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Nomenclature
 The diagrams and notations for the data follow the basic scheme of the computer analysis with the following conditions. The velocity is used as the basic flow variable and because the water-hammer wave propagation is a celerity the symbol C is used.
 Pipes ; numbered from the downstream end, have n(j) -f 1 internal points /, numbered from 1 to n{j) + 1 from the downstream node to the next upstream node.
 The wave propagation, shown by the arrows in the figure below, is associated with a sign for CJg that is positive when passing in the direction of negative velocity and conversely negative when passing in the direction of positive velocity.
 HC
 JmS
 x«0
 NP«5 NPB«7
 JmT
 \ > \ ^ -CJg
 J -
 \^ j - T ^
 /./V(J)+1
 ^ / ^ T ^CJg
 —< / a
 ']/^^V
 * 1 x»
 ,HSTAT
 area ACT AV C o r e , Constant d ef
 Horizontal area of air vessel, uppermost level = top (also HAB) Valve to open or to close Area of pipe connection to air vessel Wave speed Delivery storage level constant Y or N pipe diameter pump efficiency

Page 9
                        

viii Nomenclature
 n / GD
 HC HPU HSTAT / JPU JVALVE LNS NAV
 NR NRV PS Q t I
 V
 VAV X. Y p, a
 exponent for air vessel volume change, p V = constant Darcy friction coefficient Plant inertia, short for GD /4 Air vessel levels, see Chapter 22 Pump suction level Pump head Static pump lift Point within pipe segment, downstream = 1, upstream = n(j)-^\ Pipe downstream of pump Pipe upstream of valve Pump specific speed type, 1,2, or 3 Number of pipe downstream of air vessel Number of pipe segment divisions Pump rated speed Non return valve Yes or No Initial pump start=l, stop=0 Main line pump discharge Time valve starts operation Time valve ceases operation Velocity Initial volume of air vessel or surge tank (also V) Main pipeline distance, elevation Density, surface tension
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Introduction
 Water hammer is the result of an event which is associated with a rapid velocity (or pressure) change, the result of an accident or a normal operational matter in a pipeline system.
 The basic theory is well developed for the single fluid phase, but still requires refinement for unsteady friction; although there are models already for friction, it is only recently that the complexity of the velocity profiles during transients has been demonstrated by experimental observation. One such example by Jonsson (1992), shown in Figure 1, indicates the beginning of flow reversal close to the wall and the shift of the location of the maximum velocity away from the centre of the pipeline following a valve closure in 1 s.
 The observations were close to the downstream valve with an initial velocity of 0.312 m s', 150 mm dia. pipe.
 Centreline
 500 ms
 600 ms
 900 ms 1000 ms
 Wall
 Fig. 1 Variation of the velocity profile after valve closure
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X Introduction
 Similar observations were made by Sande and Hiemstra (1985) and clearly the quasi-steady assumptions for friction fall well short of the requirement for unsteady conditions during water hammer and pose serious problems for numerical modelling.
 The development of liquid column separation due to low pressures and the existence of more than one fluid phase has been the focus of many researchers over the years and is perhaps now being resolved for the simple clearly defined pipe system in a laboratory environment, where it is possible to define the air content, temperature, system configuration and the agent responsible for the water hammer with some precision.
 The reality of the majority of water hammer is that it is associated with systems which can not be exactly defined if only because of the size (length) over many kilometres of undulating profile or the lack of definition of the system components such as valves or pumps or indeed the reasons for or the history of the event which is responsible for the water hammer.
 There is therefore a need for a practical approach to the problem, whilst research continues for better descriptions of the physics of water hammer and for useful computational solutions including those basics.
 The text therefore undertakes to present a series of case studies which, it is hoped, exposes at least once some of the many variations of water hammer in practice and also helps to develop a classification of the subject. The classification of water hammer as presented is a warning for those less experienced in understanding the events or uncertain when to secure expert assistance for explanation or analysis.
 The presentation of various case studies has been arranged with a common format. Some data will be provided, as necessary for distinguishing the problem, and the results of the analysis will be in graphical form, usually a spatial plot and selected time plots of events.
 Much of the analysis of water hammer is now accomplished using computer programs based on the method of characteristics, and herein the simplicity of a constant time increment and a staggered grid has been adopted.
 The computer analysis is relatively unsophisticated, since the case studies involve matters where the precise nature of things such as air content, for example, is not known, although in some situations the need for and the extent of any simplifying assumptions should be made clear.
 Whereas much of the formal teaching of water hammer related topics uses only the computer approach similar to that mentioned above, when there are clarifications of the basic physics required, the graphical analysis will be used. A detailed appreciation of this method may be found in Sharp (1981), but in most cases the technique will be relatively self-evident, requiring only to understand the convention of propagation direction (related to sign of the fluid velocity), and the times of transmission found by distance/celerity of water hammer waves.
 A simple example will serve to show that the graphical analysis requires
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Introduction xi
 a beginning using known conditions at some time in the past from some remote point away from where the water hammer event occurs.
 In Figure 2 a valve closure at time zero at i4 jCan only be found by coming from B (in the past) in a positive velocity direction with a negative CJg. Likewise a pump start at A^ can only be found by coming from B (in the past) in a negative velocity direction with a positive CJg.
 'Co 19
 H
 B-1
 Fig. 2 Tracing an event at A^ from some past point at B
 Events then continue by propagations back to B, where one time unit is from A to S. Events only correspond to intersection points on the graphs.
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1 The valve (gate)
 Ll Basic definition
 The humble valve serves to introduce the basic problem of water hammer. At a valve when there is a sudden velocity change, dV, a pressure head change of CJg. dV occurs where C is the wave speed, V is the velocity in the pipeline and g is acceleration due to gravity and we resist the temptation to use the pipeline discharge Q, as the basic variable. Water hammer may also be the result of a pressure head change.
 There are many types of valve, most of which are not designed to minimise water hammer.
 For the simple elementary linear gate valve we use
 V = f l . / i ' ^ (1.1)
 where B = C,. A^ {IgYVA^ (1.2)
 which is the definition of the gate characteristic parameter, with C^ the coefficient of discharge, A the gate area, and A the pipeline area. It is clear that the value of B will depend on the variation of the dynamic value of Cj and the effective area A with time. The parameter B will be the means for defining the valve behaviour with time, given the value of unity when fully open and zero when fully closed.
 There are many examples of estimates of C and A^ to be found, for example, Parmakian (1963), Sharp (1969) and Wood and Jones (1972) for different types of valves, but it is important to realise that the water hammer will depend critically upon the values when the valve is within 20% of the fully closed position.
 Many experiments involving gates or valves have experienced problems with the secondary effects near the valve which produce localised spikes
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2 Water hammer: practical solutions
 and fluctuations which distort the pressure envelope seen near the valve as indicated by Sharp (1969). A good solution for research is to use the ball valve, which is well illustrated by Bernhart's work (1976), thereby being able to clearly define the various parameters associated with the valve movement.
 1.2 A Graphical solution
 One can usefully develop an appreciation of the water hammer due to valve closure by using the graphical method attributed to Schnyder and Bergeron (1961), but it is necessary to differentiate between the linear (no friction) and the non-linear (with friction - albeit the steady state approximation) cases. These distinctions are clearly outlined in Sharp (1981).
 The variation with gate position of B is defined in Figure 1.1 and depends on the type of valve. It is also very much the choice of the analyst.
 Fig. 1.1 Gate parameter B
 In the graphical analysis, the propagations are along slopes of CJg, being negative when in the direction of positive velocity, and the representation on the HIV plane produces conditions at the line intersections for the designated times, in LIC^ time units.
 In Figures 1.2 and 1.3 are shown the linear and non-linear cases from the start of valve closure until shortly after the valve is fully closed.
 Figure 1.2 illustrates the incomprehensible view that h^ is the loss across the valve when it is fully open. Nevertheless this was the common method of defining a valve behaviour in the early texts on water hammer,
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The valve (gate) 3
 Fig. 1.2 Linear valve closure Fig. 13 Non-linear valve closure
 and helped to get the topic off the ground. In Figure 1.3 a small head loss is allowed across the valve initially and
 the valve by definition controls the friction loss h^in the system. Any one valve placed in different pipelines has its characteristic performance then defined as related to the losses of that system.
 It is immediately clear that the valve would be better operated in a nonuniform way and many references, such as Streeter and Wylie (1967), use the notion of a two-stage closure or valve stroking to achieve this. Sharp (1981) sees an exponential closure as the preferred method.
 1.3 Optimising gate closure
 If one uses an exponential closure with time (see Figure 1.1), then it is possible to produce an optimum result, that is, the water hammer is a constant as the gate is closed. This is shown in Figures 1.4 and 1.5 for the linear and non-linear cases. It will be clear later that the optimum result is relevant specifically to the downstream, valve, end. H is the desired optimum value of the water hammer at the valve and requires the closure rate to provide the change in B = 1 to fl = 0, that is from fully open to fully closed, to be prescribed exactly.
 L4 Computer solutions
 In using the computer to analyse these cases the solutions will be provided in graphical form. Firstly there is a spatial plot showing the maximum and minimum pressure heads up to that time everywhere as shown in Figure
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4 Water hammer: practical solutions
 8 = 0 e=o
 Fig. 1.4 Linear optimum
 small
 Rg. 1.5 Non-linear optimum
 i 2^\sk)h^ Von 12 1314 1516 17181920 km X 10
 Fig. 1.6 Optimum valve closure
 1.6. Additionally, in Figure 1.7, there are time plots for two arbitrary points in the system for the duration of the computer run, which may be pressure head or perhaps velocity. In this example the pipe length was 2 km, initial discharge 0.03 m s" which for a diameter of 0.25 m gave a velocity of 0.6112 m s'^ The wave speed was lOOOms" and the closure was exponential in SL/C , that is 16 s. The maximum water hammer at the valve was 24 m. The friction head was 3.04 m so the water hammer was about eight times this.
