significantly more
complex than for the HTP because of the changes in wall thickness for different

sections that vary between 3/16 and 5/16 of an inch (4.76 and 7.94mm). A section of
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3/8 of an inch pipe between in-line gate vave “No.l” and the Morgan
filtration/treatment plant is excluded by the use of this valve as a boundary condition.

The changesin wall thickness along the MTP are summarised in Table N-6:

Table N-6 — Variation of wall thickness for Morgan Transmission Pipeline

Start chainage End chainage Internal diameter | Thickness of steel

(m) (m) (mm) (mm)
0 108 717.9 9.53
108 5614 721.1 7.94
5614 5833 724.3 6.35
5833 5842 721.1 7.94
5842 9832 724.3 6.35
9832 9841 721.1 7.94
9841 11740 724.3 6.35
11740 15731 727.5 4.76
15731 15839 724.3 6.35
15839 26100 727.5 4.76

As for the HTP, it is arguable whether the MTP is axially restrained. The below
ground chambers for in-line valves and cross connections, the lateral offtake, the
insertion flowmeter and multiple vehicular crossings again provide axial restraint.
Furthermore, the collars and, to alesser extent, each saddle support provide additional
axial restraint. Assuming composite action between the cement lining and the steel
wall and that the MTP is effectively restrained, and using the properties specified in
Figure N-3, the approximate theoretical wave speed for the MTP varies with wall
thickness as shown in Table N-7:

Table N-7 — Theoretical variation of wave speed for Morgan Transmission Pipeline

with intact cement lining and full restraint

Internal diameter | Thickness of steel Thickness of cement Wave speed
(mm) (mm) lining (mm) (m/s)
721.1 7.94 125 1120
724.3 6.35 125 1074
727.5 4.76 125 1015
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Direct wavefront timing estimation of wave speed

Figure N-4 shows the dispersion of the incident transient wavefronts at station 1, for
tests 1 and 2, conducted on the 21 May 2004, on the Hanson Transmission Pipeline
(HTP). Significant dispersion is evident after the wavefronts, initially approximately
10ms steep (estimate based on potentiometer measurements of the rotation of the steel
axis and torsion spring mounted in the transient generator), have travelled to station 1.
Determination of the arrival time of the wavefronts becomes ambiguous with
increasing dispersion. Figure N-4 shows four points that could be used to assess the
travel time of the incident wavefronts. However, the dispersion of the wavefronts
means that the estimated wave speed will decrease as points 1 (least dispersion)
through to 4 (greatest dispersion) are used.

1.2

1 - first arrival of wave front
1.0 4
2 - start of main wave front
0.8 4 3-end of main wave front

0.6 4 - last arrival of wave front

0.4

0.2 -

0.0 Srmm—

Wave front at station 1 - test 1

Pressure (Non-dimensional)

= \Nave front at station 1 - test 2
'0-2 T T T T

13.22 13.26 13.30 13.34 13.38 13.42

Time (s)

Figure N-4 — Dispersion of wavefront along the Hanson Transmission Pipeline

Table N-8 shows the wave speeds estimated using all points. The results for points 1
and 2 are considered the most relevant, because significant dispersion is not
erroneoudly incorporated, as for points 3 and 4, and they define a range encompassing
the estimated theoretical wave speed. The average of the values for points 1 and 2 is
1050m/s and relatively close to the theoretically predicted value. Given the variability
in the wall thicknesses along the MTP, and more dispersion than observed for the

HTP, adirect analysis of the wave speeds along the MTP is not presented.
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Table N-8 — Wave speeds from wavefront along the Hanson Transmission Pipeline

Test Point 1 Point 2 | Point3 | Point 4
No. (m/s) (ml/s) (m/s) (m/s)
1 1084 1019 1001 981
2 1084 1019 1001 981
3 1077 1019 1000 985
4 1077 1019 1000 985
Average 1080.5 1019.0 1000.5 983.0

Periodic timing estimation of wave speed

Analysis of the period of atransient response has been used as a method for inferring
the wave speed of a pipeline. Covas et al. (2004a) used this method to determine the
wave speed for their field tests described in Chapter 3. However, the use of this
method is only appropriate for the case where non-frequency dependent effects are
insignificant. Unfortunately, unsteady friction, entrained air and, possibly to a greater
extent, mechanical damping act to disperse transient responses from field pipelines
such that inferring the wave speed from the period of the measured response will lead

to underestimation of the “true” wave speed.

In the case of the Hanson Transmission Pipeline (HTP), the theoretical period of a
transient response is equal to 4L/a seconds where L and a are the length and wave
speed, respectively. If the half-period of the measured response is known, and is not
dispersed, then an apparent wave speed can be calculated using 2L/T where T is the
measured period of the HTP. The average half-period of the transient responses for
the tests, at both stations 1 and 2, is 26s. Given the HTP is 13525m long, the apparent
wave speed can be calculated as 1040m/s. This wave speed is slightly less than the
theoretical value, and that determined directly using the leading edge of the measured
wavefronts, because the dispersion caused by unsteady friction, entrained air and
mechanical damping act to extend the period of the measured response. The periods
of the responses for the Morgan Transmission Pipeline (MTP) have not been used to

infer wave speeds.
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N.5 Direct CCTV camera inspection information

CCTV camera footage for the Hanson Transmission Pipeline

Closed circuit television (CCTV) camera investigations conducted over a short length

of the Hanson Transmission Pipeline (HTP) near Gum Creek indicates that the

roughness of the cement mortar lining for that length is, on average, approximately

2mm. Table N-9 presents a summary of the logs from the CCTV camera

investigation. The observed damaged can be classified in terms of the presence of

cement pieces (P), corrosion (R), tuberculation (T) and delamination (D).

Table N-9 — Summary of log of CCTV camerainvestigation for the HTP

Chainage Damage Exposed Roughness . Damage Exposed Roughness
(m) classification | steel (m?) (mm) Chainage classification steel (m?) (mm)
8800 Nil 0 1 8960 Nil 0 1
8810 Nil 0 1 8970 Nil 0 2
8820 P 0 1 8980 Nil 0 1
8830 Nil 0 1 8990 Nil 0 1
8840 P+D 0.25 6 9000 R+D 0 4
8850 Nil 0 1 9010 Nil 0 1
8860 Nil 0 1 9020 Nil 0 1
8870 P 0 4 9030 Nil 0 1
8880 D 0 6 9040 Nil 0 1
8890 R+T 0 6 9050 Nil 0 1
8900 Nil 0 1 9060 Nil 0 1
8910 Nil 0 1 9070 R+D 0.25 6
8920 Nil 0 1 9080 Nil 0 1
8930 Nil 0 2 9090 R+D 0 4
8940 Nil 0 2 9100 Nil 0 1
8950 Nil 0 1 Average 2.0mm

This is the best available direct information regarding the wall condition of the HTP

apart from general theoretical information relating to the likely roughness of the

cement mortar lining of a MSCL pipe. A roughness of 2mm has been adopted in the

initial analysis presented in Chapter 7. A methodology for performing roughness

calibration using Inverse Transient Analysis (ITA) is developed in Chapter 8.
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CCTV camera footage for the Morgan Transmission Pipeline

Closed circuit televison (CCTV) camera inspections conducted over two short

lengths of the Morgan Transmission Pipeline (MTP), between chainages 15000 and
15400m, and then chainages 17200 and 17700m, indicate that the roughness of the

cement mortar lining for that length is, on average, approximately 3mm. Tables N-10

and N-11 present summaries of the logs from the CCTV camera investigations.

Significantly more exposed steel was observed than for the HTP with a total of

28.3m* and 85m’ at the two locations, respectively. Corrosion, tuberculation,

delamination and the build-up of cement pieces provided considerable additional

evidence of internal pipe wall damage along the section of MTP from chainage 15000
to 15400m.

Table N-10 — Summary of log of CCTV camerainvestigation for MTP between

chainages 15000 and 15400m
Chainage Damage Exposed Roughness . Damage Exposed Roughness
(m) classification | steel (m?) (mm) Chainage classification steel (m?) (mm)
15000 Nil 0 1 15210 Nil 0 1
15010 Nil 0 1 15220 P+D 0.1 8
15020 P+D 0.2 8 15230 Nil 1
15030 Nil 0 1 15240 Nil 1
15040 Nil 0 1 15250 Nil 1
15050 Nil 0 1 15260 P+D 0.6 8
15060 Nil 0 1 15270 P+D+R 4.7 8
15070 P+D+R 6.0 8 15280 P+D+R 12.2 8
15080 Nil 0 1 15290 P+R 0.7 8
15090 Nil 0 1 15300 Nil 1
15100 P+R 0.1 6 15310 Nil 1
15110 P 0 2 15320 Nil 1
15120 Nil 0 1 15330 P+D 0.5 8
15130 P 0 2 15340 P+R 0.2 8
15140 Nil 0 1 15350 Nil 0 1
15150 P+R 0.2 8 15360 P+D 0.1 6
15160 P+D+R 0.6 8 15370 Nil 1
15170 Nil 0 1 15380 Nil 1
15180 P 0 2 15390 P+D 0.6 8
15190 Nil 0 1 15400 P+D+R 15 8
15200 Nil 0 1 Average 3.5mm
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This is the best available direct information regarding the wall condition of the MTP
apart from general theoretical information relating to the likely roughness of the
cement mortar lining of a MSCL pipe. A roughness of 3mm has been adopted in the

initial analysis presented in this research.

Table N-11 — Summary of log of CCTV camera investigation for MTP between
chainages 17200 and 17700m

Chainage Dar_nage_z Exposeg Roughness Chainage Damagg Exposeg Roughness
(m) classification | steel (m°) (mm) classification steel (M) (mm)
17200 Nil 0 1 17460 Nil 0 1
17210 Nil 0 1 17470 Nil 0 1
17220 Nil 0 1 17480 Nil 0 1
17230 Nil 0 1 17490 D 0.4 6
17240 Nil 0 1 17500 Nil 1
17250 Nil 0 1 17510 Nil 1
17260 Nil 0 1 17520 Nil 1
17270 P+R 0.5 6 17530 D 0.2 6
17280 Nil 0 1 17540 Nil 0 1
17290 Nil 0 1 17550 D 0.1 4
17300 P 0.1 6 17560 Nil 0 1
17310 Nil 1 17570 P+D 0.1 6
17320 Nil 1 17580 P+D 0.2 6
17330 P+R 11 8 17590 Nil 0 1
17340 P 2 17600 Nil 0 1
17350 Nil 1 17610 Nil 0 1
17360 P+R 0.1 6 17620 Nil 0 1
17370 Nil 0 1 17630 D 0.1 6
17380 D+R 2.7 8 17640 Nil 0 1
17390 Nil 0 1 17650 Nil 1
17400 D+R 15 6 17660 Nil 1
17410 Nil 1 17670 D 0.1 6
17420 Nil 1 17680 Nil 1
17430 Nil 1 17690 Nil 1
17440 D+R 0.6 6 17700 Nil 1
17450 D+R 0.7 6 Average 2.5mm

N.6 Wall condition by inference using wave speeds
Two very important assumptions are involved in the theoretical calculation of wave

speed. Firstly, it is assumed that, in the case of composite pipelines, the cement mortar

lining is acting in unison with the steel pipeline wall giving composite action. The
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physical condition of the cement mortar lining (and hence internal condition of the
pipeline wall) is directly related to the apparent wave speed of a pipeline. For
example, if the cement mortar lining along the Hanson Transmission Pipeline (HTP)
is ignored (i.e., it is assumed to be largely delaminated), then the theoretical wave
speed reduces from 1055 to 983m/s. Unfortunately, it is not possible to know the
variation in the condition of the cement lining a priori. That said, in the case of both
transmission pipelines, the author was fortunate to have access to logs of CCTV
camera investigations undertaken along sections as described above. Although only
samples, the information provides a direct basis upon which to base assumptions
regarding the likely average condition of the cement mortar lining aong each

pipeline.

Secondly, it is assumed that the pipelines are effectively restrained. The degree of
restraint is directly related to the apparent wave speed of a pipeline. For example, if
the assumption that the HTP is effectively restrained is wrong, and it is unrestrained,
then the theoretical wave speed reduces from 1055 to 1030m/s. In this context, the
problems of Fluid Structure Interaction (FSI) and mechanical dispersion and damping
have been mentioned above and are considered in the thesis. While it is not as
difficult to gauge the restraint of an aboveground pipeline as it is to know the
condition of the internal cement mortar lining, it is, nevertheless, a highly variable

parameter.

In the case of the HTP, the uniformity of wall thickness and generally good condition
of the internal cement mortar lining suggest that the theoretically estimated wave
speed of 1055m/s is likely, subject to an assessment of the effect of entrained air, to
be satisfactory. However, in the case of the Morgan Transmission Pipeline (MTP),
variable wave speeds need to be included in any model to account for the variation in
wall thickness and the known deterioration in the cement mortar lining (particularly
between chainages 15000 and 26100m). The results of the external survey performed
by the author have been used to include the appropriate level of pipeline restraint
along the different sections of the MTP.

Table N-12 lists the variation in wave speed obtained for sections of the MTP with

different degrees of composite action between the cement mortar lining and steel wall
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and for different degrees of restraint. Using the available logs from internal CCTV
camera investigation and the results from the external survey of the MTP, different
wave speeds have been included, for the different sections of pipeline identified in
Table N-6 above, in the models of the MTP used in the thes's.

Table N-12 — Different wave speeds for varying combinations of deteriorated wall

condition and pipeline restraint

Internal No delam. | No delam. Delam. & Delam. &
di ts tc teg & full & no full no
iameter . ! . .
(mm) (mm) | (mm) | (mm) | restraint restraint restraint restraint
(m/s) (m/s) (m/s) (m/s)
721.1 794 | 125 | 943 1120 1097 1078 1055
724.3 6.35 | 125 | 7.84 1074 1050 1020 995
727.5 476 | 125 | 6.25 1015 990 941 915

where delam. is an abbreviation of delamination
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Appendix O

Transient modelling of air pockets and entrained air
0.1 Air release and movement along pipelines

Air isusually entrained in pipe systems at boundaries that are periodically open to the
atmosphere. In the case of transmission pipelines, air entrainment is most likely to
occur when vortices at pump suction points occasionally form. The other possibility is
at leaky fittings. In the case of water distribution systems, pumps and leaky fittings
are again potential sources together with the operation of valves, fire plug flushing
and the operation of private plumbing within individual residences. The occurrence of
low or negative pressure within a system is the other circumstance likely to result in
the release of air that subsequently becomes entrained. The theoretical equations
describing the release of air and its behaviour within pipeline systems are presented
below.

Equations governing the release of air
Henry’s Law governs the mass of dissolved air in a volume of water when the mixture

is in an equilibrium state. This law states that the concentration of dissolved air is

directly proportional to the partial pressure of the air at a constant temperature;

C=%F (0-1)

a

where C is the concentration of dissolved air and S is the Henry's solubility
coefficient and the amount of evolution that is possible at a given temperature is given

by:

AC=SF; -F,) (0-2)

where P, and P; aretheinitial and final absolute saturated pressures, respectively
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When low or negative pressures are experience in a pipe system, the pressure may fall
below the saturation pressure and dissolved air may come out of solution. The rate of
evolution is dependent upon the turbulence in the flow mixture, the presence, size and
distribution of gas nuclei, the solubility coefficient and, finally, the magnitude of the
pressure drop. That said, it is difficult to quantify the entrained air content of a pipe
system before a low pressure transient, and therefore the further quantification of
potential air release under low pressure is unlikely to be accurate. Furthermore,
experimental evidence indicates that less than a further 10% of dissolved air will
come out of solution, to increase any existing percentage of entrained air, under
negative pressures as low as -5m. For these reasons, and because low and negative
pressures were not induced in the field tests described in this research, the release of

dissolved air will not be further considered.

The formation of discrete air pockets in pipe systems usualy results from the
migration of entrained air to points of concentration. Kalinske and Bliss (1943)
determined the following equation for calculating the critical velocity for sweeping
bubbles along a pipe to local high points and air valves:

Ve _1500/tan@ (0-3)

JoD

where € > 5 degrees upward or downward

Kent (1952) developed an aternative equation for calculating the critical velocity for
sweeping bubbles along a pipe:

%: JC,siné (0-4)
g

where C, is1.53 and @ is 15 to 70 degrees upward or downward

608



Appendix O — Transient modelling of air pockets and entrained air

Equations governing pressure in air/water mixtures
Dalton’s Law states that the total pressure exerted by a mixture of gasesis egual to the

sum of the partial pressures of the various components. Dalton’s Law, for a pipe

system containing a mixture of air and water vapour, is expressed as.
P =P +PR (O-5)

where P isthe total absolute pressure, Pg* is the absolute partial air pressure and P,

is the absolute water vapour pressure

Following the procedure elaborated by Wylie (1984), the absolute partial air pressure
can be expressed in terms of hydraulic grade using:

P, =pg(H-2z-H,) (O-6)

9
where H is the piezometric head and zis elevation

Furthermore, the absolute water vapour pressure can be expressed in terms of

hydraulic grade using:
R/)Y = pg(Hv + Hatm) (0_7)
where Ham is the atmospheric pressure (in metres of head)

Using Dalton’s Law, the total absolute pressure can be determined by summing the

absolute partial air pressure and absolute water vapour pressure to obtain:

*

which reducesto P" = pg(H +H_,,) when elevation isignored
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0.2 Transient models for air pockets and entrained air

Pressure dependent wave speed model

The presence of discrete air pockets and/or entrained air can theoretically be modelled
using the traditional waterhammer equations with a modified pressure dependent

water-air mixture wave speed as described by Wylie (1984):

a

2 (1+ sz/PQ;Z)y2

(G-9)

where m= M /V isthe mass of air per unit volume of mixture and a is the wave

speed without entrained air given by:

_ K/p 5 _
a= (1+ (KD/Ee)cl] (0-10

and K isthe bulk modulus of water, p is the density of water, D is the pipe diameter, E

isthe pipe elastic modulus, e is the pipe wall thickness and c; is arestraint factor

Returning to the definitions for Equation O-9:

S 1L 0-11
2" (1+ KD/Ee) (0-1D

and

P =pg(H-2z-H,) (0-12)

9
where Ry is the gas constant, T is temperature, p isthe density of air, H isthe

hydraulic grade line, zis pipe elevation (measured from the same datum asthe

hydraulic grade line) and H, isthe gauge vapour pressure
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Bergant et al. (2003) substituted an expression for the void fraction (i.e., fraction of

air):
a=mRT/P, (C-13)

into the expression for C,, eliminated the m, Ry and T terms, and then substituted for

Pg* , to derive an equivalent expression for the pressure dependent wave speed:

a = 2 (0-14)

aaZ
14—
\/ g(H-z-H,)

The problem with the direct implementation of the pressure dependent water-air
mixture wave speed in a Method of Characteristics (MOC) solution scheme is that the

system of equations becomes highly non-linear.
Discrete Gas Cavity Model (DGCM)

Streeter and Wylie (1983) used the ideal gas equation, in combination with the
compatibility equations from a Method of Characteristics (MOC) solution scheme, to
describe the behaviour of a pipe system with a discrete air pocket. The form of the
modified ideal gas equation is:

(V.yp =c (O-15)

a

where V, isthe volume of the air pocket, P* isthe total absolute pressurein the air
pocket and C, is acongtant derived from ideal gas relationships for air and water

vapour
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Recalling the expression for total absolute pressure, P* = pg(H +H,,,), taking H

equal to Hp in the air pocket, and manipulating to reduce the exponent on the volume

term to unity, we obtain:

V[H +H.]"=C, (0-16)

Utilising the fact that Cy, is constant, and its value does not need to be determined, an
equation can be developed expressing the current volume of air as a function of a

reference volume and head and the current head:

n

Ho+H,n,

v, V{W} (47
p atm

where Vp and Hy are the reference volume and gauge pressure, Ham is the atmospheric

gauge pressure and Hy, is the current gauge pressure at the node with air

Wylie (1984) subsequently developed the Discrete Gas Cavity Model (DGCM) for
the calculation of the effects of air pockets and/or entrained air. A volume of air,
either representing a discrete air pocket or entrained air (as a continuum of small
discrete air pockets), is included at the relevant nodal point(s) in a Method of
Characteristics (MOC) model as shown in Figure O-1 and a modified continuity

equation is used to describe the behaviour of each discrete air pocket:

dv . .
= Qu —Q, or altematively dv =V, -V, = dt(Q,, -Q,) (0-18)

where and Qi and Qqt are the flows upstream and downstream of the air pocket, and

V, and \/'p are the volumes of air at the current and previous time steps, respectively
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\%
P

Hp RECTANGULAR GRID
i

1

den |

E qup

Figure O-1 — Characteristic MOC grid including a discrete air pocket

The continuity equation at the discrete air pocket must be integrated to enable Q;, and
Qout: and hence an updated volume of air, to be determined at each computational
time step. This integration is performed using weighted finite differencing in the time
direction and is analogous to the finite difference solution schemes that can be used to

directly solve the governing unsteady flow eguations (e.g., the "Priessman Scheme"):

V, -V,

= ¥(Qun = Qup J+ (- ¥)(Qsr Qo) (0-19)

where Qodn, Qoups Qpan and Q pup are defined in Figure O-1 and is the weighting
factor used in the integration

Equation O-19 can be rearranged to give:
Vo :V;; + ll//(den = Qup )+ (1_ ‘//)(Q.pdn - leup )JAt (0-20)

The value of w must be greater than 0.5 to maintain the stability of the scheme and

avoid numerical oscillations. However, the numerical dispersion of the calculated
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response increases as the value of  increases from 0.5 to 1.0. This problem is more

significant when modelling the long term response of a system.

The response of the discrete air pocket to a transient can now be solved explicitly
using the integrated expression representing the continuity of flow in the pipe
upstream and downstream of the discrete air pocket, the ideal gas equation and the

two compatibility equations from the adjacent pipe computational units:

— —¥n
H,+H . , ,
VO H ° + Hatm _Vp - [I/I(den - qup)+ (1_ l//)(den - qup) t = 0 (0'21)
L P atm |
~ —¥n
\Vj H0+Hatm _V'_ Vi ZHP_(CP+Cm) +(1_l//)(Q _Q- )At=0 (0_22)
O_Hp+Hatm_ p B pdn pup

The only variable in Equation O-22 that is unknown at the current time step is H

since:

) (0-23)

C,=H,+Q,(B-RQ))=H, +Q,,(B-RQ,,

Cpp = Hy + Q,(B-RQ|)= H, + Qo (B~ RQ) (0-24)

where H_, H,, Q, and Q, are defined in Figure O-1, B is the pipe impedance and R

is the friction coefficient

Equation O-22 may be solved using, for example, the Newton-Raphson root-finding
technique. Alternatively, Equations O-22, 0-23 and O-24 can be combined
simultaneoudly to derive an expression in quadratic form in which the only unknown

is H,. Wylie (1984) adopted this approach in deriving an explicit equation for the

unknown head at the current time step, for n=1.0and C =V,[H, + H, |, asfollows:
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c-= {vr; {W[ZHP - (gp . Cm)} (1-)Qun - Q;,up)}At}[H o+ Ha

which upon expansion and multiplication by % becomes:
W

2H2+H,[B - 2H ]+ [H,.,B —-C]=0

B , , \A B
where Bl = _(Cp + Cm)+& (1_ W)(den - qup)+j and Cl = CE

Equation O-26 is in quadratic form and can be solved for Hp:

_ - [Bl + 2Hatm]+ \/[Bl +2H atm]2 - 8[H athl B Cl]

H, 2

(0-25)

(0-26)

(0-27)

A value for the volume of air at the beginning of each computational time step must

be provided to enable solution. This value is initially determined under steady state

conditions and then updated and stored after each subsequent computational time step.

The effect of entrained air can be modelled using a DGCM by lumping the volume of

distributed air throughout the pipe network at relevant nodal points in the

characteristic grid. Instead of one or two discrete air pockets, small volumes of air are

included at many locations (if not al). This approximation is satisfactory providing

the volume of air at each nodal point is an order of magnitude less than the volume of

water in adjacent pipe computational units. The same equations are used to model the

effect of a single discrete air pocket and numerous distributed air pockets

(representing entrained air).
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0.3 Numerical analysis of air pockets and entrained air

Effect of air pockets upon the transient response of a pipeline

Figure O-2 shows the configuration of an artificial distribution pipeline similar to the
Kookaburra Court Pipeline (KCP) tested in this research. This approximate
configuration has been used to numerically assess the response of typical distribution
pipelines to a range of air pocket sizes. The upstream and downstream boundary
conditions are formed by a reservoir with a pressure of 35m and a closed in-line

valve, respectively.

Hg = 35m Qo = varies
Y H, Hy Hi
Pipeline diameter  H,
varies 0.08 to 0.2m
— —> A
Ho ﬁ Ho Ho
S > |
’ Qv =0L/s
Qo = varies
€= 1.0mm
143.7m (assumed)
>
318.1m
378.2m

Figure O-2 — Artificial distribution pipeline for assessing air pocket detection

The transient model developed in Chapter 11 for the KCP has been adapted and
applied to the pipeline configuration shown in Figure O-2 above. The sizes of the
reflected and transmitted wavefronts from the air pocket are recorded at measurement
points located 225.0m and 318.1m along the pipeline (these locations correspond to
measurement stations 1 and 2 along the KCP, respectively). Figures O-3 and O-4
show the responses to 0.9, 1.6 and 2.3L air pockets, as measured at station 2, for 80

and 200mm diameter pipelines, respectively. The volumes of the air pockets are
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specified for a reference pressure of 30m. The initial flow along the pipeline, and
through the side discharge valve used to approximate the transient generator, is

adjusted to maintain a 10m transient pressure rise for both diameters.

Figure O-3 showsthat all three air pocket sizes have a severe effect upon the transient
response of the 80mm pipeline. The second reflection corresponds to the interaction
of the wavefront reflected from the dead end of the pipeline with the air pocket.
Figure O-4 shows that the effect of each air pocket is less significant for the 200mm
diameter pipeline. The initial negative reflection from the air pockets, while smaller
than in the 80mm diameter pipeline, vary more significantly with air pocket size.
Furthermore, the pressure recovers relatively quickly in the 200mm diameter pipe
such that the secondary reflection from the dead end of the pipeline interacts with the

air pocket under a pressure approximately egqual to that of the initial plateau.
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Figure O-3 and O-4 — Response to 0.9, 1.6 and 2.3L air pockets, as measured at
station 2, for 80 and 200mm diameter pipelines, respectively

Effect of entrained air upon the transient response of a pipeline

Figure O-5 shows the response to 0, 0.001, 0.005 and 0.025% of entrained air, as
measured at station 2, for a 200mm diameter pipeline. The volume of air in each
discrete air pocket used to represent entrained air is specified for a reference pressure
of 30m. The magnitude of the incident wavefront decreases as the percentage of
entrained air increases. Furthermore, the arrival of the incident wavefront is

progressively lagged as the percentage of entrained air increases. The effect of higher
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percentages of entrained air is relatively distinct. However, very small quantities have
less impact and are more difficult to either identify or discount.
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Figure O-5 — Effect of 0, 0.001, 0.005 and 0.025% of entrained air, as measured at
station 2, in a 200mm diameter pipeline
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Appendix P

Effect of wavefront sharpness on location of faults

The numerical effect of the speed of the valve operation on the sharpness of a
transient wavefront and, for example, a leak reflection can be demonstrated, using
both quasi-steady and unsteady friction models, for the laboratory apparatus used by
Vitkovsky (2001). The apparatus comprised a 37.2m long copper pipe with an internal
diameter of 22.1mm, wall thickness of 1.6mm, roughness height of 0.0015mm,
typical pressure of 30m and a wave speed of 1319m/s. An in-line valve was located at
the downstream end with a fastest physical closure speed of 9ms. Leaks of known
sizeswereinstalled at specific locations.

A controlled transient is generated using the in-line valve, with variable closure times
(less than or equal to approximately 9ms), and a measurement point located 1/4 of the
pipe length from the downstream valve. A 1.0mm diameter leak is located 3/4 of the
pipe length from the downstream valve. Figures P-1 and P-2 show that the dispersion
of the incident wavefront and leak reflection increases as the in-line valve closure
speed decreases, when using quasi-steady and unsteady friction models, respectively.
This makes the identification of the leak location, using only reflection information,
less accurate as the speed of the valve closure decreases. The valve closure speeds,

and corresponding broadening of the leak reflections, are listed in Table P-1.