 1.5 Generalised optimuin gate closure
 Taking a range of initial conditions and pipe configurations the computer is able to develop the generalised OPTIMUM, as shown in Figure 1.8, which applies to a perfect valve closure, and hence an allowance must be made for the lack of precise data
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The valve (gate) 5
 >^dls
 d(/2
 Fig. 1.7 Optimum valve closure, head and velocity
 for the valve actually in use. It should therefore be possible to resolve, using this chart, for any valve closure, the operating times for any valve, so that water hammer is limited to prescribed values.
 The time of closure required, 7* , is found, given the limit of water hammer //' permitted or desired for a length L and velocity V, H^^ is the friction head, which is also the head the valve is able to control. Conversely, for a given time of closure T , in seconds, the amount of water hammer that is unavoidable may be calculated.
 As this operation is for a perfect valve, the value of T^ would need to be of the order of five times greater than for a normal type gate valve that might have a Hnear type of stroke during operation.
 H' i
 20
 10
 rr
 n h
 2
 1
 (
 T
 \
 )
 L
 1 ^-'W'^c
 1 : ! i \ ( J V X
 H«
 1 \
 0.2 0.4 0.6 0.8 1.0 X
 Fig. U Generalised optimum valve closure

Page 19
                        

6 Water hammer: practical solutions
 In the case analysed in Figures 1.6 and 1.7, the generaHsed chart gives, for a value of A" = 0.6, a value of V = 2 and the optimum water hammer is therefore about 2 x 4.6 = 9.2 m which is lower than the computed result. The computer result depends on the shape of exponential closure and so the variation of B with time should be examined and related to the expected conditions that apply in the installation.
 1.6 Gate opening
 The case of a gate or a valve opening is not normally associated with extreme water hammer as the example, treated graphically in Figure 1.9 below, demonstrates.
 However, the longitudinal pipeline profile is always a factor and so the high point shown in Figure 1.10 may lead to water column separation as the pressure drops to vapour pressure developing a full vacuum. Pipelines that are unable to withstand a full or partial vacuum would then be at risk.
 Rg. 1.9 Valve opening
 Approximate fall in head with valve opening
 Fig. 1.10 Valve opening - longitudinal profile considerations
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The valve (gate) 1
 Appendix 1 includes some details of DIt, diameter to wall thickness relevance.
 1.7 Valve maintenance
 The analysis of the water hammer due to valve operation is a simulation which can not provide for the wear and tear that will seriously modify the valve in continued use. It is probably non-use that is as serious as any other factor in the necessity for a constant awareness of the valve condition.
 There has been detailed modelling of the mechanics of valve operation, such as that by Thorley (1987) for the case of the non-return valve, but in the case of stop valves, main line valves, isolation valves or whatever name is preferred, the industry has only made a mild attempt to provide a valve which closes in a manner which minimises water hammer. Thus, the last 20% of closure for linear stroke valves is when the water hammer is largely generated and so the time of closure of the valve is grossly misleading when referred to the total movement from open to closed. It seems that much more conservative times must be considered to minimise water hammer, although as will be seen in other studies, this runs foul of the desire to operate valves very quickly such as in the case of fire demand.
 1.8 Complex valve control - waste disposal
 An example of a complex problem of valve control of waste is illustrated below. There are two alternative disposal ponds supplied by gravity, with one needing to be enhanced by boosting. The basic data is in Table 1.1, and a diagram of the layout is in Figure 1.11.
 The analysis is for a pump start and about 10 s later the valve at D is closed preparatory to the valve at the pond C being opened to accept the flow there. This is an extreme case requiring valve closure times at D to keep the head on the pipe between C and D to permissible values, in the event that the valve at C was not opened.
 The valve closure at the downstream pond D has been optimal over about 18 s and develops 138 m head at the downstream end, which is
 Waste disposal to points Cor D
 Fig. 1.11 Diagrammatic system layout
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8 Water hammer: practical solutions
 Table 1.1 Data for gravity flow disposal of waste'
 No.
 1 2 3 4 5 6 7 8 9
 ON 2.0
 JPU 5
 X Y
 Length
 5338.00 1781.00 1269.00 4450.00
 320.00 150.00 150.00 139.00 139.00
 HSTAT 20.00
 HPU HC 55.00 46.00
 0.0 46.0
 1650.0 4050.0 44.0 33.9
 C
 870.00 870.00 870.00 870.00
 1300.00 1050.00 1050.00 870.00 870.00
 Constant Y
 GD 80.000
 5750.0 37.5
 NR 1000
 d
 0.2990 0.2990 0.2990 0.2990 0.1540 0.1860 0.1860 0.2990 0.2990
 JVALVE 1
 ef 0.70
 6650.0 7670.0 32.8 25.4
 Q
 0.0580 0.0580 0.0580 0.0580 0.0000 0.0000 0.0000 0.0580 0.0580
 ACT Close
 LNS 1
 8450.0 < 18.5
 NRV Y
 ?450.0 14.3
 /
 0.0190 0.0190 0.0190 0.0190 0.0230 0.0100 0.0100 0.0190 0.0190
 tl l2 100 350
 PS l.O
 12640.0 12.2
 * Please refer to the nomenclature given on pages vii-viii for the meaning of the abbreviations.
 97 121 145 169 193 km X 16
 Fig. 1.12 Longitudinal plot, valve closure
 greater than the pipe specification allows (of the order 80 m). Clearly this is unacceptable and the valve closure times were then specified to be many minutes. Not dealt with here was the occurrence of water column separation due to the small clearance between the hydraulic grade line and natural surface (N.S.).
 The system posed a number of problems of control and no simple solution for total safety is possible, but it illustrates the importance of understanding the use of valves and the use of a booster pump in this instance was an added complexity. It was necessary to prescribe a pump start against a closed valve at the pump delivery in addition to other controls.
 This example serves to illustrate that water hammer is not a simple matter and also that the use of valves needs to be given as much consideration as other system elements in the evaluation of system requirements.
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2 The pump
 2.1 General remarks
 The advent of the low inertia prime movers and pumps thrust water hammer into prominence in the 1930s. In particular, electric pump power failure became and still is a major design consideration.
 To analyse the pumping system fully, one must have the detailed roto-dynamic features of the particular pump including the torque variation with speed and duty. Clearly this is costly and seldom at hand and consequently it is customary to use a range of 'typical' data for three individual type pumps classified by specific speed, that is, basically centrifugal, mixed flow or axial flow pump data, referred to as the homologous characteristic curves.
 All worthy computer programs will include sets of data based on such fundamental contributions as those by Knapp (1937), Donsky (1961) and refined for example by Suter (1966).
 Thus analysis of pump-related water hammer will normally be approximate due to the use of only such 'typicaP speed and torque data. A further complication is the calculation of the inertia of the combined pump and prime mover as will be discussed later.
 Some simple cases will be considered here however, the pump will appear often elsewhere as the significant element in the initiation of water hammer, for example in complex networks.
 2.2 Pump start
 The pump start is not normally viewed with as much concern as pump stop because it can in principle be controlled precisely.
 There is little excuse for ignoring it as a factor as its consequences are
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10 Water hammer: practical solutions
 H\
 s.o.h.
 1 %\ k -1 A
 y/ Path l \
 r-
 H—^=^^ ^^^^—V
 Pump full speed)
 System
 ""1—1
 7?
 Fig. 2.1 Pump start
 most clearly understood by a simple example using the graphical analysis as shown in Figure 2.1.
 In the above example the effect of inertia has been ignored, which is not unrealistic since a pump driven by an electric motor will be up to speed very quickly. Tlie time factor is related to ILIC^, where L is the significant distance to a controlling system head such as an open storage.
 In Figure 2.1, if the system incorporates an open storage, path 1 is followed. If there is a closed system (dead end), or a severe restriction to the acceleration of the flow at the remote end (see fire protection case study), then path 2 is the result and hence a maximum head of the order of 2 X s.o.h. - h^ is possible and should not be overlooked in any design situation. Note that one only needs to apply a converted velocity scale to the discharge {Q) axis of a pump diagram and then draw slopes of CJg to be able to determine this result.
 The computer analysis of a case study where one of three options is considered is shown in Figures 2.2 and 2.3 and system details are listed in Table 2.1.
 The three options are that the float controlled downstream valve at a storage may be open, closing or closed (for an accidental start). Clearly, if the last is to be avoided then interlocks must be provided to prevent an electrically driven pump from starting. The valve closure should be predictable for a float-operated mechanism in a defined storage geometry. Given an open surface area for the storage of lOOm and a stroke of 0.2 m for the float with a flow rate of 0.626 m^s', the valve would close in 32 s approximately. If the last 20% of valve closure causes the water hammer, the closure is then effective in about 6 s. For a pipeline length of 11 km and wave speed of 1000 m s ' the closure is less than LIC^, which would produce a water hammer pressure head of the order of 60 m, a little more than shut-off head.
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The pump 11
 300-1
 250-
 200-
 A 150-
 100-
 50-
 0 -
 "max
 /
 ''min
 (1,6)
 A
 1 1 1 1 1 1 1 1 1 1 1 1 1 1
 N.S.
 M i l l M M 1 3 5 7 9 11 13 15 17 19 21 23
 kmx2
 Fig. 2.2 Pump start - open storage
 Table 2.1 Pump and system data
 No. Length
 1 2
 ON 2.0
 JPU 2
 X Y
 10000.00 1000.00
 HSTAT 214.00
 1000.00 1000.00
 Constant Y
 0.7600 0.7600
 JVALVE 0
 HPU 175.00
 HC 50.00
 GD 1000.0
 0.0 50.0
 4000.0 67.0
 NR 1475
 8000.0 105.0
 ef 0.75
 0.6260 0.6260
 LNS 1
 NRV Y
 10000.0 140,0
 0.0129 0.0129
 PS 0.0
 11000.0 200.0
 300
 250
 200-f H
 (m)150-)
 100
 50
 0
 Inrj^ c:: ' near pump
 '1.6
 dt-0.5 8 T—I—I 1—I 1—I—I—I—I 1—I—I—I—I—I
 1 4 7 10 1316 19 22 25 28 31 34 37 40 43 46 49 Seconds
 Fig. 23 Time plots - pump start
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12 Water hammer: practical solutions
 2.2 Pump stop
 Inertia is an important factor in a pump stop and is discussed in more detail elsewhere. An example is shown at this introductory stage to show the water hammer that may develop where the longitudinal pipeline profile, the pump and prime mover inertia, and the action of the non-return valve at the pump flange all combine.
 The results of analysis in Figure 2.4 include details of the longitudinal profile which is also stated in Table 2.1 with other relevant data.
 It is important to note that this result, for a power failure, assumes that the non-return valve behaves perfectly. There is a minor amount of water column rupture near the downstream end, which phenomenon will be discussed more fully later, but it is the view that because it is so close to the open storage, it would be fleeting and not deserving of any particular concern. However, it is important that some modelling of the phenomenon be provided for so that such decisions can be made subjectively. If the computer program is not able to analyse the water column separation.
 "1—I I I I I—I I I I I I I I I I I I I I I I I 3 5 7 9 11 13 15 17 19 21 23
 km X 2
 Fig. 2.4 Pump stop.
 350-1
 300-1
 250
 H 200
 Near downstream
 (1,3)
 1 I I I I I I I I I I I I I I I r 1 5 9 1317 2125 2933 37 4145 49 5357 6165 69 73
 Seconds
 Fig. 2.5 Pump stop - time plots
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The pump 13
 there should be a warning or flag which indicates when it first occurs, anywhere in the system, after which the analytical results must be regarded as incorrect.
 If the profile of the pipeline had been more 'convex' as shown by the dashed line instead of *concave\ then there would have been extensive water column rupture. It is evident that the 'concave' profile is the 'desirable' type of pipeline profile, the 'convex' type signalling extra concern for water hammer consequences.
 In Figure 2.5, time plots of two points show conditions at the pump flange and also at a point near the downstream end, thus showing the nature of the water column separation pressure heads in this example.
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3 The booster
 3.1 Booster (in a gravity system)
 The installation of a pump in an otherwise normally functioning gravity pipeline is generally referred to as a booster, and is provided with a nonreturn valve in parallel to prevent recirculation during pump operation.
 There are other applications referred to as boosting which in reality involve series pumping and need consideration of other factors, such as storages (see Chapter 19).
 The existence of boosting as a frequent and desirable practice has been highlighted in the discussion of the optimum design of pipeline systems by Sharp (1985,1992b), where it has been shown that if there is sufficient variability of the demand flows, there should not be a gravity main without boosting, and it should therefore be a factor in the design of such systems.
 H L_. "ttat
 Valve at D closed
 V (Q)
 Fig« 3.1 Booster operation
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16 Water hammer: practical solutions
 Table 3.1 Booster data
 No.
 1 2
 ON 2.0
 JPU 2
 X Y
 Length
 18500.00 540.00
 HSTAT 0.00
 HPU HC 30.00 35.00
 0.0 33.0
 C
 624.00 624.00
 Constant Y
 GD 5.000
 1000.0 15.0
 NR 1450
 d
 0.2000 0.2000
 JVALVE 0
 ef 0.80
 9000.0 10.0
 Q
 0.0188 0.0188
 LNS 1
 15 000.0 5.0
 NRV Y
 f
 0.0200 0.0200
 PS 1.0
 19040.0 0.0
 This applies of course to the arterial gravity main portions of a network, that is it would not be envisaged for minor pipework reticulation.
 The water hammer due to the automatic start and stop is readily comprehended in the first instance by use of the graphical analysis as shown in Figure 3.1.
 The initiation of water hammer on booster start occurs when the flow exceeds the gravity main flow and the non-return valve closes. The worst events would occur if the downstream control were closed or in the act of closing when the booster started.
 A gravity system with a booster at the upstream end has the data shown in Table 3.1. The location of the pumping plant would be dependent upon the local geography and power supply in the case of electrically operated plant. Control lines associated with automatic operation also play a part in site selection.
 The results of the computer analysis of the booster operation are shown graphically in Figures 3.2 and 3.3. This analysis was associated with an
 30-
 20-
 10-
 0-
 -10-
 Steady state
 T 1 5
 " T — I — I — I — I — \ — \ — \ — I — \ — I — I — I — r
 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69'
 km X 4
 Fig. 3.2 Booster start

Page 30
                        

The booster 17
 70-1
 60 •] 50-1
 H 404 (m>3Q
 20 H
 10
 /Td/s of booster
 Vd/8 of booster
 V
 M.O
 Lo.8 1-0.6 (m s-1)
 df» 0.433 s
 i 7 13 19 25 3137 43 49 55 6167 73 79 85 9197 d(/2
 Rg. 3.3 Head and velocity at booster
 70-1
 60 J
 50 H
 40-J
 30 H
 20 H
 10-1
 0
 -10
 H (m)
 T — \ — \ — I — I — \ — \ — r 1 6 11 16 21 26 31 36 41 46 51 56 61
 km X 4
 Fig. 3.4 Booster pump stop
 20 H
 10 v d/s of booster
 dr» 0.433 s I 1 I i I I I i I I I I I I I I I I I I
 1 11 21 31 41 51 61 71 81 91 101 d(/2
 Figure 3.5 Head and Velocity at booster
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18 Water hammer: practical solutions
 existing gravity flow but it is clear that the very worst events would be associated with a booster start when there was no gravity flow, as shown in Figure 3.1.
 The case of a booster pump stop is summarised in Figures 3.4 and 3.5 and it would seem that the water hammer is of less concern in this instance. However, it should be evident that the pressure head rises on the suction side and allowance should be made for such conditions when there are significant pipe lengths involved.
 The above analyses show that normal booster operation should not be a major water hammer problem in such simple cases as the water hammer barely exceeds the steady state hydraulic gradient.
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4 Inertia
 41 General
 Pumps and turbines of the rotodynamic type have inertia and their operation will affect the rate at which the water column is accelerated or decelerated.
 Since the water hammer is related to the speed of change of the system conditions by virtue of the return times from reflections which may modify events, the inertia of the machine will be important to a greater or lesser degree depending on the basic ILIC^ of the attached system.
 The speed change of the machine is evaluated by the relationship for torque below:
 r = -./d(o/dr (4.1)
 The inertia / is related to the flywheel effect of the rotating parts and, multiplied by the angular acceleration (o of the parts, develops torque T, which will determine what the rotating speed will be at any instant. It is necessary to simultaneously satisfy this relation and the discharge-head developed by the machine at the current speed N, as a requirement of the water hammer in the associated system pipework. This requirement presents dif-flculties in numerical analysis as it needs a process of trial and error to find the matching point from known Q H N md T, that is discharge, head, speed and torque of the machine (including prime mover).
 A significant problem is due to the fact that seldom, if ever, is the data for the machine, for the range of speeds from zero to operation, known.
 It is customary to assume data for the pumps defined by three distinct specific type machines. Less is known for turbines, although Boldy and Walmsley (1983) have discussed the representation of data for transient analysis for reversible pump turbines.
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20 Water hammer: practical solutions
 In the case of pumps these specific speeds are associated with centrifugal, mixed flow and axial flow machines and derive from the work of Knapp (1937). Compounding the problem is the fact that the exact inertia of the pump with its associated prime mover is not known. These problems may be resolved in a number of ways. In these studies we use a sort of sensitivity analysis of the effect of different values for the inertia /, using as a starting point the values calculated by a formula developed by Linton (1954), for example.
 In SI units one such formula for American design machines is
 GD^ = 912 {PJNJ''^^ (4.2)
 where P^ is the power in kilowatts, N^ is the speed in r.p.m. and the inertia symbolised by GD^ is in kg m . The formula is appropriate for a range of 120 to 1500 kW and for speeds from 450 to 1800 r.p.m.
 Whilst the evaluation of the exact inertia is laudable, given the uncertainties in the system and the difficulty of prescribing the events which produce the water hammer, it must be recommended that the sensitivity of the water hammer to various values of inertia be tested. There are indeed cases where complicating factors such as water column separation may mean that greater or lesser inertia can be associated with unexpected water hammer, not necessarily inversely proportional to the inertia. It is also true that simulation of field tests of pump stop have often only been made to agree by adjusting (trial and error) the value of the inertia.
 One of the most intriguing aspects of inertia is also to be found in the case of a system with very nearly equal lengths of suction and delivery pipeline, where it has been observed that the machine takes a long time to stop after power failure, far longer than the times or run-down when an entirely appropriate value of inertia has been used in the computer simulation for comparison. This matter is discussed in the chapter dealing with optimum location of pumping station.