——2.27ms ——227ms
*+-4.55ms * = -455ms
9.10ms =+ 9.10 ms

Pressure (m)

r T T T T T T T
0.10 0.11 0.12 0.13 0.14 0.15 0.16 0.10 0.11 0.12 0.13 0.14 0.15 0.16
Time (s) Time (s)

Figures P-1 and P-2 — Transient wavefronts and leak reflections after in-line valve

closure for quasi-steady and unsteady friction models, respectively
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Valve closure
speed

Leak reflection
broadening (ms)

Leak reflection
broadening (m)

2.3ms 3.2 4.2
4.6ms 55 7.2
9.1ms 10.0 13.2

Table P-1 — Effect of reducing the sharpness of an incident transient wavefront on
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Appendix Q

Skalak (1956) derivations and equations

Q.1 Fluid Structure Interaction (FSI) and mechanical damping

Precursor waves

High frequency transient events are typically accompanied by precursor waves
propagating longitudinally in a pipeline wall. Circumferentia strain related to the
transient event is transformed into axial strain via Poisson coupling. The change in
axia strain then propagates at the velocity of sound in the pipeline wall. The velocity
of sound is generally higher in a pipeline wall than in the contained fluid and so the
axia strain wave travels faster than the main transient wave in the fluid and is called a
precursor wave. In the case of a sharp transient step event, the precursor waves
theoretically manifest as oscillations about the top of a small step change in pressure.
The oscillation or overshoot is related to the radia inertia of the system. Precursor
waves are typicaly an order of magnitude smaller than the main transient waves and

are normally neglected in most transient analysis.

Mechanical damping

Bracing and/or brackets, continuous restraints (e.g. concrete encasement) and/or end
restraints (e.g. thrust blocks) may be used to reduce the formation of precursor waves
(and oscillation of the main waterhammer wavefront as predicted by Skalak (1956) —
see below). Restraints will aso reduce longitudina and/or lateral motion of a pipeline
(and the formation of accompanying flexural and shear waves). In the absence of
completely effective restraint transient energy will be dissipated via radiation to,
transmission into or impact upon bracing/brackets or other supports as motion and
vibration occur. Furthermore, the radial inertia of a pipeline may reduce the sharpness
of awavefront and disrupt its form (resulting in dispersion). Thisis particularly so for
higher frequency transients (i.e., sharp wavefronts). Pipelines with relatively thick

walls, comprising metal with cement mortar lining, which are supported above
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ground, are susceptible to fluid structure interaction and mechanical damping because
of their relatively high radial inertiaand alack of continuous and rigid restraint.

Q.2 Summary of findings by Skalak (1956)

Skalak (1956) first theoretically predicted the formation of precursor waves, and
associated wavefront dispersion, by extending the theory of waterhammer as it was
then known. In addition to the formation of precursor waves, Skalak (1956)
theoretically predicted significant oscillations in the main waterhammer wave. Skalak
(1956) developed a theoretical model for thin walled pipes that included radial and
inertial effects, and the effect of longitudina stress waves, in pipe walls. However,
while bending stresses in pipe walls were taken into account, the effect of flexural
modes of vibration were neglected (the significance of thisis further discussed below
in the context of the research conducted by Williams (1977). Tijsseling et al. (2006)
recently presented a review of Skalak’s work and a summary of the fundamental
equationsis presented below.

Skalak (1956) considered the propagation of a waterhammer wave in a long tube as
illustrated in Figure Q-1 below.

A
Po r
h, Ps: E, 14
A\ 4 \ 4 A 4 \ 4 \ 4 l
F N
=0 T a
. 0o, K P=Po ) 4 .
z-ve V=Vo =0 Z+ve
V' F N A y A
Pipe unstressed and
Po at rest at t=0

Figure Q-1 —Ideal thin walled long tube and initial conditions for wave propagation

The pressure and velocity after the propagating wave front are po and Vo, r is the axis

in the radial direction and a is the radius of the pipe. For the pipe wall, h, psand E are
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the thickness, density, Y oung's modulus of elasticity and Poisson’sratio, respectively.
For the fluid, pp and K are the density and bulk modulus and z is the spatial axis along
the pipe relative to the wave front. The pipeis not in equilibrium at timet = Os and the
initial conditions correspond to a step pressure increase moving at the speed of sound
in water. The configuration was designed to simulate a pipe leading from a reservaoir,
filled with fluid at rest, but below reservoir pressure, and a valve at the reservoir end
being suddenly opened. This method of generating the pressure and velocity increase

can be readily translated to other initial conditions.

Skalak (1956) derived equations relating the pressure and axial velocity in afluid to
the axial displacement and radial deflection of the containing pipe wall in a coupled
fluid-pipe system, for different modes of vibration, using inverse Fourier and Laplace
transforms. During the evaluation of these equations, Skalak realised that the root
solutions were the circular frequencies of the modes of free vibration of the coupled
fluid-pipe system and derived expressions for the phase velocities of the waves in the
fluid and pipe wall (c; and ¢;). The expanded form of the root solutions includes the
phase velocities, ¢;, ; and further parameters d; .. The velocities ¢; and ¢, represent

the speed of propagation of the main waterhammer and precursor waves, respectively:

2AR+ R+ R(L-12)7 y[2AR+ R+ R2(1—v?)f - 4R2(1- v2)2A+ R) "
2=0 (Q-1)
2(2A+R)
and
(A+ 4){(%2} _ (Clzj 1+ R)+ (Clzj R] - (C”J h* . (1+2rR%)

c c c c /12a

d;, =ca’ : Q2
—16(C1C~2J (2A+ R)+8R(2A+1)+8R*(1-1?)

where
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2
R=2 and A= 22 (Q-3)
C m
Eh . . :
and ¢, = por = the velocity of sound in the pipe wall (Q-9)

and c isthe velocity of sound in water, p, istheinitia density of the water, E is the

modulus of elasticity of the pipe wall, h is the thickness of the pipe wall, misthe mass

of the pipe per unit surface areaand v is Poisson'sratio for the pipe wall
Main waterhammer wave oscillations

In general, it is the response of the main waterhammer wave in a pipeline that is
measured and so the equation describing this pressure variation, derived by Skalak
(1956), is of particular interest:

(ﬁn ) Cpn J. 7+ ﬂn (Q_S)

In the above equation, ., = dnt/ (), Z =z-c,t (defined as the dimensionless
relative distance from the propagating wavefront) and n is equal to 1 (for the main
waterhammer wave). The phase velocities ¢;, , and coefficients dy, » are functions of
the velocity of sound in the fluid and pipe wall, the density of the fluid, the radius of
the pipe, the mass of the pipe per unit surface area and the elastic modulus, thickness

and Poisson’sratio for the pipe wall. The coefficients Cp, and Cw,, are defined as:

2
Cp =% andCw, = Po_ (Q-6)
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mc:(O ] k= e

where al the terms have been previously defined above

The evaluation of the integral in Equation Q-5 is fundamental to the solution of the
expressions for pressure, axial velocity, axial displacement and radial deflection

which each vary with the dimensionless wave height given by:

I(ﬁn)%—%fg”(%ﬁ“”)dn @8)

where 77 is an integration variable

Equation Q-8 can be evaluated analytically when £, approaches O from negative and
positive directions, and when J, approaches + o, to give values of 1, 0 and 1/3,

respectively. However, Equation Q-8 needs to be numerically evaluated for other
values of A, using, for example, the trapezoidal rule. The integration needs to be
performed over two divided ranges from near 0" to a large positive bound and 0" to a
large negative bound, respectively. Furthermore, the range of \ ,Bn\ values needs to be

l[imited and, in this case, 1000 values between 1.0e-06 and 1.0e+03 have been
selected.

Figure Q-2 shows the results of the integration for cases where:

1) |n| variesfrom 0.01 to 50000 with Az = 0.05

2) |n| variesfrom 0.005 to 500000 with Az =0.001

The solution is plotted against the dimensionless distance from the wavefront (z')

divided by 3/d.t (which eguates to ]/ %/ﬂ_n ). The Joukowsky pressure rise is plotted
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for comparison. Although the integration bounds are significantly more
computationally demanding for case 2) there is little variation in the accuracy with
which the integral is evaluated at this scale. Figure Q-3 shows that the solution is
relatively numerically stable for case 1) and 2) but deteriorates as the bounds of the
integration are decreased, and the step is increased, for case 1). This deterioration is

most apparent as /3, approaches large positive and negative velues and 1/3/3,

approaches 0 from negative and positive directions.
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o 0.6
c
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2 04
c —-5.0e-03 to -5.0e05 bounds with step = 1.0e-03 \
GE) 02 1T 1.0e-02 to 5.0e04 bounds with step = 5.0e-02 “
Ly
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V38,
Figure Q-2 — Plot of integrated dimensionless wave height

The coefficients Cp,, and Cw, from Equation Q-5 can be determined for the main

waterhammer wave, for a particular pipeline, and used to predict the pressure

response of the pipeline as a function of /.. The solution for the integral shown in

Equation Q-8 is generic and can be applied to any pipeline to determine the

oscillatory form of both the main waterhammer and precursor waves. The relation
1/3/B, is equivalent to Z /3/d,t and this relation can, in turn, be expressed as a
function of the distance from the wavefront using the relation z=z" + ct. Hence, if

the phase velocities ¢;, »; and coefficients dy, » are known, for a particular pipe
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configuration, then the predicted pressure can be expressed as a function of distance

from the propagating wavefront.
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Figure Q-3 — Focus on region with A approaching large positive and negative values

Figure Q-2 shows decaying oscillations that increase in frequency following the
passage of the wavefront. As mentioned above, the dimensionless wave height, based
on the solution for the integral shown in Equation Q-8, is generic. Using the
reciprocal of the first 10 periods shown in Figure Q-2 (i.e., a value of 0.36), the
average expected frequency of the oscillations following the wavefront, for both main
waterhammer and precursor waves, can be determined for a particular pipe

configuration using:

Cn

?\’/m (Q—9)

f =0.36

where al terms have been previousy defined
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Main waterhammer wave dispersion and flexural waves

The dispersion of transient wavefronts, caused by the radial inertia of a pipeline
system, was predicted by Skalak (1956) and then confirmed in the laboratory by
Thorley (1969). Inertial forces associated with the radial motion of the fluid during a
transient are traditionally ignored. Similarly, the effect of the mass of the pipeline, and
longitudinal and bending stresses in its wall, are commonly neglected. The inclusion
of radial fluid inertia, and the effect of the mass of the pipeline, may account for

wavefront dispersion. The magnitude of the dispersion (L), for both main

waterhammer and precursor waves, can be determined for a particular pipeline using

the equation:

L, = (Q-10)

where the Gamma function I'(z) = Itz‘le‘tdt and F(%j =2.679
0

Application of this equation to field transmission pipelines, with varying degrees of
longitudinal and lateral restraint, may overly simplify the physical complexity of the
system (and therefore not predict al of the observed dispersion). Williams (1977)
identified the formation of flexural waves, following the interaction of main
waterhammer and precursor wavefronts with changes in pipeline profiles, as a much
more significant source of dispersion. Nevertheless, Equation Q-10 has been used in
Chapter 7 to obtain an approximate estimate of the magnitude of the dispersion,
related to the radial inertia of a pipeline, predicted in field measurements.
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Appendix R

Direct reflection analysis for leak detection

R.1 Theoretical treatment of demands and/or leaks

Demands and leakage can be represented using the steady state orifice equation to
describe the leak:

Q =6C Al\/ 2gH, (R-1)

where Q, istheleak flow, Cq isthe coefficient of discharge for the orifice, A isthe

area of the leak orifice and H, is the pressure at the leak

The use of Equation R-1 represents a quasi-steady approximation under unsteady
conditions. Research by Funk et al. (1972) has indicated that an additional damping
loss and inertia lag can occur in association with discharges to atmosphere through a
side or end mounted orifice. However, the damping and timing effects associated with
the acceeration and deceleration of flow through the orifice are generaly
insignificant relative to the average discharge that is determined using the quasi-

steady approximation.
R.2 Numerical tests with an artificial pipeline
Details of the artificial pipeline

Figure R-1 shows the configuration of an artificial distribution pipeline similar to the
Kookaburra Court Pipeline (KCP) tested in this research. This approximate
configuration has been used to numerically assess the response of typical distribution
pipelines to a 10mm diameter lesk. The upstream and downstream boundary
conditions are formed by a reservoir with a pressure of 35m and a closed in-line

valve, respectively. The position at which the transient generator is located matches
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that for the field pipeline. However, the 10mm leak has been moved closer to the

reservoir boundary condition than the corresponding leak on the KCP.

Hg = 35m Q. =15L/s Qo = varies
L Hl Hl Hl

Pipeline diameter  H,
varies 0.08 to 0.2m

A
\/ : -
S >
’ Qv =0L/s
Qo + Q. = varies
€= 1.0mm
143.7m (assumed)
318.1m
378.2m

Figure R-1 — Artificial distribution pipeline for assessing leak detection

Assessing leak threshold using dimensionless leak parameter

Table R-1 summarises the changes in leak detection threshold for different diameter
pipes for a 10mm leak introduced to the artificial pipeline (a C4A_ equal to 0.0581m?
is used as calibrated for the leak introduced to the KCP). This leak gives a discharge
of approximately 1.5L/s for pipeline diameters between 80 and 200mm. The detection
threshold for the leak decreases as pipeline diameter increases. The comparative leak
detection threshold from previous laboratory research, presented in Chapter 3, is

specified for atransient pressure rise of 10m.

It is apparent that dimensionless leak parameter for the approximate field
configuration falls below the limiting value from laboratory experiments once the
pipeline diameter exceeds 125mm. This indicates that, based on the results of the
laboratory research, that leaks greater than 10mm or 1.5L/s are likely to be difficult to
detect on pipelines greater than 125mm in diameter.

630



Appendix R — Direct reflection analysis for leak detection

Table R-1 — Dimensionless leak parameters and detection threshold

Nom. Diam. CoAL Area of Wave speed | Initial head Fleak
(mm) (xe03m?) | pipe (M%) (m/s) (m) Fieak (laboratory)

80 0.05848 0.003848 1377.9 33.67 0.816 0.273

100 0.05765 0.007238 1349.8 34.61 0.413 0.273

150 0.05738 0.017908 1295.5 34.90 0.159 0.273

200 0.05732 0.033329 1247.2 34.95 0.082 0.273

Leak reflections predicted using direct reflection equation

Providing the pressure under steady conditions, the transmitted and reflected
pressures and the transient overpressure at the location of a leak are known, and the
friction in the pipe system is not significant, the size of the lumped leak coefficient
CqAL can be determined using the relation:

(R-2)

CA = \f H+H )\/H_)

0

where the terms Ho, Hi, H2 and CyA., the pressure under steady conditions, reflected
pressure, transmitted pressure and the lumped leak coefficient, respectively, have

been previously defined in Chapter 3

Table R-2 lists the anticipated leak reflections when the artificia pipeline is subject to
a transient pressure rise of 10m propagating upstream along the pipeline (from the
location of the transient generator. Equation R-2 is applied iteratively to determine the
pressure after the leak has been encountered (i.e., Hy) and the size of the leak
reflection (i.e.,, HgHt). The size of the predicted leak reflection significantly
decreases as pipe diameter increases (provided the pressure rise is maintained at a

constant value).
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Table R-2 — Decreasing size of leak reflection with increasing pipe diameter for

constant leak size and 10m transient pressure rise

NOTrﬁr?qi)am. . eCSQLmZ) Ho(m) | Hi-Ho(m) | Hai(m) Ha (m) Leak r(ﬁil)ection
80 0.05848 33.67 10.0 43.67 38.08 5.59
100 0.05765 34.61 10.0 44.61 41.35 3.27
150 0.05738 34.90 10.0 44.90 43.51 1.39
200 0.05732 34.95 10.0 44.95 4421 0.74

Leak reflections predicted using a transient model

Unfortunately, Equation R-2 does not take friction into account and therefore
overestimates the size of the reflection from a leak for pipelines with significant
friction (or other) losses. The transient model developed in Chapter 11 for the KCP
has been adapted and applied to the pipeline configuration shown in Figure R-1
above. The sizes of the reflected wavefronts from the leak are recorded at
measurement points located 225.0m and 318.1m along the pipeline (these locations
correspond to measurement stations 1 and 2 along the KCP, respectively).

Table R-3 lists the size of the leak reflections, predicted using the transient model, for
80, 100, 150 and 200mm diameter pipelines, with a 10mm leak in each case. The
magnitude of the leak reflections predicted using Equation R-2 are presented for

comparison.

Table R-3 — Leak reflections determined using model for different diameter pipes

Nom. Diam. CdAL QgL QL Qg Leak refln Leak refln Leak refln
(mm) (xe03 m2) (L/s) (L/s) (L/s) stn 1 (m) stn 2 (m) equation x
80 0.05848 2.05 1.50 0.55 2.578 2.562 5.59
100 0.05765 2.55 1.50 1.05 1.527 1.547 3.27
150 0.05738 4.21 1.50 271 0.655 0.671 1.39
200 0.05732 6.74 1.50 5.24 0.325 0.341 0.74
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Figure R-2 shows the leak reflections obtained using the transent model, at
measurement location 1, for 80, 100, 150 and 200mm diameter pipelines,
respectively. The results confirm that the size of the leak reflections significantly
decrease as pipe diameter increases (provided the leak size/discharge and transient

pressure rise remain constant).

59
55 A
E
o 51 4
>
n
O 47
E —80mm - a=1378m/s
- = 100mm - a=1350m/s
434 150mm - a=1296m/s
200mm - a=1247m/s
39 * ‘
0.0 0.1 0.2 03 .

Time (s)

Figures R-2 — Decreasing leak reflection size, at measurement station 1, as pipe

diameter increases for afixed 10mm leak

R.3 Application of direct reflection equation to field results

I nterpretation of field results using direct reflection equation

The reflected pressures from the Kookaburra Court Pipeline (KCP) need to be
carefully interpreted. Firstly, the incident wavefront is negative and so the interaction
with the leak gives rise to an increase and not decrease in pressure. Secondly, the
incident wavefront approximately doubles after reflection from the dead end of the
KCP. Two reflections from the interaction of the incident and dead end reflected
wavefronts with the leak are observed. However, the absolute size of the reflected
wavefront from the dead end of the KCP has been reduced, by the superposition of the
leak reflection from the incident transient wavefront, such that a reduced reflected

wavefront interacts with the leak.
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The direct reflection formulation should be carefully applied in pipelines with
significant friction or other losses (e.g., mechanical damping) to avoid overestimation
of the size of any leak. Figure R-3 shows distortions of the pressure plateaus in the
measured response of the KCP for test 10, conducted with a 10mm leak on the 28"
August 2003, at measurement station 2. These distortions relate to the interaction of
the wavefronts with fire plugs, flexible joints, bends and water service connections
and reduce the accuracy with which Equation R-2 can be applied.

. — Test 10
Incident

39 A transient

Distributed
distortions

/

Leak reflection from
dead end reflection
minus incident wave
leak reflection

Pressure (m)
w
w
1

30 A

A 4

27
Transient wavefront after Leak reflection
reflection from dead end from incident
24 T T T T
0.0 0.1 0.2 0.3 0.4 0.5

Time (s)

Figure R-3 — General reflection response for test 10, conducted with a 10mm leak on
the 28" August 2003, at measurement station 2

Nevertheless, a lumped leak coefficient can be theoretically determined using the
reflected wavefronts from the leak (neglecting friction and other losses) using
Equation R-2. Table R-4 shows the parameters adopted for test 10. The measured
incident and reflected wavefronts are used to determine the magnitude of the leak
reflections and the value of the lumped leak coefficient and equivalent leak diameter,
for a discharge coefficient of 0.74 (the laboratory calibrated leak orifice discharge
coefficient). The caculated lumped leak coefficients are then compared with the

known value.
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Table R-4 — Determination of lumped leak coefficients using direct reflection

formulation and a measured transient response

Test 10 Test 10
Parameter 1% wavefront 2" wavefront Comment
Ho (m) 37.87 37.87 HGL prior to 1* transient wavefront

HGL after 2™ wavefront is increased by
Hg=1 (M) 27.16+5.01=32.17 27.16+0.69=27.85 | previous passage of leak reflection from
1% wavefront

HGL after 1* wavefront includes +5.01m
Hr= (M) 27.85+5.01=32.86 29.58 correction because only 1% wavefront
contributes to size of 1* leak reflection

e () 069 178 o701t et et
A (m/s) 1138.0 1138.0 Average waggtzyr);(iar?egs previously
A, (M?) 0.006969 0.006969 Area of pipe
CoAL pred (M) 0.0000207 0.0000295 Cd = 0.74 (as previously calibrated)
CaAL e (M) 0.0000581 0.0000581 Cd = 0.74 (as previously calibrated)
Dieak (M) 0.00597 0.00613 Predicted diameter of equivalent leak
Dieak true (M) 0.01 0.01 True diameter of equivalent leak

The results presented in Table R-4 confirm that neglecting friction and/or mechanical
damping, and other discrete and distributed distortions in the measured response of
the KCP, leads to the lumped leak coefficient being underestimated by 40.3% and
38.7%, when calculated on the basis of the reflections from the incident and dead end
reflected wavefronts, respectively.

Using reflection information to locate the leak

Figures R-4 and R-5 show that the incident and dead end reflected wavefronts have
dispersed, after reflection from the leak, to approximately 15ms and 30ms,
respectively. This reduces the accuracy with which the location of the leak can be
determined. The distance to the leak can be estimated using the reflection from the
incident wavefront and is underestimated and overestimated when using the earliest
and latest reflection arrival times from the wavefront, respectively. The distance to the
leak can also be estimated using the dead end reflected wavefront and is
underestimated when using both the earliest and latest reflection arrival times.
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29.0 30.0
= Test 10
Earliest and latest arrival
28.5 { Earliestand latest arrival 29.5 times for leak reflection ————————>_ k&8s ]__
times for leak reflection . ( ag | from interaction with dead g
from interaction with iz » — end reflected wavefront
incident wavefront E
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E
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8 285
T
28.0 o sgmStgay
-==Test 10
275 T T T T
0.34 0.35 0.36 0.37 0.38 0.39
Time (s) Time (s)

Figures R-4 and R-5 — Detailed leak reflections from incident and dead end reflected
wavefronts for test 10 conducted on 28™ August 2003
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Appendix S

Direct reflection analysis for discrete blockage detection and

unsteady minor losses

S.1 Numerical tests with an artificial pipeline

Details of the artificial pipeline

Figure S-1 shows the configuration of an artificia distribution pipeline smilar to the
Saint Johns Terrace Pipeline (SJTP) tested in this research. This approximate
configuration has been used to numerically assess the response of typical distribution
pipelines for a variety of discrete blockages. The upstream and downstream boundary
conditions are formed by a reservoir with a head of 25m and an in-line valve, opened
to establish flow along the pipeline, respectively. The positions at which the transient
generator and the in-line gate valve, used to simulate discrete blockage, are located
match those for the field pipeline.

Hg = 25m Q, = varies H,
Y H H, Hy |‘
Pipeline diameter Hs
varies 0.08 to 0.2m
A Qv = varies
Ho | T Ho —
— B — ==
— |
Qo + Qu = varies Ho e= 1.0mm
(assumed)
273.5m
382.4m
574.8m

Figure S-1 — Artificial distribution pipeline for discrete blockage detection
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Establishing baseflow and hydraulic |oss across discrete blockages

The magnitude of baseflow through a discrete blockage and along the pipeline is
critical. This baseflow exacerbates the pressure loss across the discrete blockage and
increases the size of the corresponding transient reflection (making the discrete
blockage more discernable). That said, there are a number of practical constraints that
limit the magnitude of the baseflow that can be established along a pipeline.
Importantly, United Water operators specified that the steady state pressure along the
pipeline was not to fall below 5m at any location. Furthermore, the pressure at all

locations was not to become negative once the transient event was initiated.

For the configuration shown in Figure S-1, the baseflow is governed by the pressure
at the tee intersection, the diameter of the pipeline, size of the discharge orifice at the
end of the pipeline, friction and the extent of constriction at the discrete blockage (and
subsequent pressure loss). The size of the end orifice, required to restrict the baseflow
and maintain a minium head of 5m, will vary for each pipeline diameter assuming a

constant head of 25m is maintained at the tee intersection.

Block reflections predicted using direct reflection equation

Wylie and Streeter (1993) presented a formulation which can be used to estimate the
size of reflected and transmitted wavefronts from a discrete blockage (or in-line gate
valve) providing the pressure loss under steady conditions, the baseflow aong the
pipeline and the blockage coefficient (K) are known:

_ —(+H,/BQ,)+@+H,/BQ,) +KgaH,, /a2
N Kg/2a?

AH, (S1)

AH, = 2AH,, — AH; (S-2)
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where theterms AH;, AHy, Q,, H, andK, the transmitted pressure, reflected

pressure, underlying baseflow, steady pressure loss and blockage coefficient,

respectively, have been previously defined in Chapter 3

Figure S-2 shows the magnitude of the reflections from a range of discrete blockages
(expressed as percentage constrictions of pipeline diameter), determined using
Equations S-1 and S-2, and, concurrently, the baseflow versus pipeline diameter. The
results are particular to the pipeline configuration shown in Figure S-2, a transient
pressure rise of 10m and the requirement that the baseflow in the pipeline be such that
aminimum head of 5m is maintained downstream of the blockage.

80% - reflection EZ5375% - reflection =3170% - reflection [C160% - reflection
—8-80% - baseflow —0—75% - baseflow —A—70% - baseflow —©—60% - baseflow

Reflection from Blockage (m)
N
S
(s/71) mojyeseg

80 100 150 200
Pipeline Diameter (mm)

Figure S-2 — Blockage reflection and baseflow versus pipeline diameter for 80, 75, 70

and 60% constrictions

The largest reflection from the discrete blockage is obtained for the greatest
percentage constriction despite alower baseflow. Furthermore, the size of reflectionis
relatively uniform across a range of pipeline diameters despite an increase in the
corresponding baseflow. The proportionality of the blockage reflection to pressure
loss across the constriction, which is in turn proportional to the square of the

baseflow, accounts for this behaviour.
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The results presented above relate to the case where a pipeline has been configured,
regardless of diameter and the extent of constriction, for a steady state pressure at the
end of the pipeline of 5m. However, it is useful to explore the sensitivity of the
blockage reflections to various baseflow and steady |oss conditions. Figure S-3 shows
the variation in the size of the reflections from the blockages, for 80, 75, 70 and 60%
congtrictions, when the diameter of the pipeline is fixed to 100mm. Different
baseflows are established for a range of pressures downstream of the discrete
blockage, and at the end of the pipeline, from 5 to approximately 25m. The pressures
downstream of the discrete blockage are labelled in for the 80% constriction.

—8—80% constriction
Hend=5m

—6—75% constriction
Hend=7m

Hend=9m
Hend=11m

Hend=13m 0% et
2.0 1 Hend=15m - o constriction

—2A—70% constriction

Hend=17m

1 5 Hend=19m
Hend=24.65m Hend=21m

Reflection from Blockage (m)

0.0 T T T T T T T
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
Baseflow (L/s)

Figure S-3 — Reflection size versus initia flow for 80%, 75%, 70% and 60%

congtrictions in a 100mm diameter pipeline

Block reflections predicted using a transient model

The formulation presented by Wylie and Streeter (1993) does not take friction into
account and therefore overestimates the size of the reflection from a discrete blockage
for pipelines with significant friction (or other) losses. That said, the pressure loss
associated with a potential blockage may dominate relative to friction loss. If thisis
the case, then the effect of friction is reduced and less significant. Nevertheless, a
transient model should be used to include the effect of friction. The transent model
developed in Chapter 11 for the SJTP has been adapted and applied to the pipeline
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configuration shown in Figure S-1 above. The sizes of the reflected and transmitted
wavefronts from the blockage are recorded at measurement points located 273.5m and
483.2m along the pipeline (these locations correspond to measurement stations 2 and
3 aong the SITP, respectively).

Table S-1 lists the size of the reflected and transmitted wavefronts, predicted using the
transient model, for 80, 100, 150 and 200mm diameter pipelines, with a 75%
constriction and a variable baseflow, such that 5m of head is maintained downstream
of the blockage. The magnitude of the reflected and transmitted wavefronts, predicted
using Equations S-1 and S-2, are presented for comparison.

Table S-1 — Blockage reflections determined using a transient model with varying
diameters, a 75% constriction and 5m residual head

Dig;nrﬁ;er (Sg) (8;) reﬁleoci:;n reﬁtlaoci:(cm reﬁn. tEr’;ansk. tEr’;)n_Csk. traAns.
stn 2 (m) | equation x (m) stn 3(m) | equation x (m)

80 0.73 2.60 151 1.56 0.05 8.16 8.45 0.29
100 1.20 4.55 1.60 1.64 0.04 8.15 8.36 0.21
150 2.62 | 10.47 1.70 1.73 0.03 8.14 8.29 0.15
200 454 | 18.70 1.76 1.78 0.02 8.13 8.24 0.11

Table S-2 lists, for comparison, the size of the reflected and transmitted wavefronts,
obtained for a 100mm diameter pipeline with 80, 75, 70 and 60% constrictions and a

variable baseflow such that 5m of head is maintained downstream of the discrete

blockage.

Table S-2 — Blockage reflections determined using a transient model with varying

constrictions, a 100mm diameter and 5m residual head

B(I(?/o(;k (Sg) (8;) reﬁle(::iil;n relf?l’leociikon reﬁn. tEr’;)nCsk. tEr’;jn_csk. traAns.
stn 2 (m) | equation X (m) stn 3 (m) | equation x (m)

80 1.20 3.18 2.48 2.53 0.05 7.31 7.47 0.16
75 1.20 4.55 1.60 1.64 0.04 8.15 8.36 0.21
70 1.20 5.77 1.03 1.06 0.03 8.65 8.94 0.29
60 1.20 7.42 0.44 0.46 0.02 9.14 9.54 0.40
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While the size of the reflected wavefronts are significant for al pipeline diameters
and percentages of constriction, reflections from other sources along a pipeline,
including flexible joints, fittings and water service connections, may also be
significant along field pipelines. In this context, establishing a baseflow along a
pipeline, and exacerbating pressure loss across any potential blockage, will enhance
the size of constriction that may be located.

S.2 Application of direct reflection equation to field results
I nterpretation of field results using direct reflection equation

The direct reflection formulation should be carefully applied in pipelines with
significant friction or other losses (e.g., mechanical damping) to avoid overestimation
of the size of any leak. Figures S-4 and S5 show the distortion of the pressure
plateaus in the measured responses of the SITP for tests 5 and 13, conducted on the
15" August 2003, at measurement stations 2 and 3, respectively. These distortions
relate to the interaction of the wavefronts with fire plugs, flexible joints, bends and
water service connections and reduce the accuracy with which Equations S-1 and S-2

can be applied.
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Figures S-4 and S-5 — General reflection response for tests 5 and 13, conducted on the
15" August 2003, at measurement stations 2 and 3, respectively

Nevertheless, known blockage coefficients can be theoretically determined using the

reflected and transmitted wavefronts from the discrete blockages (neglecting friction
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and other losses) using equations S-1 and S-2. Table S-3 shows the parameters
adopted for tests 5 and 13. A known blockage coefficient, determined from laboratory
calibration, is applied in each case to predict the transmitted pressures using the
measured transient overpressures. Changes in elevation contribute significantly to the
measured pressures at measurement stations 2 (reflection) and 3 (transmission) and
need to be taken into account if the pressure loss across the blockage under steady

conditionsisto be properly calculated.

Table S-3 — Analysis of measured transient responses using direct reflection

formulation
Parameter Test5 Test 13 Comment
Houp (M) 52.04 40.97 HGL includes 25.07m elevation head
Hoon (M) 12.51 25.48 HGL includes 6.95m elevation head
Hy (M) 39.53 15.49 Steady stat head loss across block
H (m) 61.30 48.67 HGL includes 25.07m elevation head
Ar (M) 1.822 0.485 Representative reflection excluding accumulator effects
H, (m) 63.12 49.16 HGL includes 25.07m elevation head
Hs (M) 17.58 30.79 HGL includes 6.95m elevation head
a (m/s) 1118.3 1118.3 Average wave speed as previously determined
B (s/m?) 16223.9 16223.9 Pipeline impedance
A, (M?) 0.007014 0.007014 Area of unblocked pipe
Dort (M) 0.0191 0.0315 Diameter of equivalent orifice opening
Aot (M?) 0.000287 0.000779 Area of equivalent orifice opening
CaAor (M) 0.000172 0.000467 Cy4 = 0.6 (as previously explained)
K 1662.9 225.6 Lumped block coefficient
Qv (L/s) 4.79 8.14 Flow through blockage calculated using Q, =1[29HVA2J/K
AHw (M) 9.26 7.70 Measured incident transient wave
AH+ (m) 5.07 5.31 Measured transmitted transient wave
AHg (M) 11.08 8.19 Measured reflected transient wave
AHrpreq (M) 6.06 6.87 Predicted transmitted transient wave
AHggpred (M) 12.46 8.53 Predicted reflected transient wave
Qupred (L/s) 4.43 6.61 Flow predicted using steady model with estimated friction data
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The results presented in Table S-3 confirm that the observed reflected and transmitted
wavefronts are attenuated by friction and/or mechanical damping, and other discrete
and distributed distortions in the measured responses of the STJP.

S.4 Unsteady minor loss effects in the field

Figure S-6 shows that, for both tests 5 and 13, the incident transient wavefronts
initially propagate downstream until they reach the in-line gate valve and partially
reflect. The reflected wavefronts then propagate upstream, against the direction of the
baseflow along the SJTP, until they reach station 2. Under such decelerating flow
conditions, any unsteady inertia at the valve will result in the reflected wavefronts
arriving earlier than predicted on the basis of quasi-steady analysis. Interestingly, the
time of the first rise from the block reflection for test 5 precedes that for test 13 by
approximately 4ms.
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Figure S-6 — Details of reflected wavefronts for tests 5 and 13

That said, the geometry of the constriction for test 5 gives a ratio between the area of
the equivalent orifice opening and pipe of approximately 1:25. Prenner (2000)
indicated that unsteady inertial effects become significant when the ratio between the
area of the equivalent orifice opening and pipe exceeds 1:50. Hence, based on
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Prenner’s work, unsteady inertial effects are not anticipated for test 5. Nevertheless,
the reflected wavefront for test 5 precedes that for test 13 by approximately 4ms.
Inconsistencies between the threshold identified by Prenner (2000) and that for the
SJITP are plausible given geometric differences between the concentric metering
orifices used by Prenner (2000) and the aperture formed between the in-line gate
valve wedge and seat for the SITP.

Figure S-7 shows that, for both tests 5 and 13, the incident transient wavefronts
initially propagate downstream until they reach the in-line gate valve and partially
transmit. The transmitted wavefronts then continue to propagate downstream, in the
direction of the baseflow along the pipe, until they reach station 3. Under such
accelerating flow conditions, any unsteady inertia will result in the transmitted
wavefronts arriving later than predicted on the basis of quasi-steady analysis.
Interestingly, a lag of 9ms is observed in the arrival of the transmitted wavefront for
test 5 relative to test 13. The magnitude of the lag is significant and consistent with
the possibility of unsteady inertial effects.
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Figure S-7 — Details of transmitted wavefronts for tests 5 and 13
As mentioned above, the geometry of test 5 gives a ratio between the area of the
equivalent orifice opening and pipe that is less than the threshold identified by

Prenner (2000). Nevertheless, a distinct lag in the arrival of the transmitted
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wavefronts is observed for test 5 relative to test 13. Given that unsteady inertial
effects are geometry dependent, and the significant differences between the
characteristics of the orifices experimentally tested by Prenner (2000) and the

simulated discrete blockage formed in the SITP, the observation of unsteady inertial
effects for test 5 seems likely.
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Appendix T

Miscellaneous artificial faults for transmission and

distribution pipelines

T.1 Leak at air valve/fire plug for Hanson Transmission Pipeline

Figure T-1 shows the convoluted path through the valve seat in the fire plug/air valve
used to establish a 9L/s leak on the Hanson Transmission Pipeline (HTP). A relatively
low value for Cy of approximately 0.6 is estimated. Knowing that an equivalent

aperture opening of approximately 25mm existed across the seat of the valve, when
open 6 fo 10 turnsto establish the leak discharge, the Cy4A_ for the leak was estimated
to be approximately 0.0003m?. Using this C4A., the approximate pressure at the

location of the leak (determined using pressure transducer measurements and a

correction for change in elevation) and the orifice equation the leak discharge was

estimated to be approximately

9L/s.

STANDARD FIRE PLUG IN
CLOSED POSITION

~TLAST IRON
- LapP

PACKING L
1
RETAINER ™ UE_I B

PALKING
RING T

lsE‘U'JY COVER

GASKET

Lugs and cap

Figure T-1 — Details of the internal configuration of afire plug/air valve asinstalled

on the Hanson Transmission Pipeline
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T.2 Leak nozzle and calibration for the Kookaburra Court Pipeline

The 10mm nozzle was calibrated in the laboratory in the same fashion as the nozzles
for the transient generator. The standpipe section with the 20mm nozzle was mounted
under the 100mm diameter offtake from the 300mm roof tank discharge pipe. The
pressure head from the roof tank water level to the centerline of the 10mm nozzle was
approximately 11.7m. The discharge from the 10mm nozzle was directed to the
volumetric tank where the time for the depth to increase 0.5m was recorded. Table T-
1 shows the calibrated discharge coefficient calculated on the basis of the average of

three recorded times.

Table T-1 — Calibration of 20mm nozzle used to smulate |eakage for the
Kookaburra Court Pipeline

Ié?;: Area Leak Volumetric Tank Time (s) Volume | Discharge CoAL
(mm) Orifice (m?) 1 ) 3 Avg. (m® (m®/s) (x e 03)

Cq

10 0.0000785 1242.1 1241.4 1242.8 1242.1 1.0925 0.00088 0.0581 0.74

T.3 Air chamber for the Morgan Transmission Pipeline

An artificial air pocket was introduced to the Morgan Transmission Pipeline (MTP),
for the tests conducted in May 2004, by attaching a 1.6m high by 250mm square
welded mild steel (12mm plate) box section, sealed at the top with a welded plate, to
an existing scour valve as shown in Figure T-2. A Perspex window was built into one
of the box section walls and a manual pressure gauge, safety valve and compressed air
injection port were fitted. The box section had a 150mm diameter pipe section and
flange at its base that was used to make a bolted connection to the existing scour
valve. The scour valve was then opened to alow the pressure in the MTP to compress

the volume of air in the box section.
The volume of unpressurised air contained within the box section was approximately

100L. The pressure at the top of the box section was 53m when the scour valve was

opened. Under this pressure, the air column within the box section compressed from a
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length of 1.6m to approximately 0.3m. The volume of compressed air contained in the
box section was approximately 18.8L.

e

Adapted scour valve
connector

=

Viewing b
bl window

Figure T-2 — Mild steel welded box section used to create an artificial air pocket on

the Morgan Transmission Pipeline

The artificial air pocket was trapped at the top of a vertical pipe (sguare box section)
attached to the MTP via a scour valve. This arrangement meant that instead of a
simple air pocket, there was a column of water, with a constriction at the scour valve,
with a trapped air pocket above, interacting with the transient within the MTP. As a
consequence, a pressure fall and then rise are observed with the reflected response
from the artificially introduced air pocket.
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Appendix U

General transient test results for distribution pipelines

U.1 Selection of results for the SJTP in its in-situ condition

Selected tests without baseflow

The tests on the 23" July 2003 were conducted without any baseflow along the Saint
Johns Terrace Pipeline (SJTP). Figure U-1 shows that, for tests 2 and 3, the initial
pressure rise at station 1 increases with the size of nozzle. However, the pressure rise
is not sustained and a loss and then recovery is observed. Various features are
apparent in the measured responses including reflections from the double fire plug
risers either side of the in-line gate valve and the “T” intersection with the Willunga

Network at approximately 0.37s and 0.52s, respectively.

Figure U-2 shows relatively high frequency oscillations at station 2. These oscillations
are related to local pressure effects (“ringing”) caused by the short vertical branch of
pipe comprising the transient generator. Reflections from the fire plug riser at station
1, the double fire plug risers either side of the in-line gate valve and the “T”
intersection with the Willunga Network are apparent at approximately 0.24s, 0.29s
and 0.58s, respectively. A positive reflection from the dead end of the SJTP is
observed at approximately 0.70s and 0.63s, for stations 1 and 2, respectively.

47 54
Reflections from "T" intersection and dead end Reflections from "T" intersection and dead end
Reflections from double fire plugs |

m)

Pressure (|

Reflections from double fire plugs

—Test2 ~=-Test3

0.2 0.3 0.4 05 0.6 0.7 0.8
Time (s)

Figures U-1 and U-2 — Measured responses for tests 2 and 3, conducted on 23 July
2003, over 0.8 seconds, at stations 1 and 2, respectively
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Selected tests with baseflow

Baseflow was established along the Saint Johns Terrace Pipeline (SJTP) for the
majority of tests conducted on the 15" and 26™ August 2003. Figure U-3 shows the
response of the SITP, measured at stations 2 and 3, to a controlled transient induced
using an 8mm nozzle for test 3 on the 15™ August 2003. As for the case without
baseflow, the initial pressure rise is not sustained at station 2 and a loss and then
recovery is observed. Furthermore, relatively high frequency oscillations are again
apparent following the induction of the transent. The initial pressure rise is not
sustained at station 3 and declines at a relatively uniform rate. Figure U-4 shows the
response of the SJTP, measured at stations 1 and 2, for test 1 on the 26" August 2003.
Relatively high frequency oscillations are again apparent in the recorded response for
station 2 but not for station 1.
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Figures U-3 and U-4 — Measured responses for test 3, on 15" August 2003, at stations
2 and 3, and for test 1, on 26" August 2003, at stations 1 and 2, over 0.8s

Various features are apparent in the measured responses at station 2 including
reflections from the double fire plug risers either side of the in-line gate valve and the
“T” intersection with the Willunga Network at approximately 0.30s and 0.58s,
respectively. A relatively large negative leak reflection, related to the 25mm diameter
orifice discharging at the end of the SJTP, is observed at station 3 at approximately
0.46s.
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U.2 Selection of results for the SJITP with blockage and baseflow

Selected tests with a 19.1mm equivalent diameter constriction

Transient tests were conducted on the 15™ August 2003 with the in-line gate valve
opened only “1/2" a turn from its closed position (“10” turns are required to fully
open the in-line gate valve). This formed a severe constriction with an equivalent
orifice diameter of approximately 19.1mm (as determined in Appendix 1). Similar
transient tests were conducted on the 26™ August 2003. The same constriction was
established but the response was measured at stations 1 and 2 rather than 2 and 3.

Figure U-5 shows the reflected wavefront for test 5, conducted on the 15™ August
2003, measured at station 2. A positive reflection from the congtriction formed by the
“1/2" aturn open in-line gate valve is apparent at 0.30s. This positive reflection is
approximately 2m in magnitude and significantly larger than the reflections from
other in-situ features along the Saint Johns Terrace Pipeline (SJTP). Figure U-6 shows
the transmitted wavefront recorded at station 3. Interestingly, the transmitted
wavefront is not significantly attenuated by the constriction.

42 14

Reflections from "T" intersection and
25mm discharging orifice at dead end

—Test 5 - Station 3
124

4 Reflection from 25mm
discharging orifice at dead end

Pressure (m)
Pressure (m)

Reflection from "1/2" a turn
open in-ine gate valve

— Test5 - Station 2

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (s) Time (s)

Figures U-5 and U-6 — Measured responses for test 5, conducted on 15™ August 2003,
with the valve “1/2" aturn open, over 0.8 seconds, at stations 2 and 3, respectively

Selected tests with a 31.5mm equivalent diameter constriction

Transient tests were conducted on the 15" August 2003 with the in-line gate valve

opened “1” turn from its closed position. This formed a relatively severe constriction
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with an equivalent orifice diameter of approximately 31.5mm (as determined in
Appendix 1). Figure U-7 shows the reflected wavefront for test 13, conducted on the
15™ August 2003, measured at station 2. A positive reflection from the constriction
formed by the “1” turn open in-line gate valve is apparent at 0.30s. This positive
reflection is approximately 0.75m in magnitude. The drop in the magnitude of the
positive reflection relative to the case with the in-line gate valve “1/2” aturn open is
significant. Figure U-8 shows the transmitted wave recorded at station 3. As for the
case with the in-line gate valve “1/2" a turn open, the transmitted wave is not

significantly attenuated by the constriction.
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Figures U-7 and U-8 — Measured responses for test 13, conducted on 15" August
2003, with the valve “1” turn open, over 0.8 seconds, at stations 2 and 3, respectively

U.3 Consistency in measured responses from the SJTP

Figure U-9 shows the measured responses at station 2 for tests 1 and 2, conducted
without baseflow, on the 15" August and 23 July 2003, respectively. The structured
reflections evident in the measured responses are consistent. This suggests that they
are not random and are related to invariant physical features along the Saint Johns
Terrace Pipeline (SJTP). Figure U-10 shows the measured responses at station 2 for
tests 1and 3, conducted with baseflow, on the 26™ August and 15" August 2003,
respectively. As for the tests conducted without baseflow, the structured reflections
evident in the measured responses are consistent. In some cases, reflections can be
explained by known elements along the SJTP (e.g., the double fire plug risers at
approximately 0.30s).
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Figures U-9 and U-10 — Measured responses from the 15™ August and 23" July 2003,
and from the 26" and 15™ August 2003, respectively, over 0.8s

Figure U-11 shows the measured responses at station 2 for tests 3 and 5, with
baseflow and the in-line valve “1/2" a turn open, conducted on the 26™ August and
15" August 2003, respectively. As for the tests conducted without simulated
blockage, the structured reflections evident in the measured responses, including the
reflections from the partially closed valve, are consistent. Figure U-12 shows, in
addition to the measured responses for test 5, the responses for test 7, conducted on
the 26™ August 2003, measured at station 2. The only difference for test 7 is that the
recording rate has been increased from 500Hz to 2000Hz.
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Figures U-11 and U-12 — Measured responses for tests 3 and 5 from the 26" and 15"
August 2003, and for test 7 from the 26™ August 2003, respectively, over 0.6s
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U.4 Selection of results for the KCP with artificial faults

Selected testswith a 1.635L air pocket

Transient tests were conducted on the Kookaburra Court Pipeline (KCP) on the 28"
August 2003 with an artificial 1.635L air pocket. As described in Chapter 6, a column
of air contained in a standpipe, was compressed to a volume of 1.635L, under a
pressure of 45m, when the fire plug valve at the base of the standpipe was opened.
The size of this air pocket was approximately equal to that of another in-situ air
pocket that had been inadvertently discovered during general flushing of the Willunga
Network, performed by the author, during July 2002.

Figure U-13 shows the measured responses of the KCP at station 2, without and with
the air pocket, for tests 3 and 8, respectively. The measured responses are similar until
the incident and dead end reflected wavefronts reach the artificial air pocket for test 8.
After the wavefronts reach the air pocket the measured responses of the KCP diverge
significantly. The pressure drops associated with the reflections of the incident and
dead end reflected wavefronts with the air pocket are approximately 4.5m and 7.3m,
respectively.

""" Test3- Station2  ——Test 8 - Station 2

A
Initial wavefront from Secondary reflection
"transient generator" from air pocket
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w
w
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27 “Doubled" reflection from dead end . Inital reflection from air pocket
24 T T T T
0.05 0.15 0.25 0.35 0.45 0.55

Time (s)

Figure U-13 — Measured response at station 2, without and with a 1.635L air pocket,
for tests 3 and 8, conducted on the 28" August 2003, respectively
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Selected tests with a 10mm diameter [eak

Transient tests were conducted on the 28" August 2003 with an artificial 20mm leak.
The artificial leak was installed at the location previously occupied by measurement
station 1 (refer to Appendix T for details of the calibration of the 10mm diameter
leak). Figure U-14 shows the measured responses of the Kookaburra Court Pipeline
(KCP) at station 2, without and with the artificial leak, for tests 3 and 10, respectively.
The steady state pressure offset between the no-leak and leak cases complicates the
comparison. Figure U-15 shows the dimensionless responses for tests 3 and 10 in
which the steady state pressure offset has been eliminated. Leak reflections, from the
incident and dead end reflected waves, are apparent at approximately 0.26s and 0.37s,
respectively.
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Figures U-14 and U-15 — Measured and dimensionless no-leak and leak responses, for
tests 3 and 10, conducted on the 28" August 2003, over 0.7s, at station 2

Figure U-16 shows the result of differencing the dimensionless responses of the KCP
for tests 3 and 10. Variability associated with the “ringing” effect in the transient
generator is apparent at approximately 0.10s. Thereafter, no significant difference
between the no-leak and leak cases is observed until a distinct reflection from the
interaction of the incident wavefront and artificial leak is recorded at approximately
0.26s. No further significant difference between the no-leak and leak cases is then
observed until a secondary reflection from the interaction of the dead end reflected

wavefront and artificial leak isrecorded at approximately 0.37s.
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Figure U-17 shows the result of differencing the dimensionless responses of the KCP
for tests 3 and 4 (both no-leak cases). Variability associated with the “ringing” effect
is again apparent. However, the remainder of the differenced response shows no
distinct divergence. This result is significant because it confirms that the non-leak
related reflections along the KCP are consistent and can be effectively negated when a

historical or previously recorded response is available for comparison.
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Figures U-16 and U-17 — Differencing dimensionless responses for no-leak test 3 and
leak test 10, and no-leak tests 3 and 4, conducted on the 2g™h August 2003, over 0.7s

U.5 Consistency in measured responses from the KCP

Figure U-18 shows the measured positive transient responses at station 2, for tests 1
and 7, conducted on the 28" August 2003, using recording rates of 500Hz and
2000Hz, respectively. The structured reflections evident in the measured responses
are consistent. This suggests they are not random. Both recording rates capture similar
structured reflections in the measured responses. Figure U-19 shows the measured
negative transient responses at station 2, for tests 3 and 5, conducted on the 28"
August 2003, using recording rates of 500Hz and 2000Hz, respectively. Again,
consistent structured reflections are observed. As for the Saint Johns Terrace Pipeline
(SJTP), it is thought that the reflections relate to invariant physical features along the
KCP that are interacting with incident transient wavefronts in a consistent manner.
The magnitude of the reflections is greater for the KCP and there are significant

differences between the results for the positive and negative transients.
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Figures U-18 and U-19 — Test 1 versus test 7 and test 3 versustest 5, conducted on the
28" August2003, over 0.7s, at station 2, respectively

U.6 Selection of results for the FSP in its in-situ condition

Figures U-20 and U-21 show the measured responses for four tests conducted in the
Foster Street Pipeline (FSP) in its in-situ condition. As for the tests on the other
distribution pipelines, a “ringing” effect associated with the short vertical branch of
pipe comprising the transient generator is apparent. Tests 1 and 2 confirm that a
consistent response is extracted from the FSP when configured with the transient
generator at station 1. Similarly consistent responses are obtained for tests 3 and 4
when the FSP is configured with the transient generator at station 2.

Figure U-20 shows that, for tests 1 and 2, the “ringing” effect damps out relatively
rapidly. However, a longer period oscillation becomes established. Furthermore, no
sustained pressure rise is observed and the transmitted wavefront to station 2 is
severely attenuated. Figure U-21 shows that, for tests 3 and 4, a multitude of
reflections from a combination of the “ringing” effect, the nearby “T” junction and
dead end branch, water service connections and, potentially, extended blockage(s) are
apparent. Interpreting this signal is a significant challenge. As for tests 1 and 2, the
transmitted wavefront to station 1 (i.e., in the reverse direction of travel to that for
tests 1 and 2) is severely attenuated.
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Figure U-20 — Measured responses from the FSP for tests 1 and 2 conducted on the
16™ July 2003
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Appendix V

Fortran code for NETTRANS and NLFIT subroutines

V.1 Forward transient subroutines for NLFIT

Program NETTRANS

FROGHAM NETTrans 5l

version 0.1 (May, 1999) g

3
€ Program NetTrans is designed to compute unste, flow in pi
¢ metworks. It 13 a transient rluu program (na:dyuszs the “p !:auy |
€ equatiors taki into account the compressibility of the water -
c and the e‘lasd'?ly of the pipe. ripe friction uses the parcy-

€ weisback egquation and compute a mrr_y friction factor, f, through

€ the colebrook equation (really using Swames-lain).

& varfables beginming with “LTH" form the basis of parameter statements.
|€ The value of those variables can be decreased to decrease the

& required memory or increase to accomodate larger systems.