 4.2 An example
 A graphical example of the extrapolation required to solve for water hammer as a pump fails may be found in Sharp (1981), as well as the effect of changing the inertia term by a factor of 2. That example ignored friction to simplify the graphical analysis and also did not consider the possibility of water column separation.
 Consider now the following example, where the effect of inertia on the water column separation due to a full vacuum is examined. The data is incorporated in Figure 4.1 and given in Table 4.1.
 Figure 4.1 shows the extensive vacuum conditions throughout, commencing at a point 2078 m from the upstream end when the GD^ (inertia term) was taken as 5000 kg m , compared to the formula value of
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Inertia 21
 Table 41 Data for inertia analysis
 No. Length
 530.00 530.00
 1060.00 2135.00 2375.00
 1085.00 1085.00 1085.00 1085.00 1085.00
 1.2000 1.2000 1.2000 1.2000 1.2000
 2.9200 2.9200 2.9200 2.9200 2.9200
 0.0227 0.0227 0.0227 0.0227 0.0227
 ON 2.0
 JPU 5
 HPU 96.00
 HSTAT 53.30
 HC 0.00
 Constant Y
 GD 10000.0
 NR 1000
 JVALVE 0
 ef 0.75
 LNS 1
 NRV Y
 PS 0.0
 X Y
 0.0 0.0
 2367.0 34.7
 3442.0 29.8
 4982.0 41.6
 6100.0 48.4
 Q r i I I I I I I I 11 I M I I I I I I I I I I I I I I I 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29
 k m x 4
 Fig. 4.1 Pump fail - GD2 = 5000
 (mr
 80-j
 70-J
 60J 50-40 J 30-] 20-J 10^ 0 J
 \ I \
 \ 1
 ^ 4 . 1
 1 1 1
 ^5 ,9
 I I I !
 dt-0.244 s 1 1 1 1 1 1 I I I
 1 11 31 51 71 91 111 131 151 171 df/2
 Fig. 4.2 Pressure heads at two points GD = 5000
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22 Water hammer: practical solutions
 3900. The pressure head at two points (5,9) and (4,1) (/,/ pipe number and point within the pipe - see nomenclature), are shown in Figure 4.2 up to 85 s.
 The case is now reworked for an inertia GD^ =15 000 with Figures 4.3 and 4.4 the companion figures to the former two. In this case the full vacuum first develops at 5040 m from upstream.
 100 90 80 70
 H 60 (m)5o
 40 30 20 10 0
 -T ^ . . ^
 ]K(5,9)
 r 1 1 1 M 1 1
 N.S.
 1 M 1 1 1
 "max
 4,1^ " N
 "min
 1 M 1 1 1 1 1 1 1 1 1 1 1 1 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 km X 4
 Fig. A3 Results, pump fail GD^ = 15000
 If the inertia term had been 10 000 then the full vacuum would have first developed at 2375 m.
 These comparisons, or sensitivity analyses, show the effect of differing GD^ with respect to the development of vacuum conditions which in this case study is pertinent, given that the steel pipeline diameter is such that the collapse due to arching failure is very much a consideration.
 In terms of pressure head maxima, there is not a lot of difference in each analysis where the discrete cavity model was used even though a large
 51 71 91 111 131 151 171 d f /2
 Fig. 4.4 Pressure heads at two points
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Inertia 23
 change in the inertia was tested. This showed that the effects of inertia do not, as a rule, obey any sort of proportionality. There would, of course be cases where the inertia term would have a much greater effect than indicated here.
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5 An optimum pump location
 5.1 Optimal location - redundant protection?
 Historically, by accident, in 1952, John Gerny (South Australian water hammer expert), was undertaking a field test of pumping plant for the Clare water supply in South Australia, and found unexpectedly negligible water hammer with power failure.
 The system involved a long suction main and delivery pipeline almost of similar length. This case has been illustrated by Sharp (1981), in a generalised way, showing that the division of the water hammer between the suction and delivery sides of the pump may lead to substantially less water hammer, although there is time for the development of significant water hammer on the suction side.
 To further illustrate this important design aspect, a case study by Blair (1945) of a pipeline involving the use of air vessels exposes some interesting considerations which relate to the existence of a long suction main.
 Using metric units, the 610 mm diameter steel pipeline comprised 1798 m of suction main and 2298 m of delivery main. 4.5 m air vessels were installed on both the suction and delivery sides of the pumping plant, which involved three pumps that automatically stopped and started depending on the demand at the delivery storage. The static lift was about 73 m and the three pump flow 0.423 m s"
 The system configuration is shown schematically in Figure 5.1, noting that the air vessels were laid horizontally, perhaps a controversial issue for hydraulic performance.
 The report focused on the air vessel performance and the concern for the length of time for surges to die away. It is now clear that one of the consequences of the ^optimum' location of the pumping plant is the long time it takes for the pumps to come to rest after a power failure, as well
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26 Water hammer: practical solutions
 ^'^"^ V^=4.5m3
 57 m « ^ 1798 m
 Q K ^
 141.7 1
 2298 m
 Fig. 5.1 System configuration
 as the smaller water hammer. In the case of the Clare supply tests conducted by Gerny the pumps kept rotating for a very long time as the water hammer gradually subsided and was the obvious signal that special circumstances were dominating the phenomenon.
 Figure 5.2 shows the water hammer along the pipeline after a pump stop (by modern computer analysis) up to approximately 28 s for three pumps and assuming reasonable values for the air vessel geometry.
 180 n 160-
 140-
 120-
 H 100-
 <" > 8 0 -
 60 -40 -
 20 -0 -
 Pumps ^ ^ ^
 "max
 < - r ^
 I I I 1 1 1 1
 r*— .- 1 1 ^ ^ ^ - - ^ ^
 1 1 ^ ^mln /
 — - \ N.S.
 1 1 1 1 1 1 1 1 1 1 1 6 1116 2126 31364146 5156 6166 7176
 kmx20
 Fig. 5.2 Three pump stop with air vessels
 250-n
 200-
 H 150-(m)
 Vol ^00-
 5 0 -
 0 -
 VoMm3x31.5}
 V ^ ^ K " h at air vessel
 df= 0.0476 s 1 1 1 1 1 1 1 1 1 — 1 — \ — 1 — 1 — I — I — \ — 1 35 69 120 154 188 222 256 290
 df/2
 Fig. 5J Time plots of head and air vessel volume
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An optimum pump location 27
 In Figure 5.3 is shown the time plots, the head at the air vessel on the delivery side and the air vessel volume change for the air vessel on the delivery side. The analysis was able to duplicate the air vessel volume change but the pressure heads were somewhat larger.
 TTie maximum head on the delivery side is about 180 - 55 = 125 m to be compared with field tests of Blair of about 100 m, but the inertia of the plant would be an important factor in the analysis, although discussion of the paper suggested there might be some question of the exactness of the data.
 The plant never operated without some form of air vessel protection and it is of interest to analyse the system without any air vessels.
 In Figures 5.4 and 5.5 are the companion results to those above. The maximum pressure head on the delivery side of the pumps is about
 173 - 55 = 118 m including, at about 11 s, the occurrence of water column rupture on the suction side of the pumps.
 Pumps
 -m—I—I—I—I—I—I—I—rn 4 7 10 13 16 19 22 25 28 31 34 37 40
 kmx 10
 Fig. 5.4 Three pump stop no air vessels
 180 160 140 120 H
 H^00 (m) 80
 60 40 20
 ^d/s
 h^/V^AA^ dt-0.0476 s
 I — I — I I I I — I — I — I — I — r — T — I — I — I I I ! 1 12 34 56 78 100 122 144 166 188
 dr/2
 Fig. SS Time plots of two points in the system
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28 Water hammer: practical solutions
 The interesting fact, resulting from the 'optimum' location of the pumping plant, is that the water hammer without the air vessels is of similar order as that experienced with them present.
 An initial velocity of 1.44 m s" is capable of a Joukowsky value of more than 154 m added to the steady flow levels, that is over 200 m, compared to values here which are much less.
 It is concluded that the field situation might have been satisfactory from the point of view of maximum water hammer without any air vessels, due to the comparable length of the suction main. Curiously it has been known for engineers to make an analysis of the water hammer problem ignoring the existence of the suction main!
 The study in fact was concerned with the time for the surges to abate. This is obviously an important consideration because a pump start-up (automatic) when there were considerable surges still in the system from a previous stop, might lead to much excess water hammer. Quite a number of analyses would need to be made to ascertain the possible effect of start-up.
 Today we no doubt have the advantage of more sophisticated control equipment which provides a lock-out so that this could be controlled.
 5.2 Optimum location confirmed
 A further documented study of a system with a long suction main is reported by Triggs (1981), and reflects the experience of Gerny as this originates from the same organisation where he worked and for which he left a great legacy of design skill.
 Table 5.1 shows the data for the system Figure 5.6 shows the longitudinal profile of the system which has a total
 length of over 14 km, and is part of a large water supply scheme which involves several pumping stations in series and this is the second
 Table 5.1 System data
 No.
 1 2 3 4
 ON 4.0
 JPU 2
 X Y
 Length
 4908.00 2400.00 4762.00 2380.00
 HSTAT 139.20
 HPU HC 65.00 85.00
 0.0 2380.0 49.0 35.3
 C
 1110.00 1110.00 1110.00 1110.00
 Constant Y
 GD 60.000
 5905.0 54.1
 NR 1450
 d
 0.6080 0.6080 0.6080 0.6080
 JVALVE 0
 ef 0.80
 7380.0 9905.0 40.0 94.1
 Q
 0.2000 0.2000 0.2000 0.2000
 LNS 1
 NRV Y
 11373.0 89.4
 f
 0.0200 0.0200 0.0200 0.0200
 PS 0.0
 13810.0 106.0
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An optimum pump location 29
 X s Field test
 I I I M I I I I I I M M I I I I I M M I I 1 3 5 7 9 11 13 15 17 19 21 23 25 27
 kmx2
 Fig. 5.6 One pump stop
 section. The figure also incorporates the results of the computer analysis and field tests for a one-pump stop.