€ LIMPIPES=MAXIMUM NUMBER OF PIFES AND VALVES

€ LIMNODES=MAXIMUM NUMBER OF NODES

€ LTMSTERS=MAXTMUM HLIIII'I nr I'DIF STERS

& Lisnsoc CONDITIONS APPLIED TO NODES IN TIME
& I TMCONMAXTMIM MMBER | DI' Pl‘prq CONNECTED T ANY NODE

IMPLICLT double precision (a-w,0-2)
PARAMETER (L IMPIPE S=410, L TMNODE 5410, L TMSTEPS=1 00K,
LIMBENDCND= 50, LIMCON=30, L IMVALVES=25)

-

CHARACTER™1% INFILE,DUTFILF, TICHAR, STRING, DATATVPE
CHARAL TER® S UNLTS, TRRINT

DlHEHSIDN STEPS(L Dlmls)
Pl PIPES), PLENGTHILIMPIPES),

(LIMPIFES)
nunm(l TMPIPES), POTAM(LTMPIPES), PWALL (L TMPTPES)
uul(i.uwsrl.b)iummu LIMPIPES, LIMSTEPS),

DﬁFu:nthlnPEs LIMSTEPS), NDEND{L IMNODES) , vnEND(unnonts).
OMDTH (L THNODES ) , HEADBRC (L THNGDE S, L TMENDERT

DEMARD(L IMNODE S, L IMBNDUKD). wulmt(l_mms)
ENDTTME (L TMNODE 5. L TMENDCNDY, COADL T 5, L TMBNDC KDY,
NS(LIMPIPES), CﬂEFHAT{Z'(mFIPESQLDImS IMPIPES+LIMNODES) ,
WOGEPTPL (L IMNDDE S, L IMCON) , NODEPLP2 (LIMNDDE S, LIMCON
HEAD(L TMRODES ), RH5 (2L TMPTPE 541 TMNODES) , WAVESPO(L TMPTPES) ,
IPVT(ZLIMPIPES+LIMNODES ), USFLOWPRCLIMPIPES) ,
DSFLOWPR (L IMPIPES) , HEADPR (L TMNODES) , ELEVCLIM 5),
NPATTERN(L TMNODE S ) , AMULT (L THENDCND) , NODPRTHT (L THRODES) ,

NVALVE TMLIMVALVES) , T rll(Lnnm.w.s L IMISNDC KD

TAULTSTL TMVALVES, L IMBNDCND) , NOTYPE (L TMPTPES ), UNKT (LTMPTPES),
I[Lmu@!(LmPIFES} I[(]iﬂ"ﬁs} frivalue(limpipes),
frice(limpipe:

n.nnh.-('n-ndnj Haco (1 imnodes) , vaco(1immodes)

OTMmMonEPEXRUCwE & =

double precision nafr [

double precision ksplus(limpi )]
double gruhim hwpl vewin o
double precision ksplusmax

DIH[NSIN CﬂEF('l'LDPIF[EQI.IHCﬂH'I.THmS) W{2"LIMPIPES+LIMNODES)
DIMENS I 1 (4L IMPEPES+L IMCON® L IMNODE ) ,
nrmn(z'l THPTPES+L IMNODES, 27L TMPTPESe L TMNODES)

INTEGER*Z N, NZ

7 TEN(ITL THEON"L
1 IRN(2*LIMPIPES+LIMCON®L IMNODES),
2 IVECT{B*(2*LIMPIPES/LTMNODES) ),
i
4

3 TW(ET (2% IMPIFESL TMMODES,
COMMON/ INPUT /DATATYPE

€ ser the 1 and the outpur files
CALL DATAEXCH{STRING, NPTPES, NODES, RHS, L IMPTPES, L TMRODES, USFLOW,
1 ) I}?FLW.IIEM. TIME, TEMP, NODE, 1, NPRINT, NODPRINT, LIMSTEPS, ISTEP,
2 elev,

& read the input dat
IF(DATATYPE. EQ. "EPANET") THEN

CALL DATA_EPA(LTMPIPES, L IMNODES, L TMSTERS, MPTPES, MODES,
NDUPSTRM, NDDNSTRM, PLERGTH, PROUGH, FDLAM, PRALL , PELAST,
USFLOW, DSFLOW, NCONDTN, HEADEC , DEMAND, NMBRTTME | BNDTIME, L THENDCND,

SCOSTY, HEAD, CDAD, TIMELMT, ELEV, NFI\T‘IIN OCUTTMSTP, AMULT, UNITS,

NVALVES)
FLSE

B

CALL DATAIN(LIMPIFES, L IMNODES, LIMSTERS, NP1PES, NOUDES,
NDUPSTRM, NDDNSTRM, PLENGTH, FROUGH, PDTAM, PRALL , PELAST,
USFLOW, DSFLOW, NCONITN, HEADRC , DEMAND, MMERTTHE , ENDTTME, L TMENDCND,
VISCOSTY, HEAD, COAD, TIMELMT, NPRINT , NODPRINT, UNITS, NVALVES,
WVALVETM, TAUTM, TAUL TST, L TMVALVES, NSPARSE, NFRTCTTON, NPTYPE,
TPRINT, [‘|!V.FRI\"N.UE. NDEADENDS, NDEND, VDEND,
nairchambs, naircham, nair, natmosp, HACO, VACO, WAVESFD)

S

|c Do ot call celerity for variable wavespeed version

It CALL CELERITY{LIMPIPES, NPIFES, PDIAM, PELAST, PWALL , WAVESPD,

|t & UNTTS, KVALVES )

& Find the travel times and the couramt numbers
| CALL COURANT(LIMPIPES, NPIPES, WAVESPD, PLENGTH, NPTPEDTV,
1 USEMINCE,CRNMIN, O, NFTYPE)
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m

e [t Fomat Yew (b

€ uwls:uu:o he Byt o achisve the mininua coarant nusber
L REMO0E S (L TUPIPES, | THNOOE oy L IUSTLES, RPTPE S WIOES
s, LTI, PR, PETAA, PUALL s PELAST,
2 USFLOW, | m NCONDTN, HEAD, DEMAND, NEIRTTHE,
3 L TMBNDCND, USEMINC R, :m.mmm.m.w&ws.m}

€ Create rl‘(&lﬂ (MODEPIFL and RODEPIFZ) that 11st the pipes
GED(NDUPSTRM, NOOKSTRM, KPIPE 5, MODES, NOOEFIPL, WOOEPIPZ,
TN, L TAPIFES, LIAMOOES, MVALVES)

or 18 e water
il wmee deor
weite(*,*) 'pt=",

2

start from steady state?, Yis=1, wo-2°

gng'.') nsteady = : 3

1 teady. eq.1) then

CALL_ DATAEXEH(STRING, NPIPES, NGOGS, RHS, LIMPIPES, LIMNOOES, USFLOW.,

1, CEFLOW. HAD, T, TS, NO0E, 11, NERINT, NODPRENT, LIRSTERS, ISTER,

=a‘l uudy{ fmrades, 1 ., Vimsteps, nodes , npd ou!m
frict. G, rm0, U‘“O;Vm lm.“ﬂ PLENGTH, np s“
ST, oo

“'.Lm“’ mellw,nml‘.
i Tr Chamt, rir £, RATr - NSYBOIP, HACE, VBE)

00 I3, NPIPESHIVALYES
T, +1
mgm.;
N0 Do
00 Tsl, NODES
Il.ln!l(l)dm(l]
caL un:xn(ﬂnxn.p:us MODLS, RHS, LINPLILS, L IMMODLS,
i, n;fm  HEAD, T wOnE, 116, M, muxl'.l.nsﬂu 15TER,
2 eles

end if
{0)e]
wite .)) Include unsteacy friction sodel? Visel, No-2"

A LTPRINT. 0q. 'Pa") then
weITELE, (37725, 73 JTIME, {DsFLow(NGOPRINT (1), 1), T=1, NPRINT) =

B DR Fgwst e

‘“-.-m(;.‘m 5,737 3TINE, (O5F 13,17, T=1, NPRINT) [
i 1 =w1mtm> -1, -uiwfg

wnd i
i use the SPARSE solver, and set the starting time
Find the nimisus Reyrolds rusber in each pipe to decide which unsteady
Friction model to be used. “Zielke™ and " o ™ wmode] are included.

Af(wunfric.eq. then

M( et et =

M1 0e-10

00 g=1, WEIPLS
W O*asin{l. l ‘m(!)“!{l o

M
mwn:m 2 ' average velocity in the
R

LA (1) /VE i
5/ (LOGIO(PROUGH(T), 3,7“’0“"! 5. 74/
0315423 | Swames- ). ;s }‘

tl‘(lﬂ ) ) Frice(i}=64.0 o
A |
e For frictionless pipes or speeific 'l‘h‘tfﬂl huw (s mrh apeil 2o01) |
IF(WERICTION . 0g. 0 :2 ~0. 16-20 B
RICTION . g, 2 ﬂ-l-u 1 )=FRIVALUE (1)
e
© check pipe roughnesses
©

3 1] i i
n'w( Jsprouah(i) /pdtanci)
x&b-l&l m{

"fﬂz:\wn I malneughci-1))then
'\‘(«Iwnz‘wn-lmm

lmﬂ

urrsteady fri

Ethm k.pm‘:g;:! for applicability of vardy trown smooth or Roegh
e ksplun(i)=melrough(i)y*ms (1 )= ((frice(1)/2.0)*=0. 5) e

riet(1)/2.00%0.5)

"f-&‘} s I|lk lu-(‘-a)nm
umgmu) gt lu?lua(i =1))then

L
L] Tt m wend neite{§
..d[a {)-rﬁn(i) P atculablon of ka: st kp

e at l‘m ‘,“I(l‘ rm from’, misix,
3 1
F at ive anges from’, ke lmﬁ-'!

u; fm ﬁ-q- tuhu-m. e, ksplusmax

o? nnt use rousgh models’
I-I I- -n. -m \'flnlm mode 7
2ielkent’ 4

',

Fast) '
B 7
nmode ]
& G e e S e e e e e
© Ursteady calculation statrs from here c
CECCCEOCEree

gt 4 P i tnitial conditions
e
CALL DATALXCH m»:us.ms.muw:uatms usELOW,
1 Dg’lﬂllni@lﬂn TIME, TEMP, RODE, 11, WPRINT, NODFRINT, LIMSTERS, TSTEP,
2 elev
Loop cver all the time st
uglrl-ﬂ.ﬂ i

CUTTIME=D. O
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Appendix V — Fortran code for NETTRANS and NLFIT subroutines

m

e [t Fomat Yew (b

DO WHMILE (TIME . LE. TIMELMT)
TIME<TIME+OT

ISTER=ISTER+]
DO ITERATN=1,4 | Tterate 4 times for the ronlinear friction ters

€ assesble lM coefficient mutrix for all the Forward equation
ASSEMILE (L IMPIPES, LIMMODES, LIMSTEPS, NPIPES, NODES,

5
i
5
i

3 FRIVALUE, (TIME , GNOTIME, L IMONOCND, USRMINCR, CRNMIN, G,
* WAVESPD, VISCOSTY, NS, DT, COEFMAT, L TMCON, NODEPTPL, NODEPTP2,
5 HEAD, CAD, RHS, « ITERATN, COCF, N, NZ, TRN, ICN, ISTEP,

6 « NVALVES, WVALVETM, TAUTH, TAULT! LIMVALVES,

7 WERICTION, NUNT L NPTYPE,

1 D ADE NDS, NOLND, .

@ frcham, nafr, i vaca)

teoth sparse and Non-sparse w vers arg wrl1 well \‘uwm X3 2000}
i l:’a;"qure :glr“ matrix solver Siofuran o subrout e o Tsinghua,

matrix=1, Nmatrix
o aa“ Cimarrdx, jmarr i) -cotrunr (fmser iy, jasrrix)

trix=1, 82
imate{x)=coEF{imatrix)

IF (NSPARSE .E0Q. 00 THEN
€all G663 (coefmatl, 2*L IMPIPES+LIMNODES, Fhs,

& * (MPIPES NVALVES )4 NODES)
se
CALL SPARSE(COEF1,W, BHS, TW, ICN, TRN, TVICT, IVICT, IKCEF,
1 N, NZ, LIMPLPES, L IMNODLS, LIDACON, ISTER)
END 1F
the solution 15 1n the mHs vector; in the variables
PR AL e P g

IS OM, DSFLOW, HEAD, TIME , L INSTERS, I5TER)
I DO ! End of the iteration loop

ot ef intermadiate data
s F (The

TIME L GE, mnun') THEN

e o Fomal Yew (e

QUTTINE-GUT
END IF fal

END OO | End do while Toop: end of ties steps
CALL DATAEXCH(STRING, NPIPES, WOOES, RMS, L IMPTFES, L IMNODES, USFLOW,
i ‘:?w-.-:m.m.m-.m.n | MPRINT, NOOPRINT, L TMSTERS, TSTRP,
-

“dstng the Tarest resules o in?, Yessl, Mow2®
Fead(®,*) NAGAIN - i
end do 1 end of repest cyele
£ output of final results
CALL OATAOUT{LINPLYLS, LieuoOLs, LIMSTLYS, WPIPLS. MoCs,
1 NOURSTR, NOONSTRM, PLENGTH, PROUGH, POLAM, FWALL , PELAST, ISTER,
2 S LOW, DSFLOW, NCONDTN, HEADEL, CEMAND, BT N»Wlihlmns
3 VISCOSTY, HIAD, COA0, TIME, TIMELMT, NFRINT, NOOFRINT, NVALVES,

€ Set terminate time and running time

pericd of waterhssser
T? nuﬂln the damping factor? Yes=1, wo=2"
ng

F (wdasg | 3
1&‘“(' ';‘ ihe 1) nl transiemt period? 2T=1, 4T=2"

?H . ?I period-perfod*2.0

CALL DWELOPE(ISTEP, OF, per fod, per fod, Timisr)
end if

3 m'w:ﬁ:s;:- o)

END program MetTrans

Subroutine DATAIN

SUBROUTINE DATATM(LIMBIPES, LIMMODES, LIMSTEDS, KBTRES, NODES,
OUPSTRN, ENGTH. DROUGH, POEML PULL PELAST:

1
7 USFLOW, DSFLOW, NCONDTH, HEATC, DEMAND, NOTEME, L TMONDC WD,
3 nm.ﬁm.cﬂa.mlm.m‘w.w,wrrs,muws.

4 WYALVETM, TAUTM, TALL T5T, L TMVALVE S, NSPARSE , NFRICTTON, NFTYPE,

5 TPRINT, ELEV, FRIVALUE, NOEADENDS, HDEND, VDEND,

6 fairchasb, fairchas, nair, Hateasp, HAcd, Yaca, WAVESPD)

IMPLICIT double precision (A-.0-2)

STRING
EHARACTER (L M!) cmcit(z)
INTEGLR BaTLTHar
mm&.m:xs) s T (L IMP LIPS ] PLLWGTHL DR Tes)

1 mum:n ), POLAM(LIMPIPES), FWALL (LIMPIPCS),
2 PELAST(LIMPIPES) , USH LIMFIPLS, LIMSTEFS),
& WLMIWINS.IWI‘S .Il“(‘.ws)
k) NCONOTN(L . (L IMNOOL %, 1L IMBNOCND)
i L IMNODE 5, L HD), NRET 1M (L IMNODE S,
“ ENOT D (L IMNGOR S, L j,coaniL ., L IMBNEC WD),
MDOPRIRT (L TMNODES) , NVALVE TH (L TMVAL VES) , MEAD{L TMRODES) ,
6 TAUTM(LIMVALVES, LIMIKDCRO), TAUL I5T(L INVALVES, L [MINGCKD]
s %s‘?’rm).m( L THRO0E ), VDEND(L md
L
: n.wm.-sn-'m} magol 1 imnodes), vace( 1 imncdes),

doutile nrnh!an nair
COMMON  THPUT /DATATYPE
mm(cmc!(xg cuu:l(‘g L CLOCK( ), DATE._TIME}

WRITE(", ' (A, T2 A T2, A, T4 is /month/year) ",
b e, '(,Eé;i i 1"') Iﬁui “r hiyear) *
1 pave_Timecd) TINEC2), /" BATE. u:!"“’ .

C-OATE, TIME AT h-ﬂ.m{‘afl

(A, 12, 2373 The (lmn-mn: ecorad)
1 pATE TIMECS], mn.m‘-(;ge‘i ;
Gt Ay IZi, 5. 2) ) i3 (hour winute:second) .
1 BATE FIMECS), "L OATE TIME (6D,
meAD(L, (603

TITLE
uKITE Ichodce of uﬂ"l are 51 and oe
MSPARSE, MFRICTION |, FRIVALUE
!l‘ {UNITS (WE. "S1' . AND, LWITS .WE. 'BR') THEN
CALL DBATAEXCH{STRING, MPTEES, WOOGS, RS, lbﬂl“‘,tmi USELOW,
OSFLOW, HEAD, TTME, TEMP, MODE, 2, MPRINT, MODPRTNT, L IMSTERS, T5TEP,
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e [t Fomat Yew teb
T 5P UOW, WEAD, THAE, TG, MOOX, 2, KPEINT, ROOPRINT, LDESTEPS, 1STEF, Ial

END |=
READ(1, *) NPIPES, WODES, WVALVES, NDEADENDS, ELASTCTY, VISCOSTY, TIMELMT

2

] read(1,*) nairchasbs, nair, mateasp
i3 cl-d: o M! that paraseters are not exceeded

koD
IF (wpcs o1 Lnl-ms) NPEXCEED=L
v LIMMOOES) MNDRLEED=1
IF Guescrin _ra, 1) T
ca unnecn(nunr..wlxs.ms RHS, L TMPIPLS, L THAOELS, USFLOW,
S 0y ? LOW, HEAD, T, IS, NODE , 3, MPRINT, NODPRINT, L INSTERS, ISTER,
st

!l {“K‘w e,
CALL M‘“KI(S‘I!W\.'IKS NOOH 5, HHS, L IMPTPES, L IMNOOE S, USFLOW,
o DSFLOW, HEAD, TIME, TIMP, NODE, &, NPRINT, NODPRINT, LIMSTERS, ISTEP,

wlev:
iND TE
IF (UNITS B0, “ORT) ELASTCTY-A7, RELLASTCTY

Rwad lh m. ru hmvlmt ,1,.,
nate roughness, «

w xa. mnsx»
READ(L, *) wxx.m(hﬂns) WODRSTRM{NPIFE ),
FROUGH[NPTPE

e S e

i

i unit comversions

IF (LNITS .00, “BR") THEN
PLENGTH{L)<PLENGTH{T)/0. 3048
PROUCHIT ) . 3048
POTAM (T} =PEIAMCT) /D, 2048
WAL (1) =iwALL (100, 3048
PELAST(E) =47, BEprLasT (1)

o 1w

0 o0 Lo
IF (UNITS 00, "BRT) VISCOSTY=VISCOSTY 10,76
Read nedal data incleding conditions
NCONOTN=D interfor node, no conditions
head {5 known ar the nade a3 a function on time
WCONOTN=2 Both head and demand are known at t
WCOKOTH=1 demand §5 known at the node as a2 function of time

demard i3 prossure semitive i um
WARTINE 13 the mumber of tises the boundary o on is specifieds=2 e

e [d2 Fgmat Yow e
WeRTINE {3 the rusber of tises the condition fs specified—3
A1) odes must be Tisted in the data 1o get Titial conditions Inl

é‘%..'@ '? mﬂul(ﬂ

NOLRR=0
0O =1, NOOCS

] MEAD{MOOE) Padd ELkvarion of Teak by x3 (12/2001)
1 (lllm Y '.& 3} miew
NEAD(NODE ) ~HEAD{NIDE )/ 1048

lF t:nwm(mni) LEQ. 1) THEN | Medd known
= h{.') WSHRTIME (NODE )

g
§
P
g
3
Ei
i
2
3
i

NPRINT, MOOPRINT , L IMSTERS, ISTER, 0
uo 1

s (g, 'BR'} THE
m(m :)«mx(m. 30, Boan
oo oo
ELSE IF (WCONDTR(MODE) .EQ. ) THEN 1 Mead and demand known
u.u(s{ ') “tm](( 5 )l

W %%m.&s-uou(m.n.wm )]

LMS ust\w.wwu MEAD, TIME, TE!
MPRINT, MODPRINT, L INSTERS, TSTEP, alev)
oo 1
I* (lnm TaR') THER
m[ ;W.: /0. 3048,
NODE, 10, 02832

s

uu ¥ {wgwlh(m)&) 3) THEN ! Demand known
ReamE T

1* WIQ.’mlwm!‘) G 2 =

CALL DATAEXCH{STRING, NPIPES, NODES,
1 LIMNODE S, LAFLOW, DSELOW, HEAD, T
2 - NPRINT, NODPRINT, L IMSTER

WD TF
IF_(umiTs .6q. ‘BR') TN

1 1) =DEMAND(MODE , 1)*0. DFBIT
END IF

END 0O
ELSE IF WI f.n% 4) THEN t ocifice size known
RMBRT L )
READ(1, ") BNDTIME(NODE, 1), CDAD(NOCE, 1)
i (Iﬂl}! . K 'II'
:mn(nnu !i-cm(m j)ﬁ %ou--a
end W

o o
¥ g:g‘-n -6, 1) THIN

END TF
i£% add print inforsation “ valve tau viase X3 20/12/1090

DO 11, NVALVES tThe different valve have different time histories
READ(L, ™} NVAL. NVALVETM

D0 Jul | NVALVETM

READ(L, *} TAUTMLL, 1), TAULIST(T, 3)

RO DO
N B0

0O D1, NDEADENDS
umu.') WAL, MOENO(T), vMND(T)  Inode nusber of a dead end; volume of a dead end

(3

€ Afr chasber data

©

do i=1, nairc
[

hambs
m? nan:nr(s) Inode rusber of afr chasber (s)
argt20L ) Raca(t), vaco(1)

e
1200 RETLRN
D

3
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Appendix V — Fortran code for NETTRANS and NLFIT subroutines

Subroutine ASSEMBLE
_

e [t Fomat Yew e

[c Assesbly of the simulransous equation for the forward salution
13 020}
© ffl(lm wguat form wses Smames-lain. .“(!“ ta use kn-w Ql‘ﬂ an
To
St raSAE (e accurare mu!m Factor.
Linear tiseline interpolation i3 fn this routine IF cublc vimeline {rcerpolacion 15
Lo be used; 1T should interpolate Tor the Tiom out of the
‘MK[I"H“E

valve function i3 added in by X1 wang.

uesteady feicion and viscoslastic routines added by u Stephens
Inproved sparse matric solver and afr pocker routings by W Stephens
feient recursive routines for unsteady Friction and viscoelasticity by M Stephens

SUBBOUTING ASSEMBLE (L IMFIPLS, L IMAOOLS, Lmus,vmi.nnau-
WOUPSTRM, NODNSTRM, PLENGTH, PROUGH, PULAM, PRALL , P
oo B3P s AR HEADE R NLOROY: HEADDC  DUMARD, ELLY, FRIVALLE,
AOSKTINE, BITIAE L DB ND, LSAERCH, EAMLN, O, i SPO, VISCESTY,
N5, OT, COLIMAT, L .Hﬂ'!ﬂ Lelt] -un
ITERATH, CORF , N, K , TN, w AL Ve AL
TAUTM, TAUL TST, L IMVALVE S, N, NUNFRIC , m.m;.mif.
0, VD, R Ehams Ra{F €A, RatF  HATBBSR:

ARAAR

mamwE

Hace, vaco)
IMPLICTT M" ’f.gl)'ﬂi (A-,0-2)
CHARACTER

DIMENSTON mmaw;us) NOORSTRN{L NP LPES)  PLOMSTHOL I TPES),
PROUGH(L THPTPES) , POIAM(L TMPTPES), PRALL (L.TMP

) PELAST (L IMPIPES)  USFLOW(LIMFIPES, um'rirl).
FFLOW(LDEIRES, unnwsg THHGOE

BRDTIME
ME[LIMPIPES), COEFMAT (271 INPIPESa L IMKODES, 271 TMPIPES L IMNDOCS:
n m(tms,tmm}.mwumsh
HOOCPIP2 (L IMKCDLS, LIHEOK) , RHS (2 "L IHPIPLS, L IMNODLS.
e VALV TH{L IMVALVILS) , WOOLPLPL (L IMNODELS, ucnd.
TaUTM{LIMVAL VIS, L IMERDC KD ,tmulhnm«s.;m g
uﬂo -Lr.) HEADFR(LIMMODLS ), urk (T Tmpipes),

.

)‘um Timpipes), ne (1 3
np]-;??mm Tumis (1 ‘ = N mdio
PRTUAL R (L RS, Trice (1 Tmpiped)

fethe b -ur.; [H S ——
headx({mnades;

double precision K1, K2, K3, K4, natr

HIOTEOASE wRmEL B W

| e
m

e [ Fgeat Jew e

INTEGER* n:u(t-a.wwss-l.uuﬂmw.
RN PR LMo TMNODES )
INTEGER®Z N, ME
integer merlag
Integer wiscoflag

DIMINSION COOF (4*L IMPIPESHL IMCON®L TMNOOES)
Pai=2, 0*asi )

viscallag-2

™% %

SeE pr varfables to wnknowns at first iteration
The lnw 75 suved in the Ei lln series, X1

IF(ITeratn .eq.1) then
b =1, Npi|
1, 15TER, -nscmsx‘xsnr.x

1, I5TER}-05FLaWLE, I5TEP-1.
end
0 =1, MOOES
Ve
b u(mm“« uhen
szt Rt
o if(ing.cqr. 3shen
ah3heas
5':‘ -f-::ntz " nmum hhack2(1)
e I{"’,‘,,‘,,, “yramE, (m 4%}
v hbacki{a1 "f B
COVE hback? (41) - 41
|eevE
[eve
eve
HEADER (L) =t AR(T)
N0 oo
D 1F

_

e [t Fomal Yew (b

c IM“‘;E" ll(r!:l? since they may be changed in the sguation salver
B 11, Q;ﬁ:n&mm)-ms

0O =1, 2% (WPIPES+NVALVES)+NODES
CORFMAT(I, 3)=0.0

END DO

END 00

end if

Set Frozen Reynolds susber Flag for Fast Lnsteady Friction
IF(Cistep. £0.1). and. (freratn. e9.1))then
heriag=
else

merlag=2
end if

1

ST

! n!.gtw 27 Gl.liw 3 oaue

GO

The unknown vect ?}
A the ena of this nu w the
Firat the pipe
w'u iln non-zero entries in the coefficient matrix
B0 1-1, NPIPES

'} Tus{i)=0.0
' “ln'\-‘n(!)vo.

PAREA=Z, 0% a5 1,n)-muu)--m,o
VELCTYL-USFI STep)/PAREA

eve step

|evE m M /2 1 Average Mln{. m L pe

|EVE } (.mwu)‘ (1) /VISCOSTY _&r

|eve Pte T)=0. !!)’ (173, J"muu( 3} o! ru

[ rmr T Tody S terir e e ton

;: {llml.‘l“ﬂ 2) Friet(1)=0.2
SEMALF A0, O {Tesporal variables by x3, For boundary pertvwrbacion
IFOWTYPL(L). €0, 0) then tfor normal pipes section

tfor frictionless pipes or specific friction factor (x3)
IF (NFRICT, veq, 0 frlnEi =), 10~ 20
IF(NFRICTION .0q. 2 cr(i)=FrivaLue (1)

jc** To consider the unsteady friction by X3

iFinuniric. eq.1) then
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m

e [t Fomat Yew (b

E use zielke Taminar Flow snsteady friceion with full comolution

if (umode]. 0q.1) call Zielke(Istep, I, P0an, USFLOW, DEFL
& BT, LIMPIPES, LIMSTEPS, unkd , unk 1us, urMinus)

<
€ Ui ka & kp type Bruncne acceleration sodel
E“ .gt.l;
i 19 ) call m(xm'.x DSFLOW, USFLOW, RE
LIMPIPES, L 5, UrkL, GOPLUS, UrMINUS, unkf)
end if
€
€ Use Kagawa fast approximation of Tielke model for laminar Flow only
3
if {wmodel. eq. 2} call cagawa(istep, 1, Foiam, useoow, DorLow,
& o ot En;':’ulmfns wnkcd, wneTus, ursinus,
& Arerawn)
«
© Use vardy Brown sscoth fipe Turbulent with Fell rielke Type Comoliution
©
if (wmode1. 0q. 3) call nml‘(";&.l + PO am, LISFI
ot ﬁﬁ% LIMsTEPS, IH-I U‘P‘Iu ursirus,
& 5, PRoagh, {Teran, ReF lag)
e
€ ime vardy Brown Bough Pipe Turbulent with Full Zielke Type Comolution
€
i (o). eg.4) €all vBRough{TsTep, T, POl an, LSFLOW, DSFLOW,
A e L INPAPES L IMSTRP %, urkch; o s, s,
H &5, PRough, Rer lag)

€
€ Use vardy Brown Sscoth Pipe Turbulent with Kagasa Type Fast Approximation
3

)n call wnlmn(nln, o PO am, USTLOW, DSFLOW,
DL, LIMPIPES 5, Ukl P Tus, urkt s,
R, PRough, Tteratn, Rerlag)

=

end if
use vardy srown mowgh #ipe Turbulent with xagawa Type rast Approximation

1 (15t 3) <
SRR veraztaogh(iatep. 1, PO am, USFLOW, DEFLO,
IMSTERS, unkc], wni* Tus, ursinus,

1 il
, o 1F Ri, FRough, Tteratn, kef 1ag)
€
:wluﬂdu st urplus and urmires to zero for steady friction only
else
urk1-0.0 e

e [ Fgeat Jew e

w-%-nu Inl
-0.0

end if

1 {iscaflag. eq. 1) then

call viscof las(istep, I, rdiam, hbackl, hbackz, ot,
LIMPIPES, LIMSTENS, USFLOW, DEFLOW,

VEP T, VEMTrws, | ter atn, wavespd,
Trm, nodnatrm, L DN0oE S,
wnP s, ursius)

2333

CErETY

wmode . eq. 2] 11 Kagawal 3 .
i ““‘&LIL:’:ILLMHI! unket, unnTus, urmines,
& {reratn)

virlus(i ;-o.m
VM rus (1)=0. 00

GAOVRC =G PAREA/MAVESPR{I} ! gA/c term

(1)) {1, fstep-1)
1 +0SFLOM(T, T5T )J(wmj

TEMMENLS=F RICT {:\-nsoul “ABS(USFLOWCL, 1
1 .ww-u.m—u-:%wm i KEtatm)

{13 square marrix for standard sguation solvers

! -l mwma 5 M‘WSM“ r 'ﬂ' the €+ characteristic. Uses known floes
'(-xntsowu.vls) | c+, head v

-1)=1+ TEMMINUS +urkl+ 0, 3" GAGVRC™! nr-smu.n H mr the C- characteristic. Uses known flows
wrmws} nl)--«u\m: ! €=, head v
e the
PLUS

!-:mu:-ur'slm.n ! For the Ci characteristic. Uses known flows

term
olm:mm«ﬂoo S4CAQVECSOTSINALEA | For the €~ characteristic. uses known flows
I €=, head term

2
®N is the row rusber of the coefficient mazrix
-I"I 1184 Sng Ten maet be set oo che {mtTa1
but camnot be reset or sPARSE will go wrong &l

TERKOLNT
TNCRDUNTS 2.

1 Dt wset or SARSE will go wrong sl
! en ll&!w calew liw
Kll i3 the colum J the eoufficient matria

The interpolation arhcu ml; the right side of the equations.
No interpalation for the ute tera.
This is spaceline interpolation!!

First write the right hand side assusing a Courant rasber of unity,
DT=DELTAT.
L TAT=PLENGTHET) avesPolT)

GLINGT 1o

1- ML),
w%lsiuw-:)'tml.w 1-0. 'Jw-:'wswnoumsm

& -CSrLutL 15tepeted, i-m-umm'tmmpuow:mm
& SRt () aabvee |

Than 1 1 he 14 1 1

T S TETE 3 Tt ek TaT) s (31 10+ T+ oML L8) €1 orjocirinys
.?Gw“"';zir;v)-wn m(fﬁw&ru-m ey
USFLOW(T, 15Tep-1)-GADVRC * (1 -0 /DEL TAT) =1 c{n\-smc

WDUNT=KOUNT+4 | Four of the non-ferc entries are in this Toop

-

End if tend of normal pipe section
NPTYPL s . 2 the mi, |l equat i, 2000)
fn!n t:chgfmr :u:n:_u stﬂ?) ]h:ad lms au 1@“2'::132:5 s .
H (MPRICTION. eq. 2) fric{t)=rmivaLue(t)
DELT=PLENETH(L) *Frict(1)/(2, 0°G POLARM () "PARLA® *2)

Mm-tg}
NO=AGONSTHA (1)
1F (NSPARSE . 6Q. O] ooy maerix for yrandard equacion solvers
v COEFMAT(2® g at DownsTr u-ofulw
cokruTlas t u»—l a 3t upstreas of v
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Appendix V — Fortran code for NETTRANS and NLFIT subroutines

COEFMAT(2®T, 2% -gl “‘i’”l‘ M HEM Head
CORFMA’ i pasa e = tream Head
CORFMAT(I*T, 293-1)=-0ELT* abs (usf a-u f.up
& sdsflowli, istep)) 2.0
mns{2*1)=0.0
ELSE ! A vector for |||- e sparse 5
COEF(KOUNT)=1.0 !
COEF (KDUKT: 1)-1 n
EHS(2*1-1)=0.0

sparse=i)
valve
ll at wﬂn- of valve

SN Gl -1 LTSl ..amtﬂ I, istep))/2.0
Cﬂl KOUKT o4 )= ! Head at Upstreas
Rz (24 l)-o,a

IF (ISTEP L 6Q. 2} THEN
IRNCROUNT)=2-1-1 1 TAN 13 the row rusber of the coefficient matrix
Il‘kmuﬂd;—!'l-\ i and ICN must be set on the initial
TRNOKOUNT o 2 )=, ! CAPNOT be reset of SPaRsSE will go wr
TRN{KOUNT+ =% 1
TRN(KDUNT 44 }=* 1
N =21 | 1EN i3 the colusn rosber of the corfficiemt matrix
TN ﬁuﬂol)-!‘l-l
TCR{KOUNT+2)=241-1
%Wﬂ-! -3 s:lwhml nd
ipesermal ra

ROUNT+ 5
D 1R

! sparse solver
1 Junction minor loss
1 oMo of the pipe equations

£4% TO ADD VALVE EQUATION BY X3 (ls,-'m}:m
DO T=MPIFESe ], NPTPESe NVALVE!

Fricu{z}-FRivaLut{}

END TR
END B0

tPor the valve the friction factor 15 comstam
QRO DG POLAM (1) *PARLA® 2/ FRICT (D) /PLENGTHT ) Trau=1.0 valve
NU=NOUES | 1
Mw“"’;{!)
oo l-l,llll\ll.\il“l“([ NPT
IF(TIME.

T8E5).
AT, TAUTMEI- wms 31;
1 AND. TIME . GE . TAUTH{T-NPIPES, THEN

thead Toss

e}
1 NPIPES. 1)) THEN fal
m-l'mlst(:-p %, 1)+ (TALLIST(I-ROTPEE, 3410
1 TAULTSTCE NeTecs, 3007 CAUTMCT NPTRES. 3210
o e TAUTMCI-RPIRCE, 1))8 (YDAC-TAUTHLI-NePES, 1)

IF (WSPARSE .EQ. @) TeEN ! Square matrix for standard equation solvers

if(tan .. 1.0e-6) then

twhen the valve s ru‘n¥ closed
L IVI)=1.0 1 g at Downstreas of
.15:q.1>-.1,u 1 q At upstreas of v
COLFMAT ;-liz-: -1)=1.8 ! g is zera
tlu
COEFMAT (2 = 1)=1. ! g at powstreas of valve
r.u!':': -lirt l)--l& ' g at epstream of valve

RTHER TR e et e 2

C“M‘E;‘l.?‘!—ﬂ-—&t(m! Temlf
B?s!‘ =0, 0

step-1)) g through valve

e ! aparse=1;

TE G iE doed) then o ¢ :
COEF (KIANT+1)=-1. 0
RHS(271-1)}=0.0

COEF (ROUNT# 2)=1.0 ¢

For the C- characteristic. uses known flows
EHE(2*1)=0. 0

IF (ISTEP .[0. I} THEN
1 J=2*1-1 IM !5 the row of the coefficient matrix
L (KOUNT 1 =2

nusber
uy and 1ew must be ser on
Nt camot bt resct o SPARSE

Kn!m#'l ! 1w i3 the colusn rusber of the coefficient matrix
TN *1)=2*1-1
TCN(ROUNT+2)=2*1=1
NO IF
—xouNTs 1

+ the {ritial
ERN(KOUNT» 2)=21 will go

B DR Fgwst e

ENS(241-1)-0.0

‘0‘! Mo'l -1

USFLOWLT, {step-1)
autay ()
munu = tau** 1 Q at downstredss

at downstress
1)=0.0

. 2) THEN

istep-133/2.0

! IRM s the row the coefficient matrix

af
e ca the Initial
ARSE will go wrong

Tam

TRM{KOUNT 4 hu2v T
R"E =2°1 | TEM i the column rusber of the coefficient matrix
2K “"""'31:-;-‘.

*2)=241-1 i -

TEMROUNT+3)=2* (npipessrvalves )+

ew ?v'

KOUNT+4}=2* pessrvalves )
oo 1
EOUNT=R0UNT 5
wnd it
o 1F
end do
wow the node equatiens, 1.e., conservation of mass at the nodes,
g ms ) -EQ. 0) TN ! mnﬂnr e, cordit
1F X . hmg
iv(nnn lq 7; tanly save at mlm!

x" m : l:'g!""«l'” ::0 e mﬂ.im
I tooeRarCr, ) ) e o

[
cumr(r(-:x';mvu]a(.:-J-l)-l a

coﬂ( 3=
¥ (:mr .l.e_. .!

-
ENO IF

END TF
ND IF
1F (MOCEPIRZCT, KD

gnxns’mm)n

1

THEN
)=-1.0
ELSE

CORF (MOUNT)=-1.0
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Appendix V — Fortran code for NETTRANS and NLFIT subroutines

CORF (KON =1.0
. k. 2 fal
o)

t end iF

PESs WVALVE!
tuodified by x1 ugo‘mlhﬂm m? N:‘H of a dead end

e 'M'u:x NoEND{1d)) then
Gins 1)

DOVBNDEI ) b/t CHeRa L ?h:l:gl{i))tw

DS IIPESIALES) o)

end do
i3

3
€ TRY IW's MO 7 ho,Vo ATR CHAMOER MODEL

«

"¢ ATR CHAMBER UNIT (Mo fmerzial Tink) - sTasT

<

¢ Modified by m5 for air chasber ISt January 2003
“c

do Taced,nair
(1. eq. mlr:h-((umm

*c caleulate is of 0ps - Op- = 0 equation Tine in matrix

3
= perivative approximation
e

Kﬂf‘igkwcu.nmﬂ--(h.mﬁ-#b

*BELTAT)

EHS(2* (g peservalves)el )--u-(-l‘}mﬁmmn} -

&
b (mtnﬁ:r-n‘!m‘malvuwn - 10,1, 0d-30) then

B “ 1

-: Tntegral approximation w

e [t Fomal Yew (b

I3 Integral appeoxisy =]
<
" K- 1
1 R e e B R
;: i m(r-w;m‘mlm)‘l).g (ol (mag «m
:: : Rhgs%npunl nu—l)-
e
A Cabs 2* (ng'i) 1} 130,101, 0d-15) then
E e -m:-nrﬁ:g:e?» 3.1, 0d-150

<
cxxxm - try Mnearised version of derfvative approximation
3

I Hat 0®* (1, B nair ) ) v tac)
SR e

*c
188 ?hhﬂ!
d Cistep. L o¥elin
CORFMAT (2% (NP 1E m‘&)-l FHNPIPESIMVALVES ) T)
& -‘.!‘(I 00/ nadr ) o2
W . 0.
® ¢ “"’ R Ty -x3 3. 060 /mate) k2
"(ln-p .
:ﬁm NEIPESHNVALVES)+1
.a' WP IPESHNVALVES )+ T
i KOUNT=KDUNT4 1. L
end 1F -
{3 end if
*c
w5 {2* {npl pesemalveshed -‘y{j ;l)tmn)
& %3/ (headpr {1+
& ; i"u?mlr) + ¢
" & (!»m r)*3’
if s (2* g Tves)+13). Tr, 1. 0d-15) then
3 Lol o
€ wnd
e

*c Caleulate the change in voluse of air
e

e [t Fomat Yew (b

e Bl
* dvac(1ac)ais(2* (rpipessmvalves)+ ) *0ELTAT not required for derivative method
oe Vac(Tac)=vac(Tac, o&uw P -
=c if {wae (1ac). Te, 0. ythen
b ':\‘nre u)!o,odn
<
erd {f
end do

*C ATR CHAMBER UNIT - END
"

ELse 1F (nconote(t) .6g. 1) Teiw ! wead {3 known at the node
' if{istep. n} 2) then

CM'I“(?'E IP(EM“S)!!:!‘DI’IH“H\‘H\(S)‘I)-I o
OFF |
(!Sﬂ" LEa. Z)

W!Il'l

'!Kbm\ﬂi 41
S{MPIPESANVALVES 4T

3, WMNRTTME 1 nd the bourdary conditi,
w“lr (TDeE G‘."Iwﬂ;i“‘il) mn. F R

cm(l 1-1]& mo & m(l.:-l))‘

c wlﬂl mlﬂnsn"x) o utm %
’ .{1’ min(z ) )uv)a!- Iu

il Malxn(nunmln: WS, Ilﬁu.brxnl.l.ms.
1 USFLOW, D5 L oW, mm TEMP, T, 12, MPRINT, MOOPRT
2 LIusTERS, 1:
1002 EHE(2* (NP LPESNVALVE ol =CONDTN

m-;m i + ) THEN ¢ soth head and desand ko
' " ﬁnm-g-? o .:q - bl
i éumnr(nn:xSMna-x JZU(NPIPESSRVALVES)41)=1.0 | Wead equation

“ﬁ:‘(rm» -EQ. 7) THEN =

667



Appendix V — Fortran code for NETTRANS and NLFIT subroutines

m

e [t Fomat Yew i

IF (ISTER Q. [
ﬂm r l'l"l-‘lﬂ\ll.\ﬂi 41
=2 % (WP IPE S+ NVALVES )+ T
i
MO TF
0 31, nxnmm ! Find the conmecting pipes
00 k=1, L
I* (nwnl.'ii LEQ. 0
1F (MODEFIFI(I. I(;
& omnsumu:s)u 23-1)=1.0
¥ tmnnﬁ 8 £
& i = (MPIPLSs WVALVES )+ T, 223)=-1.0
T om0
pL =2 (NPIPESHNVALVES )41
el =2%3-1
1w (W.Sﬂﬁl 2K} . g than
1.
HI}MWE?WIHS‘WH\‘S)&I
LR
MO Do
END D0
i aed gn? MAORTIME(I) ! Find the boundary condition
IF (TIME .GE. DNDTIMECI, 3-1) .AND.
1 TIME LT, BNDTIME(T, 1)) THE
CONDTR=HEADBC (T, 3~ 1). MEADEC (T, 1) ~FEADSC (T, 1-1))"
1 (TIME-! nmrng(} 5 I, 1)l wm}:{] 1-1))
QN ~DEMAND ogmn( -DeEMakDiE,
- 1 (TIME-BKOTDAE(T, 3-1 chlwu 1) -BNDTIME(T, 3-1))
e 10

(LN
CALL DATALNCH{STRING, NPIPLS, WHOES, KNS, LIMPIFLS, LIMODLS,
w-ww--mrwwni NPRINT, HOOPRINT,
b Losmees, cirih,

1004 I’ﬁEI' (‘I"s‘mﬂﬂo T)=CONITH
EHS (2% 1 ) =ONo0

ELSE IF (MCONOTN(T) .60, 3) TWEN | Demard at the node 1 known
' i!(l;u“;q 2) then
BPIPCSIMLVES | Flnd the conmecting pipes

B DB Fgwst e

e -
oo K-1, LEMCoN Tl
IF (MODERTRLCI, KD .60, 3) THEN
-Ed. 2 THEN

o COEFMAT (2% (NPIPES+HVALVES )T, 2%3-1)=1,0
F{mUNT)=1. 0

T CISTEP . 6Q. a‘ THEM
RN :Jll;xr:smm.ws)ox

o
IF (MoOCPIP2(I, K} .LO. 1) THIN
IF (HSPARED .[0. O) THEN
COLPMAT {2+ (NPIPLEANVALVES) 0 1, 24 3) 1. 0
wse
COLF (KOUNT)=-1, O
w {INF IQ,
nl\ﬂ(hlnl\ll.lﬂl)-t

.1-1 .r’m‘ 30 m(l‘) )
:.m
=demand(1,1)"s n?‘oﬂnl-llmo spai)

o mtuxn(smmvlns.ms St Lowpes Lonsiens,
L, DS LOW, HEAD, TIME, TEMP, T, 12, NPILINT, SODRRINT,
2 LIMETLRS, TSTEP, elev)

1006 W(!‘(‘.Wmﬂslol?w
5} IF (NCONDTNCI) .00, 4) THIN ! Oemand 15 pressure sensitive i
1l #izreg. e, 21 then o
e ! Find the wipes |

w b-mmm.-) e, 3

MM"(?‘(!’!'E&MI‘S}O! 243-1)-1.0

LsE =

e [t Fomat Yew (b

END 1F fal
END TF
I (0OCPEP2(T, KD

2 3 “‘
L
I:\:mﬂa (mnsmm.wnﬂ = :)-—1 o

e l(::m’ iq' z‘mmmm}v;
o s

1F ((HEADFR{T) - (\wsﬂ) »“» 0.0
] H» W.I'N

1 Tk LT T (1 :i THEN
I cm;x 3)-coan(1, 1-123*
3-170/ ERNETINECT, 1) -BNOTIME (1, 3-1))

it mnmu(m:mw:-is OSSR LD LSO
1 TIME, TEMP, T, 12, NPRINT, KOOPRINT
2 LIMETERS, xmr elev)

008 Fal SeNWAL -
& m::‘ i 'Sufm%"; O abes (WEADCIY-ELEV(IND)

lms(.!'(wmsamws)u)-o o
CALL DATADXCH{STRING, L5, NODES, BRHS, LIMPIPLS, L IMNODES,
1 USFLOW, DEFLOW, Tllll S TEMP, T, liq m. MODPRINT,
LDMSTERS, TSTEP, elev)
o 1
(LR

D 00

WmZ (MPIPES4 A TVes J+NODE S
if{istep. 0q. ) M2-kOLNT-1

RETURN
]
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Appendix V — Fortran code for NETTRANS and NLFIT subroutines

Subroutines for unsteady friction

M

e [t Fomat Yew e

€ Appiy the umte el *o & ulm
© !ymlu‘glm e l'll u u‘!iu\!? A
15 only fncluded e
Tiatep= Prosent time s -v
'wlw present pipe section
o= or of me pipe section
15 Fiim o e TUD-powrsEr eam
tet= interval
i}m?-nm--ul:z
I i Subrout ine zIellul(mun.minhn.ml’lw.mﬂwsm. LPIPES, LETEPS,
THPLICTT doubile precision(a-H onz)
Drimension uSFLOW{LEIPES, LETLPS), DSFLOW(LPIPLS, LETERS)
dimension wnplus{lpipes) |
imans fon unainus(19ipes) 1
Viscousity=1,1de-6
Tau=viscousity/((0/7. )"2%'&!(
Parzie-16.0%viscous ity ot /(0*0)
urikg-0. 0
Trielke=d
11ziwlkes] faster THelke model
TF(rzielke, vq. 00 then tazielke=0 original zielke sodel
%
ity r)smm 3,-2
1‘1’ Ipe)-ureius(ioie) -
" o (nennsnapinin, ey
1 e #-m. wmglnm. 175 5t omCxpipe, 1-12)
& ‘((:;f"\"((?‘ R ot 'Em -
+ ow 13 -0t Tow( 1pipe, 1 -
% eweight (Taus iu)s (Uss Iow{ tpipe, 1) -ust low(1pipe, 1-1))
& ght {Tau®Tw) ) s‘g L o %
une Tus Cipipe) s (1 ) rarzie
urp s D?I'N _&IM -ﬂm'nrm
alse
u-.’nu({ ‘?c);ld
nd 1p UPiPsCipie
e

e [ Fgest Jew e

IILSI:(EO Iz

ixzielke=1 Taster Zielke model

TF(1Zielke. eq.0) then tizielke=0 original Zielke model
if(Tstep.ce.10) then
( ‘f ) 0

D eme,

ECTitper ISy B emtptpn, 103

ipipe)
-ﬂﬁgé::: EE:E';}W. 5 B ovcrptpe, 11

CETE T

bk F e i e b A
else

urelusipipe)=0
T Urseiras (IpipR)-0
Else Af{Trielke. oq.
aT=int(Q. o2 n'm‘-t n,-’ml::mum b}
end if

return
end

Function we
mpLICTT mlnuucuﬂ ~H,0-2)

0.02)
6. J7 -0, 491" Lau; -155. 0198
i ‘i:( R e s e e s, a0

. 282 261 25+1.
63t Taue - 5.5, 351563 Tt .0

. 500, 9375 au

KL

e [t Fomat Yew (b

{3
£ Kagawa Approximation for Full Zielke commlution - Laminar Flow only
€

Subroutine agma(lstep. Ipips. b, usflow, Daflow. bt, LAIPES, LETERS,
T, s,

- fterarn)

TPLTCTT doubile precisfon(a-i,0-7.
e

€ Declarations particular to Kagama

3

double precision kagni

double precision k

double precision kagtau(io)
double precision deltau

double precision .1
double precision m Tipes 18
double precision unp
oute precision w-'ms(g'?.”
umnv 1
im-lqv ifgu

agh

Erd of Kagaws declarations
doubsle precision USFLOW(LPIPES, LSTEPS), DSFLOW(LPIPES, LETEPS)
visEousity=1. 14e-6
§=9. 803 =

e
€
3
e

e
m;“ﬂmn-m:murmm’n
E kanawa wopuLE

£ catcutate peTa

deltau=(4. 0*viscousinydu)/ (o)
E Set magawa approximation data
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Appendix V — Fortran code for NETTRANS and NLFIT subroutines

Tormat
kagn(A)= A008Z. 50 ey
ilﬂ"gi = 118151.0
kagr(10)-HANE. O
€
k = 1,00000
Eagala)- 136733
k. 3= 0064
k A)= 392861
k. 3)= 6.78788
k 6)= 11.6761
k 7)= 200612
k. B)= 14 4541
k = 59,1642
& )=101. 590
3
kagrau(i)= 0.0620000
kagrau(2)- 0. 0280000
kagrau(3)= 0. 0099000
kaguau(d )= 0, 0033000
kagrau(s)= 0. 0011000
kagrau(6)= 0. 0003600
kagrau(7 )= 0. 0001200
kagrau(f)= 0.0000410
kagrau(g)= 0.0000140
kagrau(10)-0, 0000047
e
£ Wumber of past weights to be uied o
€

ag’l
=1,10
"(m g, 0) . and. ((deltau/2.0). gt. kagtau(i)))then

A1 (kagk. eq. 0)then
o
end i
t:l:ﬂ;::kwhsh_uﬂm terms and -.12"" by parzie ready

Action terms in ass

start four ﬂw; 1r|w ve flow array for method to dras on
at previous -3‘

if(itva(n.ﬂ»l)mm

if(istep. go. Dehen

Caleulate Kagawa ¥ variables

urples{ipipe)=0.0 w

WA W AAAAAAR
-

e [ Fgmat Jew e
i (iteratn. eq. 1then [

e
" Ar(istep. ge. Dthen
C rivenkie Egm: ¥, et iae:

P

{3
[ agvus(ipipe, 0)=0.0
; km{lgl: 0)=0.0
I do {kag=1, kagk
: upstreas ters
i kwm(‘ﬂ‘m.imﬂmag?r? Lﬂl?p(-t?i(
: dejraus 0)* .htlﬂ 1 -
' . ‘m»-uf'w;‘;!p-. sup 1)) o
: wnplus(; L2 ipipe, ikag)
E HowrSTreans ters
i wclp‘w.ﬁw* ):gpl . '“‘""?.’3?1"‘"‘”"
: S e,
L h BaFiomtipine, fstep-10376. 8
o Akag)
i end o
1 A 1l Apd)
i R (TR e Cht i 1 1 e par 31
e else
Tus () =0, 0
e = N(?n'lm)-o o s
end i
<
end 1f
c
recurn
end.

EL

m

e [t Fomat Yew e

€
: vardy irown ssooth Pips Turbulent Full ielke comalution
Subroutine Visssoth{Tstep, Tpipe, 0, Iu\‘le-\.bol‘ln- O, LPIRES, LSTERS,
RS, PRowgh, | Ler atn, Rerlag)
THPLICTT doubile procision(a-n,0-2.
integer Rerlag
Dimerrs fon USFLOW(LPIPES, LSTEPS), DSFLOW(LPIPES, LSTEPS)
dimens on Tus {1pi
dimens fon mms(tfnw)
wiscosity=-1.14e-6
tau=viscosiny/ ({02, 00 %2 -m
Par, t‘_z-lﬁ-“:“wﬂw

SR
Il.illli(?‘?. -e‘

i <t T
osﬂtﬂ ;g:?” ‘us’"‘r
e I+
e oo to oot

ur e (1 pipe) =vee ? pe}
v*fnﬂ'lﬂ(!% ey ).nsn mlntd 00

¢ ﬂwm;?ik-lwﬂ ln’?:q)"s)

i =t Tus (1) -y 4
Emritcntee; upnpmene,

Enns snan

T (ipipe)=0
s
i
P e msgv!;ﬂ-o
return
wnd

Fonctien weightvisathitas, i, teflag)
TePLICTT double precisionia-n,o-7) ul
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113

e lastiaipe ustipipe)

-’(nrﬁe—f‘p‘w - Ie—i‘gih.‘ -
=wed !n.r.i nf

nsnwilnlm.! =23

™ apipe 1) st low(T) )]
& we{GhtVESaih(Eau® iw, BT, -s?m‘—&

end
Tias (1) =t lus (4, -y 3
s (oot CiptpedSrarite

else
R
end if L
return
ond.
Function Welghtvisethitas, RS, keflag)
TMPLICTT doubl wciaden{a-n,o-;
ol le p-«m' e AR
Eeger ReFlag

pai=2. 0*asin(1.0)

",
Cotar=0.004

else
iteratnea tythen oo
E.:(arl =7. 41/ (e kappay

cndtf

- 0/(2. 0% Tau RN

& M-uﬂki&m

e [t Fomat Yew (b

3
€

-

TMPLICIT double #oclue«l n wz)
©
€ Declaraticns partieular to VD Fast Ssooth
3

€
: wagaws Style approximation for Full vi ssooth Convalution - Smooth Turbulent £low only
Subrout ine Wu!il'th(!ﬂ ipe, l’ifk- Dﬂlw,“ LPIPES,

o

'9)

doubile precision wnunms
double precision VErastost)

double precision wu:mnuntlﬂ)
double precision delt

double precision ver .lnuus m
double precision Tpipes,

double precizion unplus(ipipes)
! & ‘Jv?:w)

double pru:u on

double precision kappalipipes
double precision ll\"{‘p‘wg

aible pracizien SRR

3
€ Erd of WO Fast Smooth declarations

Dimension USFLOW(LPIPES, LSTEPS), DSFLOW(LPIPES, LSTEPS)
i A L1466

n_zfous y=1. 148

pad-z. teasinti. 63

z1e-16. 0°viscousi ey du/ (ol ipip )
U0, 000 2

©

© VBfastsmooth WOOULE
{3

© Caleulate vardy orown weighting Function Factors for scaling n* and a*

if{iteratn. eq. 1) then

LLL

ELET

e [t Fomat Yew (b

il 1
i~ i"h:’a-m-

ok
e ees e oo chen

nw‘(!»lﬂ)dw- OBI01 640

G, % 0014 1/ (RE (1 1pe)*+0.0%))

“ﬁmfnum 33° (ki (Ipipe) ~*Kappalipipe))
erd if

end if

calculate pELTAL

deltau=(4. 0*viscousity=du)/ (ol ipipe) *olipiped )
v‘ SmOoTh approximation

set data
calculate u wa!u mand m with nerstarsBsTar and m-Astar*mstar

g l?!!u- Tar (ipipe]
veE 3-uulﬂuw Tar (14
ver { 3. Dagazs. Pibe
. 01218+ astar {{pipe
237 5701 dxatysmstar ( bibe
zassi. si3smanar {1pipe
- 1
= 440174, TR0+ ESTAr |§l=

123
vnrnlanm‘{ ;
VBFastsathn(l; hlm}m.lhnur ipipe;
5.03361700" Astar

9)= 476, SH6EEL*AsTar
verastsetrm{10)=032, 859931 Astar

(13- 0.100000000

Ve )= 0.071972893
erastemimau(])- 0 08703€a3
tau(d)- O.0024 15768
,s 200681375
vBE 6}
VBF

0937 5 Goaosmsa
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ot Pt

VBt

Ewe!m‘-u(guo:ehmd
Y:ﬂlﬂlm
1r i,
& tﬁﬁi%ﬁt'\“ummum))rm
gnd iF

end do
Ff(vErastsathi. &9, 0)then
Pt

end if
ca‘:lhu Tus, wwinus teres and -ul:v 1 zhe re

o hack Tha Hiceion terms in ssseanie ” T P ;
start four sveps in to give flow array for mechod To dras on
3 previous sTeps 1 nd's v

AfCiteracn, aq. 1)then

A {istep. go. Mrhan
caleulate agawa ¥ varfables

Tus {9 1pe) =0, 0do
%_E :nz)«o.m

falising voFastsetirustds varlables
i sm eq. 3)hen

Averastsathe1, vEFastsathi
- do kk=1, Tpipes
{inipe. )=0. 0
Apipe, . 0k
- end do
end do
end if

do iveFfastsathel, viFastsathic
3
£ UpSEreas ters
e

wiFastEmthves{iplipe, lvll‘u!.s-!hi.
- VeFastsathvus (1pipe, Iverastsah)® !

S e Pyt e e S
B do iverastomeha,
© upstraam ters

wiFastsstivass {ipipe, (viFastserhi=
& (wmmmma “‘"‘:}f"‘t‘)'

dﬂl-)mrntm (wlsnlatl‘\)'

astsathic Il

g:}‘:gl | l!{‘ ﬂ.\f'lh ‘ ‘
iten) Bafomt1pip sup-i)'.l' g P

Tus (151 ped=ung] 1pe)
g@mﬁm-‘m-

€
© downstream term
5
mans‘-mhe:r

T
dexp{- i fimEas
i3

?.

..%%
et

i

11
i
tep

iv(mms!pﬂm Tt. 1. 0d-10)then
end 1

end do

Tus () =-tinp Tus (4, !
o e L

else

uw!u('g 9;!))4_?0%

end if
ond if
Feturn
e

e [t Fomat Yew teb

€
: vardy irown tsugh Pips Turbulenr Full 24elke comolution
Subroutine viRough(Tstep, !:r 0, Inﬂa- hl'le-.oc LPIPES, LETERS,
& R, PRowgh, Rer lag)
TMPLICTT double precision(a- N.Lifw .
integer Rerlag
Dimerrs fon USFLOW(LPIPES, LSTEPS), DSFLOW(LPIPES, LSTEPS)

di A Tus (Ipi
bbbt

dimension sr(lpipes)

viscosity=1.14e-
pat=2.0"asin(1.0)

Taumviscos iy ((0/7. 00 **2) "ae
nrﬂwa. a*viscosity o/ (o0

!(!“lg L Go. 10} than

30, 0
1-8.0
o -1, 2
Tw=I5t T-i
ure s g pe)<tre s
& * 1w w‘p' )-s 1-30)
H ™ot (i tpe li;i -GS lom "‘” T
& 'Iglﬂﬁ("!fqﬁ tais n:‘ru-ra.n.lpinnmmn-n s
& 5 1o-¥pn-i)nsﬂ Ipipe, 1-2)) L
H m 1.‘1'5“:3" S et
o Jueid) m,.,h m..gn‘n, pe, merlag)) 0. 5
Tus (ipipe)=-tnplus (1pipe) *rarzi
AT R o R
else
s
- 1F e s e
return
wnd
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_

e [t Fomat Yew |30
winm‘ -%a.30) then a]

Vet rs (i gq-)»o,

“§:n¢- Tpdpe, J‘us‘ s P- “ﬂ
:3:19. mi e (e 15 o

L0, 1) L ReF ] 0. %
(H!l Ii 0, ipipe, ReFlag))*o0.