 The water hammer develops a maximum level of about 160 m. Features of the study include the fact that the two-pump stop is approximately the same. The use of an electrically operated stop valve to close in about 50 s while the pump was still running produced much larger water hammer, to a level of about 230 m (water column separation was also experienced) and was abandoned for the system. The non-return valve after pump stoppage closed in about 18 s and is similar in behaviour to the Clare water supply result referred to earlier.
 Figure 5.7 shows a time plot for this example, illustrating the pressure heads at the suction and delivery of the pipeline, and the field test results are also indicated.
 The placement of the pumping station was designed to optimise the water hammer consequences and apart from other conclusions (about the stop valve controlled stop), confirms the general design approach.
 " T — I — I — I — I — I — I — I — I — I — \ — I — \ — I — I — n 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69
 6t/2
 Fig. 5.7 One pump stop - time plot
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30 Water hammer: practical solutions
 5J Pump problems due to valve operations
 In another example the location of a booster pumping plant was optimum as it was within the middle third between source and demand, but water hammer produced damage along the pipeline due to the sequencing of the valve operations and pump controls. Several analyses using the data in Table 5.2 below are now illustrated.
 Table 5^ Booster system
 No. Length Pipe type
 1 2 3 4 5 6
 ON 2.0
 JPU 3
 X Y
 325.00 2846.00 1807.00 914.00 945.00 995.00
 HSTAT 265.00
 HPU 41.00
 ^
 350-n
 300-
 250-
 0.0 288.0
 1200.00 1200.00 1200.00 1200.00 1200.00 800.00
 Constant Y
 HC GD
 0.2430 0.2430 0.2430 0.2430 0.2430 0.3700
 JVALVE 1
 NR 288.00 10.000 1465
 1940.0 273.6
 3051.0 267.3
 "max
 0.0650 0.0650 0.0650 0.0650 0.0650 0.0650
 ACT Close
 ef 0.70
 4561.0 247.7
 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220
 tl 1
 LNS 1
 Cast
 A.C.
 t2 300
 NRV Y
 6390.0 237.1
 iron
 PS 0.0
 7731.0 249.6
 H 200 (m)
 150
 100-j
 50 J
 booster
 1 " T — I — I — I — I — I — I — I — I — I — I — I — I — I — n 7 10 131619 22 2528 3134 37 40 434649
 km x6
 Fig. 5.8 Booster stop
 The case of a pump stop due to power fail or normal switch-off leads to the water hammer that is shown on the longitudinal plot above and is of little consequence. The system, however, requires a float control at the downstream storage to prevent overtopping there, as is shown diagram-matically in Figure 5.9.
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Pilot line
 Closing rate adjustable \J
 m-
 An optimum pump location 31
 T.W.L. 265 m
 Float-operated pilot valve
 When the pilot valve opens, pressure relieved is on main valve which then opens
 fig. 5.9 Float control - downstream
 I i I I I I I I I 1 4 7 1013 1619 22 25 28 3134 37 40 43 46 49
 kmx6
 Fig. 5.10 Normal booster start
 400-1
 350-
 300-H 250-
 '" > 200-
 150-100-50-
 0-
 N.S.
 — 1 — 1 — 1 — 1 — 1 — p — T — r
 ' 'mix
 "min
 —1 1 — 1 — I — 1 — 1 — f — n 1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49
 kmx6
 Fig. 5.11 Valve close 300 df, pump stop at 300 dr
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32 Water hammer: practical solutions
 The time for the operation of the float control is important. In Figure 5.10 the start of the pump again does not provide extreme
 water hammer, but the downstream valve is fully open. The valve is now closed and sequencing and time of closure become the critical matters for analysis, starting with a closure of the valve in 41 s and the pump switched off at 41 s. The result as shown in Figure 5.11 is satisfactory.
 When the valve is closed in 13.5 s and the pump is switched off at 20 s the analysis yields the water hammer shown in Figure 5.12.
 -rn—I—I—I—I—I—I—I—r^—i—i—n 10 13 16 19 22 25 28 31 34 37 40 43 46 49
 km x6
 Fig. 5.12 Valve close 100 d/. pump stop 150d/
 The pressure against time is shown for the latter analysis up to 300dr = 41 s in Figure 5.13 and it can be seen that the pressure head of about 470 ~ 250 = 220 m would be excessive for the cast iron pipeline, 40 years old and able to withstand about 180 m. Rupture of the water column on the suction side may also be responsible for some damage reported there due to suspected untimely valve operations.
 500 450 400 H
 (m)250-] 200 J 150 H 100 J 50-]
 0 1
 n—I—I—r-17 33
 df = 0.1354 s n—r T— \—I—I—I—I—I—I—I—I—I—I—I—rn
 49 65 81 97 113 129 145 drx2
 Rg. 5.13 Time plots
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An optimum pump location 33
 The system controls clearly require the valve and pump operations to be carefully maintained as suggested by these analyses, and reliability would be a key issue to avoid damage. The pump location also is only one factor in the satisfactory minimisation of water hammer.
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6 The non-return valve (check valve)
 One of the most widely accepted valves for fluid control is the non-return valve, which is often at the pump delivery to prevent reverse flow, on a by-pass when a booster is installed, or is used as a means of water hammer protection by placing it at various locations along a pipeline where water column separation and rejoin is the concern (see Chapter 7).
 Significant contributions have been made by Thorley (1987), where the valve characteristics have been studied with a view to defining a boundary condition for computer coding and also to establish the *right' type to use in a particular installation. Provoost (1983) also presented results of the study of the dynamic characteristics of several types of these valves and noted the importance of the local reverse velocity and the deceleration of the liquid during closure.
 The analyst would need to have at his disposal considerable data to be able to define the valve performance which will also be dependent on the particular pipeline installation. There are additional means for assessing the decision process, perhaps less exact, but mainly in the simple notion of sensitivity testing.
 6.1 Delayed closing of non-return
 In Table 6.1 is the data for a simple pipeline with a favourable longitudinal profile (see Chapter 9) and the case of a power failure of the pump is considered. The assumption is that the non-return valve operates to prevent reverse flow, but in this study it is possible to specify a time delay to match when the combination of pipeline and pump inertia defines the moment of zero velocity (determined from a preliminary run).
 As indicated above, the benchmark time is set by omitting the nonreturn valve and determining the exact time of zero velocity at the pump.
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36 Water hammer: practical solutions
 Tible 6.1 Data for non-return valve study
 No.
 1 2 3 4
 ON 4.0
 JPU 4
 X Y
 Length
 420.00 100.00 200.00 660.00
 HSTAT 46.00
 HPU HC 58.00 0.00
 0.0 280.0 1.1 7.0
 System details C d
 950.00 950.00 950.00 950.00
 Constant Y
 GD 8.000
 520.0 2.5
 NR 3000
 0.2990 0.2990 0.2990 0.2990
 JVALVE 0
 ef 0.55
 720.0 13.0
 Q
 0.0740 0.0740 0.0740 0.0740
 LNS 1
 NRV Y
 1040.0 1117,0 35.7 38.0
 f
 0.0510 0.0510 0.0510 0.0510
 PS 0.0
 1240.0 41.2
 implying that the computer program is able to enter into the non-normal zones of pump operation (see Chapter 2). First, with non-return valve operation delayed by 0.789 s, the variation of the water hammer longitudinally is shown in Figure 6.1, the non-return having closed in 4.47 s.
 ~r 1 4
 1 I—I—I—I—I—I—I—I—I—r 10 16 22 28 34 40
 km/24
 T — I — r 46 52
 1
 58
 Fig, 6.1 Delayed non-return valve closure
 Figure 6.2 shows the result of two runs with the non-return acting at the times indicated as Dl = 0.789 s and D2 = 1.58 s with the head and velocity conditions at the pump providing the comparison.
 In Table 6.2 are the values of the maximum head at the pump with time of non-return closure corresponding to the above analyses. The return velocity at the moment of closure is also tabulated.
 The result might be regarded as a sensitivity study, as it shows the lati-tiude one has in the choice of non-return valve timing which may then assist in the selection process outlined by Thorley (1987).
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 Fig. 62 Pump stop, head and velocity. D ^ delay
 Table 6.2 Pump stop, non-return delay
 H maximum at pump (m)
 Normal non-return 79.6 Dl 0.789 s delay 90.1 D2 1.58 s delay 106.5
 Return velocity (m s"')
 0.0 0.105 0.307
 6.2 Non-return valve and associated air vessel effects
 As indicated by Thorley (1987), one of the most demanding situations for a non-return valve is in the association with the air-vessel protection of the pipeline, and it would be appropriate to illustrate again the sensitivity of the resulting water hammer to the time of valve action. The air vessel as a protection device is discussed in Chapter 22.
 Figure 6.3 shows the pipe layout and the required levels to define the behaviour of the air vessel, namely the level of the pipe centreline h-, the level of the top of the air vessl h^, and the data appearing in Table 6.3 below for a case reported by Triggs (1981), at Chandler Hill in South Australia.