"ﬁnw pipe, - Ioipe, 20 o
Hul.xjmli"'” e

ks 'lnln- merlag))*o. &

ursimus d [ w)--\;ﬂlnuﬂwu)".—ue

el e lusCigipe)=o
urmirs =0
end if D?;'

return
e

Finct{on welghevargh(tas, BE, PRough, D, Ipipe, Rerlag)
TMPLICTT doubile precision(a-n,o-z)
paraseter (1pipes=250) o

double precision Prough
{iteger Rer 13

dimension se(lpipes)

F gner 1)then
Rotar—g o103+ 105 {pipEn-(ae) 0,39
mgsf;a R A

W | GRTVERGh=AST AT lg(-lﬂ:lr"(w)t
(rau*+0.5)

e [t Fomat Yew (b

E xagaws Style approximation for Full vi Rough comelution - mough Turbulent Flow only
Subrout ine VRF, 183 ipe, fk- hll , O, MNS.
outine uﬂagn supw: v:” UstTom, Do Flom, 1. L

— )

-

TMPLICIT double #oclue«l n wz)
©

€ Declarations partieular to VD Fast M
3

doubile precision veFast
double precision VEFast
double precision V'lll n(m]
double precision vu'anmﬂmu dpipes, 10
duble preciaion thiatediy
double precision unplus(1pipes)
double precision unalnu ,ng;’u)
double precision astar(lpi
touble ;xi;mﬂ nwh&ﬁg
awtu pracision proughl
e prl(u‘aﬂ ulwf'r'm!
double precision * g
double r“ulm i lp m)
ine

:.md of VB Fast Rough declarations

F Dimension USFLOW{LPIPLS, LETEPS), DSFLOW(LPIPLS, LSTERS)
wiscousity=1.14e-6

Pat-2.0%asing1.0)

21e-16. 0*vi5c0us 1ty dt/(0CipTpe)” )
Urik-a. oo il

VEFASTROUGH MODULE
calculate vardy Brown weighting Function Factors far scaling n* and m*

if{iteratn. eq. 1) then
f oF 1ag. 0. 1 )then e

e [t Fomat Yew teb

q
AR Semey
hlr(!vlﬂ)vﬂ. ;wu&mm tnfmqh(mm--a 41}
wnd if

calculate DELTAL
deltau=(4. 0°viscousity=ct)/ (0(ipiped "plipiped )

set v mqv onimation data
T Eiate FaseT e h SAd B WITh AEASEAPBITAR and B-ASTAPORSTAF
if(ireratn. eq. 13then

AAAR Ann

33

)

BBEEEEIIRT II3TRIAT

135, 4602567 As1
!“, 9!5.”1'&5!.]?
= 476, SOCERATASTar
VEFast D) =012, BEFIL T ASTAr

E
SRS CEENE

4
i
i
fo. m!znasur {B
i
ip
ip
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e [t Fomat Yew (b

[ and Af Tal

¢we¥m‘—(9ﬁuwhm«
v-s-su;ngn:

da =1,10
Roughk. eq, 0) . and.
((éﬂnmfz Gl.ﬂ %&!Mlﬂ(i))]!lﬂ!

e "

end do

f (vBFast . 0q. 0)then
VEF a5 0

end if

calculate, unplus, urmins cerms and mulciply by parzie ready
o ga o Friction terms in assesd

start four sveps in t:nglvt flow array for method to draw on
av previous steps

if(iteracn. eq. 1)then
1f{istep. go. )then
Caleulate agaws ¥ variables

bt N

3
€
©
03
3
€
©
c
e
€
3

alising viFastRowghvuseds varfables

|I'S°3m Hl..\)L
1, VBF astAoughi
b do kk=1, l

wrntm E(s:g:. {:::: -o,m:

do 1vEF astRough=1 , VEF astRoughk
upstreas ters
wnE, 4 2 Aver,
: anTEoughvus ﬁw 3 mwl e m
- o‘u-)wlnu {ivmFasy - al

wAA A

do (VBFastRough=1, VEFastRough
upsEreas ters
ulrntnuwmu(inlﬁ. IVBF astRough)

& numm(i e imut -
& -VIFasT) Ty an -
: dﬂu-)onuu (im.ut »
: d:;% o"‘léllmz; ¥ d!f'ldli(‘ i

5 " i Flomtipipe, n:p.m 5! 2 s

Tus (1p1pe)=wnplus (1) *
b ¥ ”kuwwqmggewin.imu;m

E_ doWTSTT ean Term
Waumﬂﬁs{%w:utw“&w““ _
dt!li—)ﬂﬂl‘u!w(lﬂ‘all
‘uﬂ' T (dn Iw(i lpr.
m:;f"r‘;n;\» E Tous! ‘ﬂ-(‘g‘n.

step-1))=0.
s (1 pe) =urm i s O
VBFastl

CErTET

»

pipe)s
{ipipe, voFastrough)

end do

Tus () =-tinp Tus (4, !
o e L

else
SRR,

end if

ond i

mll‘n

Subroutine for viscoelasticity

m

e [t Fomat Yew (b

€
€ visco-slastic subroutine using three (5) spring/dashpor kelvin veight systes
€

Subroutine viscetlas(Istep, Tpipe, 0: Phack1. hhacka. bt

& yisLow. oo iom,
& Iﬂt! VEP -n.wu 1, wavespd,
& s .Mu-.l.ms.whﬁ urmirms)
€
IMPLICIT doube precision{a-n,0-z)
3
€ Declarations particular to visco-elasticity Subroutine
€
double precision VELau(3)
double precision vEf{2)
3
double precision dordoup(lpd
rbub}c precision &rﬂ(?ﬂ 1p !
double precision drup
double precision N«?? .é':
double precision pEs, g
double ision 2 \p‘l?‘%,i
double precis: -vwns(al )
double precision viminus(lpipes)
3
intager ipips
integer {step
rteger
integer s
ine
it
it r.r-i
e
3

fnteger viscoflaga

double precision parvi(ipi|
deible :n(s!m n(1M|(u£)w)

€
c tnd of visco-tlasticity declaracions
3

double precision hbackl (Lrircs),
double precision (Ipipes}
«
€ Declarations particular to Kagawa
©
double precision qunElﬂ

deuble pracision k:
double precision k: g 0

hback2 (LPIPES)

aufl
double nﬂ-(‘sun a i

double precision k Tpipes, 10

double precision kagrds(lpipes, 10 el
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w

e [ae "11" [ —
ol wion pos, 10
Sote Erecition v linteny 1=

double precision unplus( 3,
deuble precision Mm(g;?;:s)

{rteger 1
{reeser 15t0
Tnteger kagk

fnteger ursteadyfric
tnd of Kagawa declarations
double precision USFLOW(LPIFES, LETERS), D39 LOW{LFIFLS, LETLPS)
viscoflaga=1
¥ {wiscaf laga. eq, 1)7THEN L
wiscousity=1.148-6
sty
kunit-o789. 0
al, =1. 0d0
wal Ithick=0. 0042
russbevunitacl

WA oA AAR A

: Set “‘U‘Hﬂlﬂ V‘IG&I\M“G'([ Parasetors - FROM GALLY
i VELau(1)~0, 000089
m-!z}:«.m:
0. 5te-09
l?x}a i
o PRrvECipipe)=Calpimeentipipe) shallms (3, Sl Ichick)

cal:ulm Kplus viminus verss and -)Iliﬂy by parvi ready

o friceion term in assesb

aun three steps ln 1 that values for hbackl and hbackZ,
AT pravious steps - -2, are appropriately set

3!
wip] nt?l !3&%

_

e [ Fgeat Jew e

E Il
Sir

if {iteratn, eg. 1) then

Tusdigipe)=a. odo
vnln((‘: ’)-oom

1F{istep. ge. 3then
c
© calculate VISCO-LLASTICITY
©

1
R,

1 Sdpliziene o
enmteatioies)
mtlp{u)w:a;m’
m'v'ﬂ)-‘“lﬂ(ﬂ%-

H

{#(istop. le. 100)than
s’awtip'm) Te.1,0e-01)then

i andn{ ip1| + e, 0e-01)then
&ﬁiméﬁom R

L T

3

end 1if
lf(lnmm!)(hﬂ!
ﬁ!m"'i
o 1"
do f=1, umbrvunits
E Upstreas Ters

us

m(‘v‘ﬂ'»13-m('s§§'i;1'(m wmut:)m

e

Fo01then

e [t Fomat Yew (b

" 2uptipipe, 1-2up(ips Sm?"‘“'“%’}‘ 1 fal
= 0t VEtaul§))*

? if;lﬂl:p(‘. . 200 u-n

! z; 15 ibe: 39-0: 0a0

©

n

1 dErduup ip‘g&:-‘rﬂlhq(l?iﬂl]ozlﬂ(l ipe, i)

veplus{ipipe)=viplus (ipipeds Zup(ipipe, §)"parvedipipe)

i gﬁ,ml-(gg (§303e

n‘('s l!. Ia 2000 Then

{3
| EEEE
{3
:

03
€ Downatream term
3

" drdtdntipipedediedidnipion).2dncint
I : ?3“6«-( L4 ﬂ ﬁ:&&‘oln heparvi Cipipe)
L wnd do
1 Tus (11 ped=dir deug (i
i bEAFRH e A R A
" else
Tus( w0, Dok
e \lﬂ ] gﬁ"’::]-ﬂ odo
end i

©

end if
<

st
i plus(i =0, 000 L
i VI-"IIS(‘“ pe)=0. 00

END IF
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V.2 Inverse transient subroutines for NLFIT

The INPUT and MODEL subroutines required by NLFIT are reproduced below. The
subroutine form of DATAIN is absorbed in INPUT. The modified subroutines for
ASSEMBLE and the modelling of unsteady friction and viscoelasticity, which are
called by MODEL, are not reproduced.

Subroutine INPUT

e B3 Fomat Yew Hep

|eccee
subroutine inputt (init, fend, neq. gact, actime, modelid,
& npar, nrx, fex
'
mPLIcIT double precision (a-n,0-2)
parameter () b wpipes=220 i smaxpar=1) F
PARAMETER (L 220,1 220, L 40000,

1 LIMBNDCND=30, L THCON=10, L TMVALVE S=10)

nteger status
fnl-an init (fex), fend(iex)
integer count Teaks

dimension gactinrx, fex), actime(nrx, fex)
dimens ion ObsgesP(nex, 1ex),obst ime(0:nrx, iex)

LIMPIPES), IMPIPES)
1 Pmml(Lmku) POLAM (L IMPIPES) , PRALL (LIMPIPES),
ST(L TMPIPES), USFLOW(L IMPTPES, L TMSTERS),
] DSFI.N(L]'HF[PES I.INST[FS; EL[\"(I.IHNOES).FLEHFI'H{I.IHFIFES}-
NCOKOTN (L IMNODES ) , LIMNODE S, LIMBNDCRD),

DEMAND(L THRODE 5, L TMENDCND ) , NMERTIME (L TMNODES ) ,

BNOTIME (L IMNODES, L IMERDCND), C0A0 (L TRNODES ) ,

CoADTgen(L IMNODES, L IMONDC|
7 NODPRTNT (L TMNODES) , NVALVETM (L xw;u VES), HEAD(L TMNODES) ,

o

B NPTYPE(L IMPIPES) , HEADSR (L IMNODE!
9 TAUTM{L IMVALVES, L mnunrnn) TAUL TST{L TMVALVES, L TMENDCND)
& ndend{limpipes), vdend(Timpipes),
& FRIVALUE (LIMPIPES)

i IMPIPES), (LIMNODES, LIMCON),
1 mr_\rl‘l!n)(t mmur; LTMCON)

character®s0 modelid
character=d TPRINT

A

Labelled cn-m wsed o pass rainfall imeensity array to
subrout ine mode
common ,.rurnnn-:_u FIT/TAUTM, TAULTST, HEADPR, TLASTETY,
ELEV, WAVESPD, CRIAIN, PLENGTH, PROUGH, PDLAM
PRALL , PELAST, LISFLOW, DSFLOW, HEADBC , DEMAND,
BNWE.\’IS{OS"\' HEAD, TIMELMT, DT,
a

LOADT udeﬂd fr{v 1ue

e n, rmbrt ime, nodpr int, nvalvers,
np:‘rpe ndel\d nudepipl nod:pipz npipes.nodes nsparse,
fvalves, nprint, rfriction, nd pr

CLE LT

r,nfriction, dends, Tpeint

Save [Nettrans NLFIT/
|c check thar dimension nrx < maxobs
° if (nrxs+l. gt max0bs) then
"‘giﬂ fatal_error (“In inputt: Maxobs < nrx’)
open model data 11le
1, File="F1 tzbd. dat’, status="old’, {ostavestatus)

if (status.eq.0) then

read(l, =3 '+ skip ritle

=
e Read basic configuration data of the pipe network
I3

READ(L, *) NSPARSE, NFRICTION

READ(1, "} NPIPES,MNODES, NVALVES, ndeadends, ELASTCTY, VISCOSTY, TIMELMT

| chieck to see That parameters are not exceeded
IF (WPIPES .GT. LIMPIPES) call faral_error('spipes > Limripes®)
IF (MODES . LIMNODES) Call Fatal_error(“Nodes > LimModes®)

read the dara for Individui'l pipes
Note that PROUGH s the absolute roughness, e
Do I=1, NF!PESPW:I\LVES
EADCL, *) NPI, NDUPSTRM(L), NDONSTRM(L),
1 mrncm(x).vmaun T), POIAM(T)
2 FWALL (1), vLu\M(l useLow(, 13, osFLow(r, 1),
TrPE (T, frivalueti)

L1

END B0

Read nodal data including boundary conditions
HCONDTH=0 interior node, no ary conditions
NCONDTN=1 head is known at the node as a function on time

KMERTIME 15 the number times the boundary r:lﬂtiun is specifiedr=2
a1l nodes must be Tisted in the data to ger inirial conditions

|
i
3;;?
7
¢
y
]
g
ig
a ¥

count leaks=0

DO 1I=1, NODES
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_

e [t Fomat Yew (b

READ(L. *) NODE, MCOKDTRCT), MEADCTD, GLEVET)  Padd Gubvarion of Teak by x3 (12/2001)

IF (MCONDTNONOOE) . EQ. s)m ! Mwad known
lun(! =) e

1
ns-w{! ] m?ﬂwmlh HEADBC mi;)ﬂ-n

TF{BMDTIME (WCOE, ). LT, TIMEI Then
CALL Fatal_error( Input boundary condition 1')
D 1
oo oo
<
(woot) kg, ¥ * wead and demand known
LSt mm_i’:rh&n)‘ l&;‘)) THEN e,
Dﬂ: N :)5mtm.a).wm.n
MI“O& 1) LT, TIME
caLL uul_.rmr: nanmarm ¥ candition 23
<
X
5 ') wrmi?nns ::l‘nnwn('ms R
el ?m( i.u. TIMELMT) THEN
CALL nnl.n'nr(‘xm boundary condition 173
END TF
L N 00
© ME 03/09/02 and 01/05/03 below this poinc
3
[IE T A4) THEN  ® orifi Aze known
e
1, %) WSBRTIML lﬂgl
oo =1,

:-Jmmm: ! took owt COAO read in
e »

ELSE TF (MCOMDTN(MODE) .60, 5) THEN | Orifice Cenaratar
wl “ ﬂm{‘ »x)m
READ{1,") ENOTIME(NOOE, ), COAGEgaR(NOOR, 3) =

e [t Fomat Yew (b

N TF
2 WD 0
: M5 03/09/02 above this poim
= add nﬂm. Inrnrnumﬁ-“d#ﬂu tau wlave X3 20/12/1959
mn (WODPRINT(IP), TP=1, KPRINT)
IThe different valve have different tise historfes
mu.') w\u. WVALVETH.
D0 Jmd | NVALVETM{NVAL
L %) TAUTHLL, ), TAULLST(E, 3)
o
Eno 00
do i=1, ndeadends
.50 mal, ndend(1), vdend (1)
trusher of response
m-uu 3 «tml:‘io.n o
rw ; { mvin{& 3

do 11,
"raadtt,*) tntect), fendtn)

if (fend(1).qt. hen
“( ga{l'h'&ﬂ;mtm of fend > nra’)
= Anfe{i). fend(i)

&S
B e ety 1 Beelf i)
shatind !; Dacclm iy

€ urits: chsTise (sugh

v}z,
end do
end oo

) close (umit=1)
€ wmode] identificarion string and nusber of mode] parameters

modelid - ‘Wettrans n‘

npar = JeMAXpar *count uh ! 5 spring/dashpot units (at I paraseters
€ il ¢ s wach) + 2 usk paraseter + leaks 5

T 3
Shatimed. 3 B

do 1=1,

P enad(a, ) fniecid, fendcty

1 Clend(i
¢ ‘l rlul nmtm«lm;mx:
end if

do ﬁ = Anfr(i), lm(l)
€ Units: ohsTise (seci); gact i
rnﬂ(l.') ul me(fz, 1) i ((! amu

mmlﬂ' - q:u(ﬂ 15

end do
end do
s close (unit-1}
:: wmode] identification string and nusber of mode] parameters
modelid - “Nettrans M
npar = MAXpar*count -Jn ! 5 spring/dashpat wnfts (at 2 parassters

wach) + 7 usk parameter + leaks

Uning two sets of § dpots with time splic

fatal_erroc ("Fail to open specified File name')

calculation of paraseters of the pipe network
calailatio of steady state conditions

CALL COLERITY{LIMPIPLS, NPIFLS, POLAM, PELAST, PRALL , WAVLSPD,
& VALYES)

:1n¢ the travel times and the Couram numbers
L COURANT L DRFIFES, WP ZPLS, MAVESPO, FLNGTH, CROMIN, BT,

L

create varfabies 21 and mlxui\'m Tist (In D& {Mmm wach node
CALL NODEGLD! |, NOOKS TR,
lIlEOlI LIMPIRCS, L EMRDDES, MYALVE:
wnd
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Subroutine M ODEL

e [t Fomat Yew teb

wﬁm‘m made] [uu ogt npar,
i = T e B e T BT T Tbeale)
e
o T L double prectaion (-0
parameter (s manoba-b09, Marpipesebiod nuiu»l.mq)
(\.mpisozzmlm LIMSTEPS=—40000,
1 LIMBNDCND=Z0, LTMCON=10, et 5

MS 11/09/02
integer KFLAG

r.lnrirur'l Dr(
charactersd Traint

LELLLY

dimension gf it(iex), df ftinpn, 1ex), par (npx), sfTiiend, 1f it inpx)
dimension gl’hluknw paserilrll -mwx).l&wd g

DIMENSION NOUPSTEM(L TRUIRES), NODNS TN (L IMPIPES), PLENGTHLIPIPES),
PROLGH(L IMPIPE 5] , POIAMCL IMPTPES), PWALL (L IMPIPES),
F DECART (L INBTPE L3, VS8 el TUP DLt THTEP),
CerLomLDIRE, us-mnsé su:vams)

[ TMAGIOE, L TMRKOCKO),
mmm‘unm

., oo
7 e EMAODE: VETH EAD(L '
L3 'ﬂﬁ-xm;‘kmaﬂy unkh 1 imp vu) o
Turmtl.wwu.v:s me TALALTST (L IHVALVES, L EMINGCHG) s

vnm \’Hll :)s r;;‘(';"\'étm gn“ 3%
& 8; wkagaLi2), )nm(gj i ch 1(:3

il 3 . . .
i L m};&::mgd(mm:n:s} WOOEPIFL (L TMRODES, L TMCOK)

coc double precision usfparant

ecc ble precision usfpar

mp!e precision usfwal

€

© Labelled comson used to pass rainfall imersity array to
e

wwwnnc made ]
AMS_NLFIT/TAUTH, TAUL IST, MEADPR, ELASTCTY,
n\sm.:mxn.nuﬂ | PROUCH, POTAM,

?Eg

L
&

e [ Fgmat Jew e

'ﬁ:ﬂl'ﬂ-w"ﬁ.llumn P?’; 7
& TaTCa nerth, it AU on, nGeadends, ThF

Save [NELLFarS_MUFIT/

- odpr i eatves

1f (iflag. eq.1) then
1 89, oY,

do il rpipes
FREVALUE (1 )=par { inew)
A ratwe= | stz par

i

it

I

EROR G L

=5

L]
EEE
R e R R

EEEEEEER

CEENC AR e

Tidaid
GENEEEERIY

o1

HiH

P T

A FAAAARAAAAAASAS
8%

i
F
3
!
:

e [t Fomat Yew (b
€
] 19
L e
] % F)epar (21
' 1 p=par {21
: e
t m ~par (21
Il £ =par (24
' m‘} Yy=par (27
ar (2%
pmmes
Haga(1)-par (27
Teaum2{3)-par 3
xcagm3(2 )=par | g
1 xicagad( 3)=par
3 usf param=par {33
e A P | o 1
d; 1=, nodes.
(mmﬂ;n(t) by et J)!M
et n--mﬂt
wadr
e
end if
L an m(xulm.thn&tmm!.tms.
2 TRM, PLENGTH, POLAM, USTLOW, DEFLOW,
3 MCONDTH, HEADBC , CEMAND, MR M l.m‘:uu.
% mnﬂ.mnn.m.mdgud.
1 O WALYE TH, N TYPL
6 WVALVES, NERICTION, FRIVALUE mmnn« RN,
7 TRRINT, D7, K LG, COAOT
- ndeadends,
: \ll;ﬂl VI, ivETan?, \’lj? witaud, vija,
' L] xkagnl, J‘ﬂ xkagnz, xiaga?, xkagni, iagei)
€ eall outputs
dot=1,

qffelid=hpred(iy
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e [t Fomat Yew (b

§ xeagal 25 fe]
' eama (23 Bar (3
] T)=par (10,
! 1 p=par (27
: JESH
t m ~par (29,
] £ p=par (10
| R
n s par amepar ()
B e w3

if(nmdmcf) )i dsmy
W

end If
8 end do
end if
eall nm(:cnmum:n&.tms LIMETERS,
3 LIMBNDCND, L DMOON, L TMVALVES, NPTPES, NODES,
2 . WEORETRM, PLENGTH, PETAM, LSFL 0w, DSFLOW,
1 WCONDTH, HEADIC , DEMAND, KMIET TME , INDTTHE, COAD,
4 NOUEPLPL, KODEPIPZ, m.m.'?‘«.m.
5 NODPRINT , WVALVETH, K
& NVALVES, NFRICTION, FRIVALUE, WAVESPD, ELEV, NPRINT,
z m;m.m.vm.m:m
& VETaul, wil IVELauZ, VE]Z, vEtaud, vejs,
& u;ﬂ'u‘ﬂ
(] a agal, xkagn2, xkage2, xkagn3, Kkagat)
€ €all outputs
doi =1, neq
A p=hpred(i
A afiil). ]

i {ln.u. v ) chen

fre(nfor.00010) obsTime(timestep, | L3¢
0010 o ;:'-::E( et I orassura = l’?)q“’

Dl [t Fgmat Jew e
! For the purpose of officiency, only sparse solve (Nsparse-1) 15
! USED TN PRESENT INVERSE program.
Sﬁ'Mllﬂ “m(l!lm.l.m[ﬂ! LIMNODES, L IMETERS,
1 AMVALVES, NPTPLS, NODES, P
2 m!m m‘f‘ 'l(ﬁl‘l! POLaM, MLMWI.W»
3 m M M, | mtﬂ oo,
4 pwotrirl, woteiz, nno neq, hpred, PROUGH,
3 SR ALV R, NSPARSE
5 i 1m.w WAVESFD, ELEV. NPRINT,
7 gen, ndearsends, ndand. vdend,
& ]!. s vE PoveeauT VT,
H usrwr-:z
' . agit, xkag, xkagaz, xkagn’, xkaga1)

TMPLICIT double precision (A-u,0-Z)

CHARACTEN®S TRRINT

DEMENSION NDUPSTEM (L DNPTFES), NODKSTRM (L IMPIPFES]) , PLENGTHIL DMPIPCS),
W!ﬂ(twl’il) USFLOW(L IMPIPES, LINSTEPS),
O5ELOW(L IMPIPES, L IMSTES
I MCONDTH (L TMMOOE &) , IS ADEE (L 5, L TMANGCNDY
DEMAND(L THNODE 5, L IMENDCND ), NIRT D (L TNNODES ),
ln{‘rm(\n-)nws.tmw.'l.cmtlmﬂ
MS(LIMPIFES:
lnnncmu(t.ms LIMCON) , WODEFTP2 (L IMNODES, LIMCONK)
TMNOCEE]) m(z-anmsomms) WAVESPO(LTMPIPES)
TR .!-u»(nsu. =},
s .mhms u(r(unm).

hnmn(l. o~ L5, L BN N

‘- rEsBGAGrOmNOwE

VETau(5), VEj2 ‘ m' WE | I
mtg))n i IR

Iluub‘t wu{s!m usfparam
cee double precision usfparasl
coc double precision usfparam?

double precision Hus{1inpipes)
double ;u(uoﬂ E'é el
double precision k.lpllllll

]

m

e [t Fomat Yew (b

DIMENSION m:n-nmmmmmlms) L IMPIPESSL IMNODES)
Dimension coefl (450 IMPIPESHL TMEON®L THACDE

fitiss x‘}?'&.misﬂ.mmmﬂ.

1 IRN(IVETMPIPES+L DMCON™LIMKODES ),
1 L IMPIPES+LINNODES) ),
3 vECT -g-nwmlmsg.
4 INEEP(8* (L INPIPESL IMNODES,
5 (2L IMPIPE 54 L IMNODE 5.
e
€ MS 11,0902
€
Integer KFLAG
G0, 80540 H
RHO=599, 160 ifor 15 degree water
VISCOSTY=1, 141d-6
€
€ Set To steady only - %5 15Ch Sepv 2002
©
wnf i o=t} =0 4o ursteady friction sodel
Madification us 04,0002
wmodal-7 t=7 Brunone Model
il =3 t=1 zielke model | do not use this gererally
€
t tmodel-2 t=2 Kagima mode]
e
t smode]=1 t=d vosath sodel
3
] wmode ] =4 t=t vEROgh Model
3
1 wmodel-5 t=5 Fast vEsath Model
L
' wmodel-6 16 past vamogh model
€
© tnd modification ms 04,0902
3
7o record time uw n model
if('!(l!-l‘ then
|Imm(svm _time)
_rumel
ond 4f
ifgise -1, and.Model_run. eq.1) then
h'-'km%:mm) "
~ED_t - START_t fme =
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m

e [t Fomat Yew i

TIME_modn | =END_time-START time ol
-nu-l-r{{wq_-n!wm
~J600"WaoUR)/60)

©
H
st then
i'l toa “(Rm Timpipes, 1 imsteps, nodes, npipes, valves,
NI, G, RMO, VISCOSTY, POLAM, PROUGH, PLENGTH, CDAD,
? STRM, | HEAD, USFLOW, DSFLOW,
3 MRICTION, WAVE! mlml Ylll.lﬂql.m\ili m
4 ELEV, FRIVALUE, KFLAG, cmonq-nj
c
DO T-1, MPIPLSHHVALVES.
Pttt et el
[ ' '
mgn-kx't‘n
na oo |
. wnd if 1
€ W5 11/09/02

If (mFLAG. 0q. ) then £
g, 55 108

ﬂ’(i-"dl'ﬂ:.n- 1) then
] Oe-10

00 Iel, MPIPES
PAREA-2, §*asin{1. ) *POIAM{T}**2/4.0
VELE I'?;

mmuml\"{g\'!n- Aver Tocity in the
e i ; [ age velocity in the pipe

2)¥

::x}lj I-‘ hlnm?n(l -13)then

e [t Fomal Yew (b

iF Tl
’ . gt kel 4
! "1!?,:::&:3‘::;,73 LS
wrd
wnd AT
<
kspl Tun Ticabiliny of vardy nrown ssooth
E""‘"“:’.‘““ 'or applic Ty or Rough

I)-nilmwl)'ﬂ(!) Crriee(i)/2.007"0.5)
usaineksplus (i
ks
e nhn-misol l}
"5‘ St €. r. ksplus (413 then
T -
wsafneksplus (1)

P
1f£,9!tw(u, urlusn-l))um
- 4

AF{(ksplus(f). Tt.70). and. (Nsodal. ne, 2)Jthen

call fatal_srror( Laminar Flow not uiing las USF')
wnd if
FF{knpTus (1) gr. 70). and, (necdal, eq. 2))then

call faral_error(*Turb Flom not using turk uss')
end if

L

nd{d( )-frﬂ.(:)-‘-ng m“;

camaurk-Toglo 45,05
CI.‘&-T 41/ “ m‘ﬂ’ )

:3 g-??:(é 4 ’;'W!(i)m orivish definition of wiap Lossis

(:ummmu:u:«mmﬂgf s«mncmmmcmct::t
ymstesoy calcs Grion Starts

ECCCEEEECCEECadedciat e e

i€ Loop over all the time steps .

n'whh

3 or all the time steps

T tistep.ir1) than fal
TIME=OT*(15TEP-1)

DO TTERATN=1,4 | Tterate 4 times for the ronlinear friction ters

€ Assemble |In coefficient matriz for a1l the formard mlllum
L ASSEMILI

NEPAREE, KVALVES, NVALVITH, TAUTH, TALLTST, LINVALVES,
NERLEC T 0N, NUNF RIC, NPTYIE , MA00EL, unk 3, COADTgEN,
Mlﬂds ndend,

vitend,
“’llmlféj VEtauz, vij2, vivaud, vij3,
xkcagnl , xkagal , Xkagn2, xkagaz, xagn3, xkagat)

i
ST

do imarrix=1,80
M‘l('mrﬂ)-cu! (fmarrix)

thoth Sparse and Non-sparse solvers are -uunq well (Modified by ¥3 3000}

I'd'-l 15 a square sparse matriz solver from “Fortran Nuserical outine of Tainghua”.
F (NSPARSE 6. 1.
et m(m:x.u.us W, TCH, TRN, IVECT, IVECT, TIRERP,
1 N KZ, L IMPIPES, L INNOGE S, LIMCON, T5TEP)
elie
nll Fatal_error("USe sparse solve only!')
BN IF
€ The solution f5 in the mks vectors put it in the var fables

ntw:usowauu. 5, BHS, LIMPIRLS, LINNODES,
m.uﬂmn TSTER)
Domo | End oF the Ttarsrton Toop

end if

1

€
! ino of swm calculation

Py '—l"w'q
Frem={ w1
ey

il LIS ]
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Fomat Yo 3

1 _. i s 1,
% xeagnl, xkaghl , xkagn2, xkaga?, skagnl, xkagat)

do fmatrin=1,i2
COFFL {imate ix)=corF (imate {x)
end do

|1Both sparse and won-sparse salvers are wl!m—ﬂl (Modif fed by X1 T00d)
|!6G1 15 a square sparse matrix salver from “Fortran Nuserical outine of Tsinghua™
e

IF (NSPARSE .E0. 1) THEN
CALL SPARSE(COEF1,W, RHS, TW, ICN, TRN, IVECT, JVECT, INCEP,
1 N, NZ, LIMPIPES, LIMNODES, LIMCON, ISTER)

call faral_error('Use sparse solve only!')
oo ¥

/& The solution 15 in the mns vector; put it in the variables
| CALL SORTZ{NFIFLS+MVALVES, NOOLS, RIS, LIMPIFLS, LIMNODLS,

L LIMPIPE
UsELow, BSFLOW,HEAD, TIMEL L INSTEPS, ISTER)
ENO DO ! End of the iteration loop

ond if

| e
|1 6N of Steady calculation
|

frvewe=1

o i=1, npeint
Aem=1newi
end do

(1)) (i)

| If(1step, e9.1) then
e ..-hi;i‘.‘-&i%}r) COADCS), COAD(12), COAD(20)
e end 1
e s 1108700
ffas 4 (RPLAG. €9.2) then
do 1=1, npri)
lwwm-lm.u
A e e 1
5
continue
and {f
o
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Appendix W

Wave speed estimation and other complexities for distribution

pipelines

W.1 Concept of spatial decomposition of distribution network

Distribution pipelines are more topologically and otherwise complex than
transmission pipelines. However, by reducing the testing and anaysis to the scale of
individual pipes within a network, various physical complexities can be potentially
managed. In particular, the demands, local pipe roughness and effect of accumulated
minor losses can be either eliminated or included in a forward transient model

providing the time and space over which a detailed understanding is sought is limited.

Figure W-1 shows a typical section of the network supplying the City of Adelaide,
South Australia and the inset shows the section of the system encompassing the Foster
Street Pipeline (FSP). The universal presence of isolation valves (in-line gate valves)
at ends of sections of pipe in the network allows decomposition into branch pipelines

by closing an isolation valve at one end while leaving the other end open.

Figure W-1 — Typical sub-network zone within the Adelaide network showing

isolation valves at the ends of pipes servicing individual streets
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Any transient induced in a pipeline near a closed isolation valve will not be influenced
by the network beyond the opposite open end until it has travelled along the pipeline,
reached the open end, and information from the network begins influencing the
reflected wave propagating back along the pipeline. Information contained within the
transient response for the period prior to reflection from the open end will only relate

to the individual section of pipeline (including any potential fault along that section).

W.2 Assessment of demands

Neither the Saint Johns Terrace Pipeline (SJTP) nor Kookaburra Court Pipeline
(KCP) were isolated from the Willunga Network during the period of the transient
tests. The main reason for this was not to disrupt supply to the residences with water
services dong either street. However, another important reason was the need to
maintain pressure and supply to the transient generator. As a consequence, it was
necessary to observe background transient fluctuations in the Willunga Network and
initiate tests during time windows when less significant pressure fluctuations were

occurring.

While it was practical to isolate water services by closing isolation valves at
individual water meters it was decided not to do so during the transient tests. This
would have eliminated the physical complexity associated with the transient response
of each water service network (i.e., the private plumbing associated with each
residence), beyond the point of the water meters. That said, notices were issued,
through United Water, to each resident, two days prior to each test date, informing
each household that while there would be no formal interruption to water supply on

the tests dates, it was recommended that water not be used during a specified period.

W.3 Assessment of entrained air

Saint Johns Terrace Pipeline (SJTP)

The minimum and maximum grades along the Saint Johns Terrace Pipeline (SJTP), of
approximately 1:25 and 1:8, respectively, are greater than those required for entrained

683



Appendix W —Wave speed estimation and other complexities for distribution pipes

air to migrate to the high point(s). Furthermore, fire plugs are located at the high, and
other, points along the SJTP. It was therefore anticipated that any entrained air along
the SJTP would rapidly migrate to one of the 8 fire plug risers and from there could
be flushed. The author personally flushed all fire plugs on the 23" July, 15" August
and 26™ August 2003 and observed, at most, the release of a maximum of 10 bubbles,
approximately 1 to 2mm in diameter, at any one fire plug. It was considered unlikely

that any significant quantity of entrained air remained along the SJTP after flushing.
Kookaburra Court Pipeline (KCP)

The minimum and maximum grades along the Kookaburra Court Pipeline (KCP), of
approximately 1:27 and 1:10, respectively, are greater than those required for
entrained air to migrate to the high point(s). Furthermore, fire plugs are located at the
high, and other, points along the KCP. It was therefore anticipated that any entrained
air along the KCP would rapidly migrate to one of the 5 fire plug risers and from there
could be flushed. The author personally flushed all fire plugs on the 28™ August 2003
and observed, as for the SJITP, the release of a maximum of 10 bubbles,

approximately 1 to 2mm in diameter, at any onefire plug.

W.4 Pipeline roughness and steady state friction factors

As for transmission pipelines, estimating the roughness along individual distribution
pipelines is not straightforward. Theoretical estimates of the likely roughness of the
pipe wall can be made taking into account the time since installation and the nature of
the potable water transported within the pipes. However these estimates only limit the
range of roughness values to between 0.5 and 2mm. Furthermore, such estimates do
not account for the possibility of spalling of cement mortar lining, corrosion of

exposed metal surfaces, formation of bio-films or the development of turberculation.

Steady flow and pressures information was used to cdibrate the roughness of the
distribution pipelines. Steady pressure data was primarily obtained from the pressure
records for each transient test prior to the initiation of the transient (i.e., the steady

period on each test record prior to the transient event). However, additional steady
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flow and pressure tests were separately conducted in the month of September 2003
(after the last transient tests conducted during August 2003).

Assessment of pipeline roughness for the SITP

A steady state model of the Saint Johns Terrace Pipeline (SITP) was developed and
analysis was performed with different distributions of roughness along the SITP (the
steady solver developed within the forward transient model presented in Appendix N
was used for this purpose). A uniform roughness of 1mm along the entire SJTP gave a
satisfactory match between the pre-transient record, manually gauged and predicted
steady state pressures for a range of nozzle sizes. Furthermore, a satisfactory match
between the pre-transient record and predicted steady state pressures for the case with
baseflow along the SITP, through a 25mm standpipe mounted orifice at the dead end,

and simultaneous discharge through a 8mm nozzle, was achieved.

Table W-1 summarises the relevant lumped discharge coefficients, flow rates,
velocities, Reynolds numbers and friction factors for the 6, 8 and 10mm nozzles,
without baseflow, and for the 8mm nozzle with baseflow. In all cases, the Reynolds
number for the flow is above the laminar to turbulent threshold of 4000. However, the
flow remains in the transition zone on the Moody diagram and does not reach the
turbulent region. Nevertheless, the Swamee and Jain equation can be applied to
determine the friction factor along the SJTP for each of the flow conditions listed in
Table W-1:

1.325

- [In(e/3.7D +5.74/R%® )}

(W-1)

where ¢ isthe pipe roughness (mm), D is the pipe diameter (mm) and Risthe

Reynolds number

and 10°° < % <1072 with 5000 < R<10°
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Table W-1 — Steady flow rates, Reynolds numbers and friction factors for the SITP

Case CdAngzzle CdAengonfice Qnozzle Quotal V manpipe | Reynolds | Friction

(m?) (m9) (L/s) (L/s) (m/s) number factor

6mm nozzle 0.0000254 NA 0.66 0.69 0.098 8117 0.046

8mm nozzle 0.0000452 NA 1.16 1.19 0.170 14080 0.043
10mm nozzle 0.0000707 NA 1.80 1.83 0.261 21617 0.042
Baseflow + 8mm nozzle 0.0000452 | 0.0003191 0.66 8.12 1.158 95908 0.0395

Table W-2 lists the predicted pressures, for discharge through an 8mm nozzle with
baseflow, for wall roughness values of 0.5, 1.0, 2.0, 3.0 and 4.0mm. The results
confirm that the pre-transient record and manually gauged steady pressures, for each
respective flow condition, are sensitive to the roughness of the SJTP and subsequently

determined friction factors. A roughness value of 1mm has been adopted.

Table W-2 — Comparison of predicted and measured pressures at three |locations along

the SJTP for arange wall roughness values

Roughness Location 1 Location 2 Location 3
(mm) Predicted Measured Predicted Measured Predicted Measured
0.5 8.36 7.6 12.98 12.0 26.53 25.0
1.0 7.63 7.6 11.97 12.0 24.87 25.0
2.0 6.74 7.6 10.71 12.0 22.80 25.0
3.0 6.13 7.6 9.85 12.0 21.38 25.0
4.0 5.65 7.6 9.19 12.0 20.28 25.0

where the locations correspond to points at which the steady state pressure was manually gauged

Assessment of pipeline roughness for the KCP

A steady state model of the Kookaburra Court Pipeline (KCP) was developed and
analysis was performed with different distributions of roughness along the KCP.
Roughness values of 1mm, 4mm and 2mm aong the first 225.0m, next 93.1m and
final 60.1m of the KCP, respectively, gave a satisfactory match between the pre-
transient record, manually gauged and predicted steady state pressures for a range of

nozzle sizes.
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Anecdotal evidence, obtained during discussions with United Water operators,
suggested that there may be a problem with the cement mortar lining of the KCP
along the 93.1m section between stations 1 and 2. Residents along this section had
lodged water quality complaints and discoloured discharge through the fourth fire
plug was noted during subsequent flushing (i.e., through the fire plug upon which the
transient generator was mounted. The absence of discoloured discharge through the
upstream fire plug suggested that the 93.1m long section of the KCP was in a
deteriorated condition.

Table W-3 summarises the relevant lumped discharge coefficients, flow rates,
velocities, Reynolds numbers and friction factors for the 6, 8 and 10mm nozzles. In
all cases, the Reynolds number for the flow is above the laminar to turbulent threshold
of 4000. However, the flow remains in the transition zone on the Moody diagram and
does not reach the fully turbulent region. Nevertheless, the Moody diagram can be
used to determine the friction factors listed in Table W-3:

Table W-3 — Steady flow rates, Reynolds numbers and friction factors for KCP

2 Qnozzle Qlolal \ e=lmm \ e=4mm
Case CdAnozZIe (m ) (L/S) (L/S) (m/S) R e=1mm fs:lmm (m/S) R e=4mm f£=4mm

6mm nozzle 0.000025447 0.69 0.74 0.102 8582 0.045 0.116 9150 0.072

8mm nozzle 0.000045239 121 1.26 0.174 14640 | 0.043 0.198 15618 | 0.070

10mm nozzle 0.000070685 1.87 1.92 0.265 | 22296 | 0.042 0.302 | 23821 | 0.0695

W.5 Assessment of minor losses

Water meter assemblies

The mechanism of the typical water meter installed on every water service connection
in South Australia represents a physical complexity that is likely to contribute to
observed dispersion and damping of transient wavefronts along distribution pipelines.
Figure W-2 shows a typical water meter commonly installed by United Water. Flow
through the meter eccentrically rotates a circular piston within the measuring chamber

such that each revolution corresponds to the transfer of a known volume of water. The
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rotation is gauged using a gear and dial unit. United Water operators indicated that
most water meters are fitted with check valves at their inlets to prevent backflow and
contamination from private plumbing to the street main. Both the circular piston and

check valve act to create hydraulic loss.

NOTE: This figure is included on page 688 of the print copy of the
thesis held in the University of Adelaide Library.

Figure W-2 — Typical water meter internal mechanism (courtesy of United Water)

Minor losses for the Saint Johns Terrace Pipeline (SJTP)

There are a number of potential minor loss elements along the Saint Johns Terrace
Pipeline (SJTP), and associated water service networks, apart from the in-situ in-line
gate valve used to simulate discrete blockages. These include 8 by 80mm diameter
risers to fire plug valves, 6 by 25mm diameter water service offtakes to 6 by 20mm
water meters and the private plumbing associated with each residence beyond.
Vertical branch sections have been included in the transient model at the location of
pipe risers to each fire plug valve. An orifice element has been included in these
vertical branch sections in order to represent a constriction at the seating point in the
fire plug valves. This orifice element is only important if the location of the transient
generator coincides with a particular fire plug. Approximately horizontal branches
have been included to represent the 25mm diameter water services. Water meters at
property boundaries are represented using orifice elements that constrict the water
service pipe diameter to 20mm. Details of pipework more than 5m beyond the water

meters are not included.
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Minor losses for the Kookaburra Court Pipeline (KCP)

There are a number of potential minor loss elements aong the Kookaburra Court
Pipeline (KCP) and associated water service networks. These include significant
changes in profile, 5 by 80mm diameter risers to fire plug valves, 15 by 25mm
diameter water service offtakes to 15 by 20mm water meters and private plumbing
associated with each residence beyond. As for the Saint Johns Terrace Pipeline
(SJTP), vertical branch sections have been included in the transient model at the
location of pipe risers to each fire plug valve. Similarly, approximately horizontal
branches have been included to represent the 25mm diameter water services. Water
meters at property boundaries are represented using orifice elements that constrict the
water service pipe diameter to 20mm. Details of pipework more than 5m beyond the

water meters are not included.

While the elevation profile of the KCP does not change by more than approximately
15 degrees, the plan profile of the KCP changes significantly at two locations. The
first change occurs at a sweeping 135 degree bend. This bend is not abrupt, and
presents no specific location at which to include a minor loss. However, it is known
that such bends are constructed by utilising “off-axis’ tolerance at each flexible
rubber ring joint to gradually adjust the alignment of a pipeline. The second change is
an abrupt 90 degree bend near the dead end of the KCP. An equivalent in-line orifice
is included at the location of the 90 degree bend and the associated pressure loss is
calculated using a quasi-steady |oss coefficient of 0.9.

W.6 Wave speed and wall condition for the SITP

The Saint Johns Terrace Pipeline (SJTP) was constructed in 1976 from 100mm
diameter Asbestos Cement (AC) pipe with flexible rubber ring joints at a spacing of
3m. Figure W-3 summarises the geometric and material properties of 100mm nominal
diameter “Class D" AC pipe (manufactured in accordance with obsolete Australian
Standard AS 1711 — 1975). The thickness of the asbestos cement comprising the pipe
wall is 12.7mm. The elastic modulus for the AC pipe was initially estimated based on
typical values for cement pipes. However, subsequent stress/strain laboratory tests
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were performed on a test section, at the University of Adelaide, as described in
Appendix D, and an elastic modulus of 32GPa was determined. This value is
consistent with those obtained in other tests performed by South Australian Water

Corporation personnel.

A
121.9 mm

Properties of
asbestos cement at
15°C

Eac = 32 GPa
pac = 2100 kg/m?
Yac = 21.0 kN/m?®
vac =0.20

tc =12.7 mm

Figure W-3 — Cross section and details of the Saint Johns Terrace Pipeline

Theoretical estimation of wave speed for the SITP

The theoretical wave speed for the Saint Johns Terrace Pipeline (SJTP) can be
estimated using the following equation presented by Wylie and Streeter (1993):

_ K/p
" \/1+ (K/Exc((D/€)e (W-2)

where K is the bulk modulus of water, p is the density of water, Eac iSthe elastic
modulus of asbestos cement, D istheinternal diameter of the pipe, eisthe thickness
of the pipe wall and cisa pipe restraint factor which, for a pipe with expansion joints,
isl

It is arguable whether the SJITP is axidly restrained. The pipeline comprises a
multitude of 3m long segments with flexible rubber ring collar joints between each
segment. These joints are capable of acting as expansion joints. That said, the SITPis
buried in trenches with compacted backfill and has fixed points of restraint at the “T”
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intersection, 2 in-line gate valves, 8 fire plugs, 6 water service connections and a dead
end. It is assumed that these elements collectively comprise a considerable degree of
axial restraint despite the presence of flexible joints. The restraint factor for the SITP
has consequently been determined using ¢ = 1—v?. The approximate theoretical wave
speed for the SITP is 1199.9m/s.

Direct estimation of wave speed for the SITP

The arrival times of the incident wavefronts, and reflected wavefronts, can be
determined from the measured responses of the Saint Johns Terrace Pipeline (SJTP).
The effect of dispersion has been dealt with by using consistent points of reference on
each wavefront. A minimum travel time is determined by taking the difference
between the time at the base (first rise) of the incident wavefront, recorded at the
location of the transient generator, and at the base (first rise) of the incident or
reflected wavefront at the next relevant station. A maximum travel time is determined
by taking the difference between the top (last rise) of the incident wavefront and the
top (last rise) of the incident or reflected wavefront at the next relevant station. The
average travel time is determined by taking the difference between midway points on

the incident and reflected wavefronts.

Table W-4 shows the wavefront travel times between stations 1 and 2, stations 2 and
3, and between station 2 and the “ T” intersection, for the specified tests. In the case of
tests 4 and 5, conducted on the 23 July 2003, the closure of the in-line gate valve
prevented the determination of the travel time between stations 2 and 3. Station 1 was
not included for tests 3 and 4, conducted on the 15" August 2003, and so the travel
time between stations 1 and 2 could not be determined. Station 3 was not included for
tests 1 and 2, conducted on the 26" August 2003, and so the travel time between
stations 2 and 3 could not be determined. Table W-5 shows the wavefront travel times
between station 1 and the “T” intersection, station 3 and the dead end, and between
station 3 and the “ T” intersection, for the specified tests.
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Table W-4 —Wavefront travel timesfor the SITP from stations 1 to 2, stations 2 to 3

and station 2to “T” intersection

Station 1 — Station 2 Station 2 — Station 3 Station 2 —“T" end
Test Date

Min Max Avg Min Max Avg Min Max Avg

T123/7/03 | 0.072 | 0.076 | 0.074 | 0.188 | 0.196 | 0.192 | 0.476 | 0.504 | 0.490

T2 23/7/03 | 0.072 | 0.076 | 0.074 | 0.188 | 0.196 | 0.192 | 0.476 | 0.504 | 0.490

T3 23/7/03 | 0.072 | 0.076 | 0.074 | 0.188 | 0.196 | 0.192 | 0.476 | 0.504 | 0.490

T4 23/7/03 0.074 | 0.078 | 0.076 NA NA NA 0.476 | 0.488 | 0.482

T5 23/7/03 0.074 | 0.078 | 0.076 NA NA NA 0.476 | 0.488 | 0.482

T3 15/8/03 NA NA NA 0.188 | 0.196 | 0.192 | 0.476 | 0.486 | 0.481

T4 15/8/03 NA NA NA 0.188 | 0.196 | 0.192 | 0.476 | 0.486 | 0.481

T126/8/03 | 0.072 | 0.074 | 0.073 NA NA NA 0.476 | 0.502 | 0.489

T2 26/8/03 0.072 | 0.074 | 0.073 NA NA NA 0.476 | 0.502 | 0.489

Average 0.073 | 0.076 | 0.074 | 0.188 | 0.196 | 0.192 | 0.476 | 0.496 | 0.486

Table W-5 —Wavefront travel times for the SIJTP from station 1 to “T” intersection,
station 3 to dead end and station 3to “T” intersection

Station 1 - “T” end Station 3 — Dead end Station 3 - “T” end
Test Date

Min Max Avg Min Max Avg Min Max Avg

T123/7/03 | 0.344 | 0.364 | 0.354 | 0.158 | 0.160 | 0.159 | 0.472 | 0.494 | 0.483

T2 23/7/03 | 0.344 | 0.364 | 0.354 | 0.158 | 0.160 | 0.159 | 0.472 | 0.494 | 0.483

T3 23/7/03 | 0.344 | 0.364 | 0.354 | 0.158 | 0.160 | 0.159 | 0.472 | 0.494 | 0.483

T4 23/7/03 0.342 | 0.350 | 0.346 NA NA NA NA NA NA

T5 23/7/03 0.342 | 0.350 | 0.346 NA NA NA NA NA NA

T3 15/8/03 NA NA NA 0.166 | 0.172 | 0.169 NA NA NA

T4 15/8/03 NA NA NA 0.166 | 0.172 | 0.169 NA NA NA

T1 26/8/03 0.344 | 0.364 | 0.354 NA NA NA NA NA NA

T2 26/8/03 0.344 | 0.364 | 0.354 NA NA NA NA NA NA

Average 0.343 | 0.360 | 0.352 | 0.161 | 0.165 | 0.163 | 0.472 | 0.494 | 0.483

Table W-6 shows the wavefront travel times between station 1 and the closed in-line
gate valve, and between station 2 and the closed in-line gate valve, for tests 4 and 5,
conducted on the 23 July 2003. The average travel time between midpoints on the
respective wavefronts has been used to determine a representative wave speed for

different sections of the SITP. These average times of travel, for the relevant incident
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and reflected wavefronts, between the measurement stations, and to the dead and “T”

intersection ends of the SJITP, are summarised in Table W-7 below.

Table W-6 — Wavefront travel times for the SITP for stations 1 and 2 to closed in-line
gate valve

Station 1 — GV Station 2 - GV
Test Date

Min Max Avg Min Max Avg

T4 23/7/03 | 0.190 | 0.196 | 0.193 | 0.190 | 0.198 | 0.194

T523/7/03 | 0.190 | 0.196 | 0.193 | 0.190 | 0.198 | 0.194

Average 0.190 | 0.196 | 0.193 | 0.190 | 0.198 | 0.194

Table W-7 — Measured wave speed variation along the SJITP

Secton ofppene | DSiaceave | Averagetme | Wae speec
Station 2 — Station 1 78.8 0.074 1061
Station 2 — Station 3 209.7 0.192 1092
Station 2 — tee end 560.0 0.486 1152
Station 1 — tee end 389.4 0.352 1106
Station 3 — dead end 183.2 0.163 1124
Station 3 —tee end 560.0 0.483 1159
Station 2 - GV 217.8 0.194 1123
Station 1 - GV 217.8 0.193 1129

I nferred wall condition for the SJITP

The speed of propagation of a wavefront along the Saint Johns Terrace Pipeline
(SJTP) is governed primarily by the thickness of pipe wall material, its elagtic
modulus and whether any entrained air is present along the pipe. If the presence of
entrained air can been discounted because of a lack of significant wavefront
dispersion in measured responses, then any reduction in observed wave speed can be
attributed to deterioration in the condition of the pipe wall. The deterioration may

comprise a change in the thickness and/or elasticity of the material in the pipe wall.
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Figure W-4 shows that, in the case of an ashbestos cement (AC) pipe, it is areduction
in the elasticity of the material comprising the pipe wall, rather than the thickness, that
is more likely to occur. This reduction in elasticity typically occurs when the cement
in the asbestos cement matrix is leached by acidic groundwater surrounding the pipe

or “soft” potable water (i.e., low pH) flowing inside the pipe.

AC pipeline in good condition AC pipeline in deteriorated condition
E(AC) = 32GPa E(AC) = 10GPa

Diameter (internal

Cement matrix
deteriorates in
time Delamination
of asbestos
cement wall
and increased
roughness

_

96.5mm
Asbestos cement thickness 12.7mm

Figure W-4 — Changes in AC pipe properties affecting wave speed and roughness

As previously determined, the theoretical wave speed for the SITP is 1199.9m/s. The
average measured wave speed, determined using timing information for both incident
and reflected waves, is 1118.3m/s. This represents a 6.8% reduction from the
maximum theoretical wave speed. Given uncertainties regarding the restraint of the
SJTP, and errors in the estimation of the wavefront travel times, it is difficult to
attribute this reduction in the apparent wave speed of the SJTP to specific
deterioration in the condition of the pipe wall. Furthermore, while the presence of a
significant quantity of entrained air is considered unlikely, a small quantity of
entrained air may also explain the reduction in apparent wave speed. Overall, it is

reasonable to conclude that the pipeline wall isin good condition.

W.7 Wave speed and wall condition for the KCP

The Kookaburra Court Pipeline (KCP) was constructed in 1988 from 100mm
diameter Ductile Iron Cement Mortar Lined (DICL) pipe with flexible spigot and
socket joints at a spacing of 3m. Figure W-5 summarises the geometric and material

properties of 100mm nominal diameter “Class K9” DICL pipe (manufactured in
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accordance with Australian Standard AS 2280 — 1999). The thickness of the ductile
iron comprising the pipe wall is 6.0mm. The thickness of the cement mortar lining is
specified as 6.0mm in Australian Standard AS 2280 — 1999. Values for the elastic
modulus of both the ductile iron and cement mortar lining were determined taking
into account the results of materia tests performed by South Australian Water
Corporation personnel and other published data and information contained in the

relevant Australian Standards.

) ) A
Properties of ductile 120.0 mm
iron and cement at
15°C

Ep = 170 GPa
Ec=25GPa

poi = 7400 kg/m?
pc = 2300 kg/m®
Yor = 72.0 kN/m®
Ye = 23.0 kN/m*®
Vo = 0.30
ve=0.15

t=6.0mm y

tc=6.0 mm

Figure W-5 — Cross section and details of the Kookaburra Court Pipeline
Theoretical estimation of wave speed for KCP

The theoretical wave speed for the ductile iron cement mortar lined Kookaburra Court
Pipeline (KCP) can be estimated using the procedure, presented by Wylie and Streeter
(1993), for pipe walls comprising two or more different materials. The thickness of
cement mortar lining is converted to an equivalent thickness of ductile iron using the

ratio between the elastic modulus for the cement mortar and ductile iron as follows:

leor = Lc XE (W-3)

€q
DI

The approximate theoretical wave speed for the composite KCP can then be
determined using the equation:
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a= K/p _
\/1+ (K/Ep J(D/eg (W-4)

where K is the bulk modulus of water, p is the density of water, Ep, is the elastic
modulus of ductileiron, D isthe internal diameter of the pipe, ey isthe thickness of
the equivalent ductile iron wall and c is a pipe restraint factor which, for a pipe with

expansion joints, is1

It is arguable whether the KCP is axially restrained. The pipeline comprises a
multitude of 3m long segments with flexible spigot and socket joints between each
segment. These joints are capable of acting as expansion joints. That said, the KCP is
buried in trenches with compacted backfill and has fixed points of restraint at the “T”
intersection, 2 in-line gate valves, 5 fire plugs, 15 water service connections and a
dead end. It is assumed that these elements collectively comprise a considerable
degree of axial restraint despite the presence of flexible joints. The restraint factor for
the KCP has consequently been determined using c=1-v?. The approximate
theoretical wave speed for the KCP is 1359.0 m/s.