 ^ *^^A
 Favourable profile
 Fig. 63 Pipeline with air vessel
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38 Water hammer: practical solutions
 Table 6J Chandler Hill data
 No.
 1 2 3 4 5 6
 ON 2.0
 JPU 6
 NAV 5
 X Y
 Length
 884.00 1457.00 3066.00 1802.00 1400.00 139.00
 HSTAT 487.00
 HPU HC 106.00 390.00
 VAV 5.00
 0.0 386.5
 AV 0.0710
 625.0 392.6
 C
 1087.00 1087.00 1087.00 1087.00 1087.00 1087.00
 Constant Y
 GD 20.000
 n 1.30
 NR 1450
 1539.0 2731.0 398.1 389.5
 d
 0.4550 0.4550 0.4550 0.4550 0.4550 0.4550
 JVALVE 0
 ef 0.80
 area 0.5900
 3901.0 410.3
 Q
 0.1408 0.1488 0.1488 0.1488 0.1488 0.1488
 LNS 1
 top (ht) 390.00
 NRV Y
 4901.0 5974.0 414.5 417.0
 f
 0.0150 0.0150 0.0150 0.0150 0.0150 0.0150
 PS 0.0
 6608.0 423.1
 The analytical result for a power failure of one pump is shown in Figure 6.4.
 The result of the computer analysis of the above data for a normal nonreturn valve action is compared with the field test results in Figure 6.5 below. The air vessel was connected to the system near the pumping station with a pierced reflux valve, that is, one that opens freely on down-surge but the return surge (valve closed) passes through a throttle in the valve. This is independent of the normal non-return valve at the delivery flange of the pump, and the condition studied was clearly for a power failure of the pump. It should be noted that the pump failure with no air vessel receives considerable assistance from the inertia of the plant, whereas, as found here, the greatest load is placed on the non-return valve following pump failure.
 H (m)
 600
 500
 400-j
 300 J
 200 H
 100
 0
 I / "min
 N.S.
 — I — I — I — I — I — I — I — i — I — I — I — \ — I — I — I
 1 9 17 25 33 41 49 57 65 73 81 89 97105 121
 km X 15
 Fig. M Longitudinal water hammer plot
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 515 m
 "H— \—I—r 181 241 301
 Seconds x 7.8
 df« 0.0639 8 1—r
 421 481
 Fig. 6^ Pump stop
 The analysis is repeated with a delayed non-return valve action at the pump and compared with the very comprehensive field tests that were conducted with different types of non-return valves which all had varying degrees of delay in their closing.
 The lesson to be learnt from this study however might seem contradictory. The faster closing non-return valves produced greater water hammer as shown in Table 6.4.
 Table 6.4 Comparative closure times, experimental
 Ttme of closure (seconds)
 0.38 0.62 0.79 0.81 0
 Maximum head (m)
 205 191 114 149 144
 The case shown in the table for zero time is for the computer analysis, which assumed perfect closure as the velocity reached zero. The differences are largely due to the type of non-return valve, showing that the slam properties of some are superior to others.
 It may perhaps be stated that the quality of the non-return valve, often directly proportional to the cost, is an important consideration in the control of water hammer, and the simulation of the system behaviour would need to take into consideration the fact that there may be uncertainty in the description of the exact timing of the non-return valve closure.
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7 Non-return valve as a protection method
 7.1 In-line protection
 Many factors effect the water hammer developed in a system. In the case of a pump failure, the seriousness is often related to the return velocity being arrested at the upstream end by the non-return valve at the pump flange. The thought is that if the full length of the water column can be reduced by strategically placed non-return valves along the pumping main then there will be less water hammer.
 In Table 7.1 is the data for a simple case where the longitudinal profile is such that separation of the water column is bound to occur on pump failure and the use of a non-return valve along the main line is analysed.
 The water hammer due to pump failure with and without the extra nonreturn valve (nr) is shown in Figure 7.1
 The water hammer barely exceeds the pressure head under steady state flow when the non-return valve is located as shown. Rupture of the water
 Table 7.1 Data for non-return valve study
 No.
 1 2 3 4
 ON 2.0
 JPU 4
 X Y
 Length
 420.00 100.00 200.00 660.00
 HSTAT 46.00
 HPU HC 58.00 0.00
 0.0 280.0 1.1 7.0
 C
 950.00 950.00 950.00 950.00
 Constant Y
 GD 5.000
 520.0 2.5
 NR 3000
 720.0 13.0
 d
 0.2990 0.2990 0.2990 0.2990
 JVALVE 0
 ef 0.55
 960.0 40.6
 Q
 0.0740 0.0740 0.0740 0.0740
 LNS 1
 1089.0 34.2
 NRV Y
 1200.0 36.8
 /
 0.0510 0.0510 0.0510 0.0510
 PS 0.0
 1380.0 44.9
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42 Water hammer: practical solutions
 B U -
 7 0 -
 6 0 -
 H 5 0 -(m) 4 0 -
 3 0 -
 2 0 -
 1 0 -
 u
 +nr
 1 1 1 1 M I T T T
 -nr
 nr
 / ^ N.S.
 1 i 1 1 M 1 1 1
 17^ "min
 M 1 M 1 1 1 1 1
 kmx20
 Fig. 7.1 Water hammer and non-return effect
 column still occurs, but the severity of rejoin has been reduced. The result, whilst seemingly of significant value, does require the non-return valve to be totally reliable, calling for constant checking and maintenance. If the integrity of the pipeline depends on the non-return valve performance, it must be of good quality and provided with isolating valves for removal and replacement. Further analysis is in order to check the effect of delayed closing, for example. This is referred to elsewhere.
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8 The complex system
 Defining a simple system as one with a main line and perhaps some branch connections with at the most a parallel pipe, then in this context the analysis of a complex system concerns a system of pipes with many branches, loops and components which offers the chance for the water hammer events to become distributed in many different directions. Examples are urban water supplies and fire protection of industrial plants.
 While this topic has received little discussion in the technical press, some (for example Almeida and Koelle, 1992), have adopted the notion of secondary and tertiary zones where water hammer is significantly dampened or completely dissipated, and economized the computer time and storage by defining a non-reflective boundary element.
 Such systems, having the ability to 'dissipate' water hammer effects, might suggest that extremes such as water column separation may not be significant, but there is still a need to know the extent of water hammer due to various events such as pump start, and to be able to define the operational requirements for the system.
 In such complex systems the worst conditions may occur when there is accidental isolation of parts so the water hammer is 'confined'. It is the skill of the analyst that then defines those conditions and the measures to be taken to combat the subsequent 'possible' water hammer.
 It is useful perhaps to structure the analysis so that there is first a customary steady state study, which is then followed by a water hammer analysis utilising the established data base in a proper manner. This should not be confused with the so-called 'dynamic' analysis programs which are not in any way related to water hammer as they merely introduce some time-dependent variation and do not include elastic effects.
 Some cases to be considered involve a small complex system, where some of the options are considered, and then a large complex network to show a typical result in industry.
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44 Water hammer: practical solutions
 The water hammer analysis of the complex systems presented here excludes water column separation, and protection methods are not considered. For simplicity, a constant wave speed has been used, the main objective being to suggest the importance of network management in continued operations for the life of the system. If there is an extreme mix of pipe types such as steel and plastic then two basic wave speeds may be chosen to allow for this.
 8.1 A small complex system
 As shown in Figure 8.1 the system has two reservoirs and a fixed demand. Because water hammer is very fast and the important events occur early in time, the fixed demand may be considered constant. As suggested above, the steady state analysis is first completed and then water hammer analysis is accomplished by adding the necessary wave speed and pump inertia information. The pipe and other elements are numbered in large bold and the nodes are in small numbering.
 The events that may be considered important to analyse are the case of pump start with all flows initialised to zero, except that the flow demand continues, which presumes it was switched on at the same time, and the case of power failure might be considered as well.
 In Table 8.1 the steady state flows in m s ' are shown and the 3D isometric in Figure 8.2 shows the system pressure heads that correspond.
 The pump stop results are depicted also in 3D isometric in Figures 8.3 and 8.4, where the maximum and minimum pressure heads respectively are shown up to a time of 50 d7 which equals 2.3 s. Note the heads are not hydraulic gradients as they occur at different times. A time plot of head and speed is shown in Figure 8.5.
 Fig. 8.1 Small complex system
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The complex system 45
 Table 8,1 Data and analytical results
 SI UNITS, VISCOSITY in rnVs' = 0.0000010 12 FLOW TOL = 0.00000 NO. ITERATIONS = 20 NCL = 12
 PIPE 1 2 3 4 5
 O(mVs) 0.09900 0.09890 0.07340 0.06440 0.06440
 L(m) 600.00 300.00 500.00 400.00 300.00
 D 0.400 0.150 0.600 0.300 0.300
 HWC 100.00000 100.00000 100.00000 100.00000 100.00000
 26.0 20.0 0.400 0.400 0.400 0.400 0.400
 100.00000 5.00000
 100.00000 100.00000 100.00000
 6 Reservoir elevation difference = 15.00 7 Reservoir elevation difference = 18.00 8 Pump curve, DQ = 0.030 H = 30.0 29.0 10 0.08990 90.00 12 0.09900 90.00 13 0.09000 90.00 14 0.00000 90.00 15 0.00000 90.00
 No. of Elements then elements with sign for all loops 4 2 1 12 3 3 -4 -5 -3 6 6 -14 6 5 -15 7 13 8 10 0 0 0
 Results of steady state analysis using simple Hardy Cross method Element 1 2 3 4 5 6 Flow 0.0452 0.0361 0.0815 0.0367 0.0471 0.0000 Element 9 10 11 12 13 14 Flow 0.0000 0.0925 0.0000 0.0452 0.0926 0.0812
 Series of Junction, element, Junction to define head paths 5 13 9 8 7 10 4 2 2 1 8 -15 11 0 5 13 9 8 7 10 4 2
 Pump element 8 with nodes 9 and 7 Node coordinates (x,y pairs)
 600.0 600.0 50.0 360.0 600.0 200.0 300.0 200.0 50.0 360.0 300.0 200.0 300.0 200.0 -50.0 -360.0 600.0 200.0
 Head at isometric plane = 115.000
 Water hammer data
 Nl -2.0 -4.0 -1.0 -3.0 -4.0
 -7.0 -8.0 -5.0 -6.0 -11.0
 N2 8.0 2.0 4.0 1.0 3.0
 4.0 1.0 9.0 2.0 3.0
 15 0
 4 0
 7 0.0900
 15 0.0838
 12 1 2 -14
 -12 0 C
 8 0.0925
 16 0.0000
 -4 3 6 0
 300.0 200.0 600.0 600.0
 0.0 0.0
 Co No 1000.0
 JALV 0
 . pumps 1
 heg 0.00
 Branch pipe 15 14 13
 NR 1450
 Ele 1 2 3 4 5 6 7 8 9
 1.00 bp 1.00
 HSTAT Minm pipe 150.0
 JPU 10
 Branch node 11 6 5
 2.0
 Head 35.00
 Head 135.0 50.0
 117.0
 ef HPU HC
 divn. Length Head 1000.0 15.0
 CD spec, speed Non return Time 0.70 35.00 117.00 100.00 1' 1 0
 Pump start/stop 1.0
 N 13 6
 11 8 6
 20 20 20 20
 nl -2 -4 -1 -3 -4 -6
 -11 -9 0
 n2 8 2 4 1 3
 11 5 7 0
 HI 150.0 150.0 150.0 150.0 150.0 150.0 150.0 117.0
 0.0
 QPU 0.070
 H2 150.0 150.0 150.0 150.0 150.0 150.0 117.0 150.0
 0.0
 Suction element 13
 Hnode 150.0 150.0 150.0 150.0 117.0 150.0 150.0 150.0 117.0
 (N must be not greater than 30) 0 0 0 0 0 0 0 0 0
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46 Water hammer: practical solutions
 10 2 -7 11 20 0 12 2 -^ 13 2 -5 14 2 -6 15 2 -11
 4 150.0 150.0 -1000.0 0 0.0 0.0 1 150.0 150.0 9 117.0 117.0 2 150.0 150.0 3 150.0 150.0
 50.0 0.0 0.0 0.0 0.0
 1 : speed maximum = 1.00 speed minimum = 0.86 2 : h maximum =
 Node 1 Hmax 169.69 Hmin 114.33 Node 9 Hmax 191.54 Hmin 57.18
 192.18 h minimum = 117.72
 2 3 4 155.47 150.00 192.18 145.62 129.05 117.72
 10 11 12 -1000.00 135.00 0 10000.00 135.00 0
 Delt t = 0.045 Increments = 50 Time = 2.3
 0 0
 5 117.00 117.00
 13 0 0
 6 160.00 150.00
 14 0 0
 7 205.86 117.00
 15 0 0
 8 170.03 115.75
 16 0 0
 The steady state head conditions are shown in Figure 8.2.
 150-
 m
 1 0 0 
 Base at 115 m
 Fig. 8.2 Steady state pressure heads
 2 0 0 - Base at 115 m
 1 5 0 -
 FTg. 8.3 Pump stop results (52dT, maximum heads, base 100 m)
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The complex system 47
 150- Baseat 115 m
 100 —
 Fig. 8.4 Minimum water hammer
 m
 200-
 180;
 160-
 140-
 120 ~
 Node 4:117.72 to 192.18
 . Normaliaed speed: 0.86 to 1.0
 1.0 Seconds
 .-1.0
 •0.8 speed
 2.0
 Fig. 8J Time plot of head at Node 4 and pump speed
 8.2 A large complex system - fire protection of an industrial plant
 The plan view of the plant is given in Figure 8.6 showing two pumping units which are used for fire protection of a section of the plant fitted with sprays above ground level, and fed by a maze of pipes which also provide water for hydrants in the event of fire. The pumps are at nodes 59 and 60. All the data for the system is detailed in Appendix 2.
 The spray section is isolated by Deluge valves which open very quickly, automatically, and allow water to pass through pipes leading to the spray system. The pipework may be kept at a constant pressure by a small 'jockey* pump, and as the Deluge valves open the pressure will fall somewhat as the pumps, which start automatically, come into operation. The purging of the dry spray lines is a factor in prescribing the boundary conditions for the analysis of the water hammer, and an example may be found in Hope and Papworth (1980).
 There are a number of conditions deserving analysis involving pump
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48 Water hammer: practical solutions
 1000
 m
 '" 1000
 Rg. 8.6 Large complex system. Nodes numbered with pumps at 59 and 60. Demand is at 43
 Start, such as the case of the sprays immediately able to discharge water at the prescribed fixed pressure and another is the introduction of a time delay (and a resistance) for the development of flow through the sprays due to the need to purge the spray lines of air. A simplified system with the graphical analysis serves to illustrate the basic problem.
 The time sequence for the start after the deluge valve opening is important. In the graphical analysis in Figure 8.7 it is shown how the fall in pressure due to the inadequacy of the jockey pump to sustain it, and the possibility of the flow being retarded due to the purging process, combine to suggest quite severe extremes. The example is for a very simplified system.
 The graphical analysis propagates along -h/- slopes according to the sign of the pipe velocity. Thus to find A^ the water hammer is initiated by propagating from known D (negative velocity direction and hence a positive slope) to A to intersect the pump curve, assumed at full speed immediately.
 In the start-up sequence, a fully closed valve at £>" would result in //", whereas a fall in the pressure as D opens but having a strong resistance to flow as air is being purged, could result in H' which is as though the valve at D' is still effectively closed but at a lower pressure.
 If the valve D is fully open and there are no complications, the maximum pressure head would be not greater than the shut-off head of the main pump.
 This illustration already suggests the extremes of water hammer that might be expected, but in our wisdom we use the computer to calculate
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The complex system 49
 Maintained at D by jockey pump - not shown
 Nozzle
 Fig* 8.7 Graphical analysis of a pump start-up
 the result, which also includes the effect of pipe friction. In the complex network other effects might produce greater extremes.
 83 A large complex system - fire protection of an industrial plant - the computer solution
 As in the small system the steady state flow analysis is first performed and then the data base is used for the transient analysis. In Table 8.3 are shown in m s" the steady state flows which are required to establish that the capacity to fight the fire is in place. Both pumps are in operation and in Figure 8.8 are shown the steady state pressure heads that correspond to these flows.
 1 0 0 -
 m
 Demand Base mat at 0.0 m
 Fig. 8.8 Steady state pressure heads
 • Pumps
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 Table 83 Steady state flows
 Element
 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
 Flow
 0.1723 0.0411 0.0270 0.0165
 -0.0626 -0.0223 -0.0120 -0.0120 -0.0120 0.1076 0.0957 0.0957 0.0957
 -O.0767 0.0051 0.1679
 -0.0042 -0.0042 -0.0074 -0.0074 -0.0223
 0.1479 0.0791 0.0031 0.0031
 -0.0297 -O.0266 -0.0266 -0.0266
 0.1702
 Element
 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
 Flow
 0.0638 0.0574 0.0209
 -0.0064 -0.0206 -0.0733 -0.0466 -0.0064 -0.0023 -0.0023 -0.0041 -0.0041 -0.0257 -O.0075 -0.0151 -0.0174 -0.0174 -0.0219
 0.0009 0.0211 0.0203 0.0205 0.0076 0.0043
 -0.0223 -0.0181 -0.0094
 0.0087 -0.0041 -0.0095
 Element
 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88
 Flow
 -0.0041 -0.0041
 0.0128 -O.0054 0.0074 0.0074 0.0074 0.0074
 -0.0054 0.0128 0.0128 0.0098 0.0098
 -0.0635 0.3123 0.2949 0.2203 0.0000 0.0000 0.0000 0.0000 0.1137 0.0000 0.0000 0.1723 0.1679 0.0000 0.0000
 100-
 0 -
 Flg. 8.9 Maximum pressure heads after pump start up
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The complex system 51
 This complex system involved a combination of steel pipes and plastic pipes and hence two wave speeds were used. A flag associated with the plastic pipes enabled the appropriate lower value to be selected for the water hammer analysis.
 In this analysis the purging of the spray lines is simulated by a valve opening in a prescribed time determined from experience and taking note of their characteristics. The extreme situation would correspond to a high resistance almost equivalent to a false start into a closed system.
 In an actual installation the start into a closed system should be protected against by interiocks on the pumping units unless it is specifically a design consideration.
 Figures 8.9 and 8.10 show the maximum and minimum pressure heads in the system after both pumps start, which may be compared with the steady state pressure heads in Figure 8.8. The analysis was performed for 401 dr which equals 16.6 s.
 In Table 8.4 the pressure heads at the nodes are tabulated, again noting as in the above figures that they do not correspond in time.
 100-
 m
 0 -
 Fig. 8.10 Minimum pressure heads after pump start up
 8.4 Offshore platform fire protection
 There may be special problems associated with an offshore platform when the situation shown diagrammatically in Figure 8.11 is examined. Specifically, the air in the riser of the fire pump is normally removed by a dump procedure. The system is also regularly tested with no demand.