Direct estimation of wave speed for the KCP

The arrival times of the incident wavefronts, and reflected wavefronts, can be
determined from the measured responses of the Kookaburra Court Pipeline (KCP).
While the incident wavefronts, and to a lesser extent reflected wavefronts, are
relatively sharp, there is an inevitable lag between the arrival of the first and last rise
in pressure associated with a wavefront (i.e., the wavefronts are not infinitely sharp
and have a finite bandwidth). As for the Saint Johns Terrace Pipeline (SJTP), this
variability has been dealt with by using consistent points of reference on each

wavefront to determine minimum, maximum and average travel times.

Table W-8 shows the wavefront travel times between stations 1 and 2, between station
2 and the dead end, and between station 1 and the dead end, for the specified tests.
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Table W-8 —Wavefront travel timesfor the KCP for stations 1 to 2 and stations 1 and
2 to dead end, respectively

Station 1 — Station 2 Station 1 — Dead end Station 2 — Dead end
Test Date

Min Max Avg Min Max Avg Min Max Avg

T128/8/03 | 0.082 | 0.084 | 0.083 | 0.102 | 0.106 | 0.104 | 0.102 | 0.106 | 0.104

T2 28/8/03 | 0.082 | 0.084 | 0.083 | 0.102 | 0.106 | 0.104 | 0.102 | 0.106 | 0.104

T328/8/03 | 0.084 | 0.090 | 0.087 | 0.100 | 0.114 | 0.107 | 0.102 | 0.118 | 0.110

T4 28/8/03 0.084 | 0.090 | 0.087 | 0.100 | 0.114 | 0.107 | 0.102 | 0.118 | 0.110

Average 0.083 | 0.087 | 0.085 | 0.101 | 0.110 | 0.106 | 0.102 | 0.112 | 0.107

Table W-9 shows the wavefront travel times between stations 1 and 2 and the “T”
intersection, for the specified tests. Unfortunately, the accuracy of the timing
information from the arrival of reflections from the “T” intersection is reduced by
cumulative dispersion along the KCP. Nevertheless, a relatively distinct change in
pressure, corresponding to the reflection from the “T” intersection, occurs for both

positive and negative transient tests, at stations 1 and 2, respectively.

Table W-9 —Wavefront travel times for the KCP for stations1and 2to “T”

intersection, respectively

Station 1 —“T” end Station 2 — “T” end
Test Date

Min Max Avg Min Max Avg

T128/8/03 | 0.382 | 0.396 | 0.389 | 0.532 | 0.548 | 0.540

T228/8/03 | 0.382 | 0.396 | 0.389 | 0.532 | 0.548 | 0.540

T328/8/03 | 0.380 | 0.392 | 0.386 | 0.534 | 0.554 | 0.544

T4 28/8/03 | 0.380 | 0.392 | 0.386 | 0.534 | 0.554 | 0.544

Average 0.381 | 0.394 | 0.388 | 0.533 | 0.551 | 0.542

The average travel time between midpoints on the respective wavefronts has been
used to determine a representative wave speed for different sections of the KCP.
These average times of travel, for the relevant incident and reflected wavefronts,
between the measurement stations, and to the dead and “T” intersection ends of the
SJTP, are summarised in Table W-10 below.

697



Appendix W —Wave speed estimation and other complexities for distribution pipes

Table W-10 — Measured wave speed variation along the KCP

Secun ot ppene | DSSTSEMSE | Avergeine | Waye spec
Station 2 — Station 1 93.1 0.085 1095
Station 2 — dead end 120.2 0.107 1123
Station 1 — dead end 120.2 0.106 1134
Station 2 —tee end 638.5 0.542 1178
Station 1 — tee end 450.0 0.388 1160

I nferred wall condition for the KCP

Figure W-6 shows that, in the case of a ductile iron cement mortar lined (DICL) pipe,
loss of cement mortar lining and consequential corrosion and/or tuberculation, rather
than any specific change to elasticity, are more likely to constitute deterioration. The
rate of spalling of cement mortar lining is dependent upon the quality of the cement
mortar and manufacturing process. It is also dependent upon the degree of damage
during installation. Once the cement mortar lining is lost, and the ductile iron is
exposed, corrosion begins. In systems with “hard” potable water (i.e., high pH),

tuberculation often accompanies the corrosion process.

DICL pipeline in good condition DICL pipeline in deteriorated condition
E(metal) = 170GPa E(metal) = 85 — 170GPa
Cement thickness 6mm Concrete lining Turberculation and / or rust deposits
detaches and
turberculation
and / or rust Reduced
forms in time diameter
(internal)
B — e varies
Diameter
(internal) Reduced metal
96mm Metal thickness 6mm thickness
Reduced
E(cement) = 25GPa cement lining

Figure W-6 — Changes in DICL pipe properties affecting wave speed and roughness

As previously determined, the theoretical wave speed for the Kookaburra Court
Pipeline (KCP) is 1359.0m/s. The average measured wave speed, determined using
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timing information for both incident and reflected waves, is 1138.0m/s. This
represents a 16.3% reduction from the maximum theoretical wave speed. Given
uncertainties regarding the restraint of the KCP, and errors in the estimation of the
wavefront travel times, the certainty with which this reduction in the apparent wave
speed of the KCP can be attributed to deterioration in the condition of the pipe wall is
reduced. That said, given a history of complaints regarding water quality, made by
residents along the section between measurement stations 1 and 2, there is a
circumstantial case suggesting that the condition of the pipe wal may have
deteriorated along this section of the KCP.

W.8 Wave speed and wall condition for the FSP

The Foster Street Pipeline (FSP) was constructed in 1932 from 80mm diameter Cast
Iron Cement Mortar Lined (CICL) pipe with spigot and socket lead joints at a spacing
of 3m. These joints were sealed by pouring molten lead into the gap between the
spigot and socket (the interference fit between the spigot and socket reduced the
intrusion of the lead into the pipe). That said, lead intrusion is commonly observed
where these joints have been constructed. Figure W-7 summarises the geometric and
material properties of 80mm nominal diameter CICL pipe. No Australian Standard
relevant to the applicable construction period could be identified, and so a samples of
the FSP were taken. These enabled the direct measurement of the thickness of the cast

iron as 10.0mm. The thickness of the cement mortar lining was measured as 4.0mm.

t = 10.0 mm
Properties of cast
iron (pit) and cement \ 96.0 mm
at 15°C
Ec =120 GPa
Ec =25 GPa

pa = 7200 kg/m?
pc = 2300 kg/m®
Yo = 65.0 kN/m*®
Ye = 23.0 kN/m®

va =0.30

vec =0.15

tc =4.0 mm

Figure W-7 — Cross section and material detailsfor the FSP in its original condition
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Theoretical estimation of wave speed for the FSP

The theoretical wave speed for the cast iron cement mortar lined Foster Street
Pipeline (FSP) can be estimated, as for the Kookaburra Court Pipeline (KCP), using
the procedure, presented by Wylie and Streeter (1993), for pipe walls comprising two
or more different materials. The approximate theoretical wave speed for the
composite FSP can be determined, once the cement mortar lining has been converted

to an equivalent thickness of cast iron, using:

- K/p
° \/1+ (K/Eg )(D/eeq)c (W-5)

where K is the bulk modulus of water, p isthe density of water, E¢, isthe elastic
modulus of cast iron, D is the internal diameter of the pipe, ey is the thickness of the
equivalent cast iron wall and c is a pipe restraint factor which, for a pipe with

expansion joints, is 1

In contrast to the joints for the other distribution pipes, the lead joints for the FSP are
rigid and the restraint factor for the FSP can be unequivocaly determined using

¢ =1-v?. Thetheoretical wave speed for the FSPis 1394.2 m/s.
Direct estimation of wave speed for FSP

The arrival times of the incident wavefronts can be determined from the measured
responses of the Foster Street Pipeline (FSP). Furthermore, the dispersion of the
transmitted wavefront, as measured at the stations remote from the transient
generator, can be taken into account by using consistent points of reference on each
wavefront. As for the other distribution pipelines, a minimum travel time is
determined by taking the difference between the time at the base (first rise) of the
incident and transmitted wavefronts. Similarly, a maximum travel time is determined
by taking the difference between the time at the top (last rise) of the incident and
transmitted wavefronts. Average travel times can then be determined as listed in
Table W-11.
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Table W-11 — Wavefront travel times for the FSP for stations 1 to 2 and vice versafor
tests 1, 2, 3and 4

Station 1 — Station 2
Test Date
Min Max Avg

T1 16/7/03 0.170 0.194 0.182
T2 16/7/03 0.170 0.194 0.182
T3 7/8/03 0.168 0.196 0.182
T4 7/8/03 0.168 0.196 0.182
Average 0.169 0.195 0.182

Figures W-8 and W-9 show that approximately the same travel time is obtained
regardless of whether the transient generator is located at stations 1 or 2, and the time
is measured for the transmitted wavefront to reach stations 2 or 1, respectively. The
insets show dispersion of the transmitted wavefronts. The directly measured wave
speed between stations 1 and 2 is 960 m/s regardless of the direction of travel of the
transmitted wavefront. This value is 31.1% lower than the theoretically estimated

value of 1394.2 m/s that was based on the measured geometry of samples of the FSP
in good condition.
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Figures W-8 and W-9 — Direct measurement of wave speed for tests 1 and 3 on the
Foster Street Pipeline

I nferred wall condition for the FSP

Figure W-10 shows that, using the transient model developed in Chapter 13,
approximately 0.04% of entrained air is required to reduce the apparent wave speed to
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the observed value. This percentage is inconsistent with the observed quantities of
entrained air. All the fire plugs along the Foster Street Pipeline (FSP) were flushed on
each test date and no significant quantity of entrained air was released.
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Figure W-10 — Measured and predicted responses, determined with 0.04% of
entrained air, for test 1, at stations 1 and 2

It is speculated that the observed reduction in wave speed is related to deterioration of
the FSP as cast iron is converted to corrosion product via graphitisation and/or the
formation of tuberculation. As this conversion proceeds, the thickness of the wall of
the FSP reduces as does the wave speed for the affected section. Another explanation
for the apparent reduction in wave speed is unsteady inertia. It is known that there are
multiple locations, within the extent of the extended blockages documented in
Chapter 13, where the severity of constriction is sufficient for unsteady inertial
effects. Unfortunately, the tests conducted on the FSP cannot be used to further
resolve whether direct pipe wall deterioration, unsteady inertia or a combination of
both give rise to the reduction, or apparent reduction, in wave speed and further tests
need to be undertaken (either in the laboratory or in the field).
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Appendix X

Method of Characteristics (MOC) solution of governing
equations and implicit implementation of miscellaneous

algorithms

X.1 Method of Characteristics (MOC)

The wave nature of the hyperbolic partial differential equations used to perform
transient calculations promotes solution along specific lines called characteristics. The
Method of Characteristics (MOC) transforms the partial differential equations into
ordinary differential equations that apply aong the characteristic lines. The
hyperbolic partial differential equations are linearly combined and reduced to extract
the directional (ordinary) derivates for flow and pressure. This reduction is valid

provided the derivative of displacement with respect to timeis given by:

dx
—=Vz*a X-1
dt (X-1)

where V isvelocity and a is wave speed

In pipelines conveying water the wave speed is typically three orders of magnitude

larger than velocity allowing the further approximation:

dx
pm (X-2)

This equation defines the characteristic lines (positive and negative) along which flow

and pressure can be differentiated.
Two compatibility equations emerge from the process of linearly combining the

governing equations and reducing them to ordinary differential equations valid along
characteristic lines:

703



Appendix X —Method of Characteristics (MOC) and implicit solution scheme

f
C+:id_Q+d_H+L(?‘?:O dong%:-fa (X'3)
gA dt  dt  2gDA dit
f
C: id_Q_d_H+ Q‘Q‘?zo along %z—a (X-4)
gAdt dt  2gDA ot

These equations can be used to solve for flow and pressure in a displacement versus

time plane as shown in Figure X-1:

I‘—’|E
| >
:'05'"

v

Figure x-1 — Solution of compatibility equations along characteristic linesin a M ethod
of Characteristics (MOC) grid

The compatibility equations can be solved along their respective characteristic lines
by integration. The quasi-steady friction term is obtained using a finite difference
approximation for a defined grid spacing dx = adt :

L _ TQue|Que|AX _ )
C-gA(QP Qu)+(Hp—H,)+ 2D =0 (X-5)
25 o) (1 Qep|QeelAX _ ]
C: GaQ Q) (Hp—Hy)+ = Pe—=0 (X-6)

Integration of the friction term between two points in the characteristic grid requires
an approximation of the flow between those points. Traditionaly, this quasi-steady
friction term has been approximated using the flow from the previous time step:
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o TRy o TQu[QulAX
2gDA 2gDA

(X-7)
However, for high velocity cases, a non-linear approximation, effectively averaging
the flows at either end of the characteristic lines, may be required and solved by
iteration:

o f QA Q)Qu+QfAx o (Qe+Qp)[Qe +QpfAX
- 2gDA? 2 2 " 2gDA* 2 2

(X-8)

X.2 Interpolation schemes

The Method of Characteristics (MOC) (and other numerical schemes) requires a
common time step. However, in rea pipe networks, wave travel times vary for
different computational units that have different wave speeds or variable lengths. In
this situation, the time step dt is chosen as the shortest wave travel time for all of the

computational units.

The Courant number is defined as C, = adt/dx. For the shortest computational unit
the Courant number is 1. Interpolation is required when the Courant number for other
computational units, which either have slower wave speeds or greater lengths, is less
than 1. The minimum Courant number for a pipe network can be increased by careful
discretisation of pipes and selection of a small common time step. However, longer

computational times are required for finer discretisations.

The three main categories of interpolation scheme are wave speed adjustment,
spaceline and timeline interpolation. Wave speed adjustment schemes have the
advantage that they preserve the total energy of a system. However, wave speed
adjustment introduces significant wavefront dispersion (this effect becomes more
severe as wavefronts become steeper). Spaceline interpolation extends the
characteristic line back from a point at which flow and pressure are unknown to a

point on the spaceline for the previous time step (at which flow and pressure are
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known). Interpolation is then performed to obtain flow and pressure at the point at
which the characteristic line intersects the spaceline. In contrast, timeline interpolation
extends the characteristic line back from a point at which flow and pressure are
unknown to a point on the timeline for the previous time step. Interpolation is then
performed to obtain flow and pressure at the point at which the characteristic line

intersects the timeline.

Spaceline and timeline interpolation can be performed linearly or using higher order
interpolation polynomials and compact schemes. Higher order interpolation
polynomials improve the approximation of the movement of wavefronts. Compact
interpolations use spatial derivatives of flow and pressure to construct higher order
interpolation schemes without the need to use extra points along a spaceline outside
the computational unit. Compact schemes are not required for timeline interpolation

because there is no need to use points along a timeline outside the computational unit.
X.3 Implicit MOC Solution Method

An implicit Method of Characteristics (MOC) solution solves for unknown flows and
pressures, typically aong the length of a pipe or pipes comprising a network, using
simultaneous equations (as opposed to solving for the unknowns one point at atimein
an explicit MOC solution). The implicit solution scheme is formed from the
compatibility eguations and boundary conditions relating flow and pressure at a
known timeline to flow and head at an unknown timeline. The set of equations forms

a simultaneous system that can be expressed in matrix form as:

ME v }={R} (X-9)
where matrix M contains coefficients that are multiplied by the unknowns, vector v*
contains the unknown conditions (flow and pressure) at a particular time step and

vector R contains all constants including known boundary conditions

Non-linear equations must first be linearised, solved and the non-linear terms updated

in an iterative procedure until the solutions converge. Although less efficient than an
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explicit MOC solution, an implicit MOC solution reduces the complexity of the

equationsto be solved in network situations.
X.4 Implicit implementation of miscellaneous equations

Demands and leakage

When including demands or leakage in an implicit solution scheme, quasi-steady
equations approximating the behaviour of each orifice are added to the system of
simultaneous equations formed using the compatibility equations and system

boundary conditions:;

Que — Qo _(CdAL\/?JH =0 (X-10)

where Qup and Qpn are the flows upstream and downstream of the leak, Cq is the

coefficient of discharge for the leak orifice and A, isthe area of the leak orifice

Continuity of flow, at the node at which the leak is located, is maintained. The non-
linear orifice equation is linearised by introducing the variable H'. H' is the head at the
orifice from the previousiteration in the implicit solution process and is updated when
anew value of H is determined. This iterative process is continued until the values of

H' and H converge.
Discrete air pockets and entrained air

In an explicit solution scheme, the two compatibility equations from adjacent sub-pipe
units, the ideal gas equation and the integrated expression representing the continuity
of flow in the pipe upstream and downstream of a discrete air pocket are combined to
form a single non-linear equation that can then be solved using, for example, the
Newton-Raphson root-finding technique (as explained in Appendix O). When
introducing a discrete air pocket or entrained air to an implicit solution scheme, the

ideal gas and continuity equations applicable to each air pocket(s) are added to the
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system of simultaneous equations formed using the compatibility equations and
system boundary conditions. The integra form of the equation describing the
continuity of flow upstream and downstream of each air pocket is combined with the
ideal gas eguation, to express the volume of the air pocket in terms of the pressure at
the current time step, and form a non-linear equation describing the behaviour of the

air pocket:

p atm

1/ n
VO {%} = Vr; + [V/<den - qup)+ (1_ W)(ledn - Q;Jup )]At (X-ll)

upon the substitution of the ideal gas equation into the integral form of the continuity
equation.

This non-linear equation is linearised by performing a Taylor's formula expansion for
the left hand side term. This term includes the pressure at the current time step in a
non-linear exponential relationship. The expansion results in an expression for the

volume of the air pocket that islinear in terms of the pressure at the current time step:

n ' —\n V n ' —\1/n)- g '
VO[HO + Hatm [H p + Hatm] v )_FO[HO + Hatm]]/ [H p + Hatm] o 1[H p H p]_vp
W Quan = Q)+ 1= Qi — Qi St = 0 (X-12)

Q'up and Qg are the flows upstream and downstream of the air pocket from the
previous time step. Qyp and Qqn are determined in a successive substitution process
used to solve the system of simultaneous equations describing the entire pipe network.
The variable H'y is introduced in the linearised calculation of the volume of the air
pocket(s) at the current time step. H'y is the pressure at the air pocket(s) from the
previous iteration in the implicit solution process and is updated when a new value of
Hp is determined. This iterative process is continued until the values of H'y and Hp

converge.
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Unsteady friction and viscoelasticity

Unsteady friction and viscoelastic effects can be incorporated into the ordinary
differential form of the compatibility equations by including an unsteady friction
component in the friction term and adding a term for viscoelastic pipe wall

deformation:

2
aH, 3 d9, o +2i(%j=o (X-13)
d QA dt g \ ot

Equation (X-13) can be integrated along positive and negative characteristic lines to

obtain:

[H(x,t)= H(xF Ax.t —At)]ig;aA[Q(x,t)—Q(x: Axt—At)] £

2
aAth, + 2a"At (ai] =0
g ot

(X-14)

The quasi-steady component of the friction term h; is determined using a non-linear
approximation that averages flow at either end of the characteristic lines (solvable
only by iteration). The unsteady component is calculated using an efficient recursive
approximation, and flow information one and two time steps back from the current
time, to estimate changes (refer to Appendix E). This approach introduces an
additional approximation in the calculation of the unsteady friction component but
allows the unsteady friction component to be treated as known for the current time
step. The error introduced by this approximation is reduced if fine discretisations and
small time steps are used. Similarly, the viscoelastic component is calculated using an
efficient recursive approximation and pressure information one and two time steps

back from the current time.

Unsteady minor losses

When introducing minor loss elements to an implicit solution scheme, equations for

each minor loss element are added to the system of simultaneous equations formed
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using the compatibility equations and system boundary conditions. For example,
continuity and quasi-steady equations approximating the behaviour of an in-line
orifice or valve can be readily included for solution. Continuity of flow through the
in-line orifice or valve is established by including an additional equation:

Qur —Qpy =0 (X-15)

where Qup and Qpy are the flows upstream and downstream of the in-line orifice or

valve, respectively

The non-linear orifice or valve equation is linearised by introducing the variable Q'.
Q' is the flow through the orifice or valve from the previous iteration in the implicit
solution process and is updated when a new value of Q is determined. This iterative

processis continued until the values of Q' and Q converge:
Q‘Q"—(ICV)Z[HUP - HDN]:O (X-16)

where Q is Qup or Qon, Q is Que or Qoy, from the previous iteration, 7and C, are
dimensionless opening and reference condition coefficients respectively, and Hyp and
Hpn are the pressures upstream and downstream of the in-line orifice or valve,

respectively
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Appendix Y

Limits to steady state C-Factor blockage detection

Y.1 Limitations to the characterisation of discrete blockages
Results of steady state pressure tests

In the case of the Saint Johns Terrace Pipeline (SJTP), the nearest available access
pointsto the in-line gate valve, used to simulate discrete blockage, are the fire plugs at
stations 2 and 3. If the HGL of the SJTP is considered as a whole, then a kink can be
identified, when discrete blockage is introduced to the pipeline, and this kink occurs
between stations 2 and 3. Figure Y-1 illustrates the effect of the discrete blockages for
tests 5 and 13, conducted on the 151" August 2003, upon the HGL of the SJTP
between stations 2 and 3. The discrete blockages for tests 5 and 13 are equivalent to
congtrictions in the SJTP with openings of 19.1mm and 31.5mm diameter,

respectively.
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Figure Y -1 — Effect of discrete blockages upon the steady state pressures along the
SJTP, for tests 5 and 13, conducted on 15" August 2003, at stations 1, 2 and 3
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Figures Y-2 and Y -3 show the variation of the predicted versus measured steady state
pressure as the location of the discrete blockage, formed with the in-line gate valve, is
moved from 60 nodes upstream to 60 nodes downstream of the “true” blockage
location, for tests 5 and 13, conducted on the 15" August 2003, respectively. Figure
Y -2 shows that the predicted steady state pressures for test 5, measured at stations 2
and 3, are insensitive to the location of the blockage. Figure Y-3 shows the predicted
steady state pressures for test 13, measured at stations 2 and 3, are similarly
insensitive to the location of the blockage. That is, the steady state information
confirming that there is a blockage between stations 2 and 3, cannot be used to locate

or characterise the blockage between stations 2 and 3 (as either discrete or extended).
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Figure Y-2 and Y -3 — Predicted steady versus average measured pressure at stations 2
and 3, for tests 5 and 13, conducted on the 15™ August 2003, respectively

Results of steady state inverse analysis

Instead of using the entire transient response, inverse analysis can be limited to the
time before the induction of the transient such that only steady state information is
analysed. This provides a means by which the sensitivity of the fit between the
measured and predicted steady state pressures can be numerically gauged as the
position of the discrete blockage is progressively moved from 60 nodes upstream to
60 nodes downstream of the “true” blockage (i.e., the location of the in-line gate
valve). Figure Y -4 shows the variation of the objective functions obtained for tests 5
and 13 conducted on the 15" August 2003. The values of the objective functions are
insensitive to the location of the blockage as it is moved upstream and downstream of

the position of the “true” blockage. The results confirm that although a section of
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pipeline with pressure loss can be identified between measurement stations 2 and 3,
neither the precise location of the blockage, nor information regarding its nature, can

be determined using steady state inverse analysis.
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Figure Y -4 — Objective function versus block position when performing steady state

inverse analysisfor tests 5 and 13

Y.2 Limitations to the characterisation of extended blockages

The steady state pressure along the Foster Street Pipeline (FSP) was measured at the
four locations prior to conducting transient tests 1 and 2 on the 16™ July 2003. These
steady state pressures, together with comparative pressures obtained using a steady
state model, based on the transient model developed in Chapter 13, with no blockage

and uniform roughness values of 1mm and 5mm, are shown in Figure Y -5.

If the HGL of the FSP is considered as a whole, then kinks can be discerned at each of
the available measurement access points indicating that significant pressure loss
occurs along each section of the FSP. The highest head loss occurs along the section
of pipeline between measurement points 3 and 4 and it is this section to which the
available physical information summarised in Chapter 13 applies (and it was this
section that was replaced in April 2005). That said, there is significant pressure loss
along the section of FSP that has not been replaced and this is indicative of
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tuberculation and blockage forming along that section of pipeline. While the presence
of potential blockage has been confirmed using steady state pressure and flow tests, it
is not possible to ascertain the location of the blockage(s), or further information
regarding their nature (i.e., discrete or extended), using a steady state approach,
beyond the resolution of the nearest adjacent fireplugs.
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Figure Y-5 —Measured and predicted (assumed roughness with no extended
blockage) steady state HGL s for test 1 conducted on the 16" July 2003
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Appendix Z

Limits to steady state leak detection

Z.1 Results of steady state pressure tests

Figure Z-1 shows the variation of predicted versus measured steady state pressure as
the location of the leak, comprising the 10mm orifice at the end of the standpipe
installed on a fire plug, is moved from 60 nodes upstream to 60 nodes downstream of
the “true” leak location, for test 10, conducted on the 28™ August 2003. The predicted
steady state pressure, at station 2, isinsensitive to the location of the leak. That is, the
steady state information confirming that there is a leak along the KCP cannot be used
to locate the leak.
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Figure Z-1 — Predicted steady versus average measured pressure at station 2 for test
10 conducted on 28™ August 2003

It is theoretically possible to seek to identify distinct kinks or changes in slope along
the steady HGL for a pipeline, and use this information to identify a discrete location
at which a leak may be located. A large leak, along a rough pipeline, will give a
different predicted pressure at a particular location (say station 2) depending on how
far along the pipeline the leak is located. The further upstream the leak is (i.e., the
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closer it isto the “T” intersection) the smaller the pressure loss recorded at station 2
and vice versa. The measured steady state pressure at station 2 should match that
predicted when the leak is correctly located. Unfortunately, the size of leak required,
to increase the sensitivity of the steady response of the KCP, is far greater than the
threshold of interest to United Water, and other, operators.

Z.2 Results of steady state inverse analysis

Instead of using the entire transient response, inverse analysis can be limited to the
time before the induction of the transient such that only steady state information is
analysed. Figure Z-2 shows the variation of the objective functions obtained for test
10 conducted on the 28" August 2003. The values of the objective functions are
relatively insensitive to the location of the leak as it is moved upstream and

downstream of the position of the “true” leak (standpipe with 10mm orifice).
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Figure Z-2 — Objective function versus leak position when performing steady state

inverse anaysis for test 10

716



	TITLE: Transient Response Analysis for Fault Detection
and Pipeline Wall Condition Assessment in
Field Water Transmission and Distribution
Pipelines and Networks
	Appendix N – Wave speed estimation and other complexities (including restraints and entrained air) for transmission pipes
	Appendix O – Transient modelling of air pockets and entrained air
	Appendix P – Effect of wavefront sharpness on location of faults
	Appendix Q – Skalak (1956) derivations and equations
	Appendix R – Direct reflection analysis for leak detection
	Appendix S – Direct reflection analysis for block detection and unsteady minor losses
	Appendix T – Miscellaneous artificial faults for transmission and distribution pipes
	Appendix U – General transient test results for distribution pipelines
	Appendix V – Fortran code for NETTRANS and NLFIT subroutines
	Appendix W – Wave speed estimation and other complexities for distribution pipes
	Appendix X – Method of Characteristics (MOC) solution of governing equations and implicit implementation of miscellaneous algorithms
	Appendix Y – Limits to steady state C-Factor blockage detection
	Appendix Z – Limits to steady state leak detection