 The pump may well be up to speed, developing enough head to overcome the jockey pump mains pressure, before the air is removed. Consequently air gets into the system and may accumulate as air locks. On subsequent pump start the air lock can allow the water to accelerate
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52 Water hammer: practical solutions
 Table 8.4 Water hammer heads
 Node H^ H^ Node //„ H^ Node //„ H^
 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
 124.39 124.80 124.60 125.11 124.90 125.75 127.71 129.58 131.73 132.34 133.34 131.26 130.69 130.46 129.88 132.06 130.20 129.23 129.33 129.90 131.46 129.93
 74.30 73.91 73.71 73.33 73.38 76.01 75.57 75.08 74.53 74.30 73.51 73.55 73.51 73.35 71.48 69.63 71.24 72.35 71.02 72.56 73.37 72.55
 23 24 25 26 27 28 29 30 31 32 ?>}> 34 35 36 37 38 39 40 41 42 43 44
 130.91 132.03 118.46 119.07 118.99 118.95 118.96 119.89 116.68 114.63 118.65 119.05 119.39 119.04 116.91 117.21 116.32 109.69 112.30 112.51 89.07 94.64
 72.26 74.22 73.04 74.74 73.51 74.34 74.03 76.76 77.68 78.33 75.16 75.11 74.37 74.57 75.45 75.61 76.29 79.63 78.69 78.76 82.67 80.55
 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64
 113.04 118.55 120.37 122.64 123.89 123.79 122.32 118.61 121.53 123.86 104.75 124.28 124.86 128.41 14.00 14.00
 126.48 125.03 14.63 15.03
 78.31 76.59 75.89 74.96 74.75 75.20 75.61 76.63 75.90 74.97 78.66 76.66 76.55 76.39 14.00 14.00 75.72 73.19 12.17 10.19
 -^•-^ Demand
 Air in riser
 I / r i '^
 Dump
 f
 Jockey pump
 'Fire pump below sea level
 Fig. 8.11 Offshore platform fire protection
 and then be arrested producing water hammer in excess of pumping into an air-free closed main. In this system, distances are relatively small and water hammer passes very quickly (a matter of only 0.1 to 0.3 s) so that the dump discharge is not helpful once air is in the pipework.
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The complex system 53
 8.5 Concluding remarks
 The complex system analysed above used a new algorithm to minimize the computer requirements and does not provide for water column separation, which is probably unlikely in a flat industrial pipework complex. In an urban situation there may be high points in the land profile which would require some more sophisticated programming.
 The aspects which deserve special attention are the following :
 • The dissipation of water hammer into *non-reflecting' areas is countered by the possibility of resonance as surges meet on branching lines.
 • Dead ends have serious consequences, as demonstrated elsewhere.
 • The possibility of sections being isolated with valves, leaving fewer main lines, would probably be capable of the worst water hammer as a 'reduced' system and would need the counsel of experts, as indeed in most water hammer studies.
 • Due to the difficulty of 'verifying' the solution of complex networks, testing of smaller known solutions using the computer packages is mandatory.
 • In most systems the presence of unpurged air can produce serious water hammer.

Page 67
                        

This Page Intentionally Left Blank

Page 68
                        

9 The separation problem
 The deveiopment of water column separation is one of the continuing major problems in water hammer and has been the focus of many studies, perhaps the most lasting being the Round Tables, the final being staged in Valencia in 1991, having been sponsored by a working group of the International Association for Hydraulic Research for 20 years.
 Being of such importance it will be pursued for some time with other international meetings, the only problem being that some of those coming freshly on the scene may be unaware of the many interesting facets of this topic that have been the subject of research for as long as indicated above as well as with other sponsorships and institutions.
 The most fundamental approach might be to look at the basic mechanics of the growth and collapse of a single cavity, as for example in Sharp (1966,1977,1992a). But much of the early work looked at the practical importance of the occurrence and size of cavities following low pressures after pump power failure in a pipeline (Due (1965)), or a valve closure such as Baltzer (1967) and Safwat (1972).
 Whilst much of the present research is devoted to numerically modelling the separation problem, there remains the profoundly difficult situation of knowing at any instant in a pipeline, the amount of air present, the *as laid' pipeline configuration and the specific boundary conditions just prior to the event which subsequently leads to these adverse effects. Even in carefully controlled laboratory experiments such as those by Simpson and Bergant (1992), the ability to measure exactly the very fast transients, suggesting high pressures, and the parallel numerical modelling, with the suspicion of numerical instability as an added problem, indicate the difficulty of eventual translation to the field solution.
 In the fundamental studies of single cavities it has yet to be confirmed by the practitioners in the field that there are indeed various types, and so most discrete cavity models assume a cavity occurs whenever the
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56 Water hammer: practical solutions
 pressure head falls to vapour pressure levels at the defined nodes and then keep track of the growth and collapse by simple continuity conditions with or without making some allowance for air released in the process. There are more complex modelling methods which assume distributed or gaseous phases and these may lead to an effective wave speed related to the amount (?) of air or gas present. The question mark is meant to indicate that we would seldom, if even be in a position to know the air content in a field situation.
 Perhaps one of the most interesting aspects of the separation problem has been the observed value of a pressure head greater than the so-called Joukowsky value after a valve operation, and measured by Martin (1983). This phenomenon is not unheard of, and it is easily shown using the graphical method why it may happen and in Sharp (1981), which devotes some space to the graphical method, this is illustrated, as well as some other suggested features of the separation problem.
 In Figure 9.1, in a horizontal pipeline and ignoring friction, the closure of the valve produces first, the Joukowsky value, and then after the separation at the valve there is a rejoin which occurs at a time of 6.5L/C^ s, which, not being at an exact multiple of 2ZyC , means that there is a following further wave effect giving a pressure head much greater at 8ZyC .
 Taking this case further, cavities develop at p and q. each about L/4 from the ends of the pipe which is of length L, due to the interaction of pressure waves along the pipe which attempt to lower it below vapour pressure. We are discussing the situation without friction, but the basic idea and existence of such cavities is not altered by friction. Additional cavities because of the reality of friction are discussed by Sharp (1981), these arising before those such as at p and q and particularly relevant to laboratory studies where a single pipe slope is critical.
 Volume
 ^3.25 ^2 AQS A^ AQ
 Fig. 9.1 Valve closure and column separation
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The separation problem 57
 9.1 The computer solution for a simplied separation problem is now illustrated
 Computer programs that purport to handle the separation phase should be able to reproduce the events readily established by the graphical method, and such a solution is shown below for the required data tabulated in Table 9.1. The head and velocity at the downstream end for the instantaneous closure versus time are shown graphically in Figure 9.2, again without friction and for a horizontal pipeline. The solution caters for separation only at the downstream end. The special cavities of the second kind that arise because of the reality of friction are not considered. Figure 9.3 shows head conditions longitudinally.
 Sharp (1981) should be consulted for some further observations about the occurrence of other cavities, the existence of which would in practical situations depend on friction, and hence the attenuation that occurs. Boundary conditions such as the valve dynamic characteristics and reflections from the remote end, all affect the type and amount of separation.
 T—r 1 19
 h1.0 v'A
 - | — I — I — I — I — I — I — I — I — I — I — I — I — I 37 55 73 91 109 127 145
 dt/2
 Fig. 9.2 Pressure head and velocity at A
 (m)
 160
 140
 120
 100
 80-» ¥ 60 40 20 0
 N.S.
 rT
 7 I I M I I I I I I I I I I I I I I I I I I I I i
 12 3 4 5 6 7 8910 12 14 16 18 20 22 24 26 km/64
 Fig. 9J Longitudinal heads
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58 Water hammer: practical solutions
 Table 9.1 Data for separation example
 No.
 1 2 3 4
 ON 2.0
 X Y
 Length
 800.00 340.00 340.00 120.00
 HSTAT 70.00
 0.0 60.0
 C
 350.00 350.00 350.00 350.00
 Constant Y
 170.0 60.0
 d
 0.1470 0.1470 0.1470 0.1470
 JVALVE 1
 460.0 60.0
 ACT Close
 Q
 0.0250 0.0250 0.0250 0.0250
 tl 1
 800.0 60.0
 /
 0.0000 0.0000 0.0000 0.0000
 t2 10
 1600.0 60.0
 If we were to continue to model the phenomenon with discrete cavities at defined nodes then we would, in the above case, expect eventually to place a cavity at every node along the horizontal pipe, their life depending on the reflection times and history of the waves as they pass back and forth.
 The situation rapidly gets out of hand and the salvation is that in a practical field problem we would have one or more quite specific high points along the pipeline profile which would render the cavity location easily determined.
 Not only does the separation problem suggest rather more severe water hammer with cavity rejoin but also there have been many cases of noise disturbance which makes conditions intolerable in the vicinity. It has also been observed that very bubbly separation may mean less water hammer.
 A proper analysis requires the extent of such separation to be identified and then perhaps a conservative approach may be used to prevent its occurrence. The decisions are best left to an experienced person although there are increasing signs of 'building in' many suspect assumptions about the separation problem into computer programs.
 It will be shown that separation is very often present in a pipeline following pump power failure but at locations where the severity is small and may be neglected. A computer program may place undue emphasis on these unimportant situations.
 One of the important long recognised features of the longitudinal pipeline profile is the *knee' which induces severe separation near the upstream end where the pump is situated.
 In Figure 9.4 are shown two extreme profiles which may be regarded as favourable and unfavourable.
 It will be shown that water column separation can occur in both types of profile and for these solutions, computer programming will be used with the separation modelled using discrete cavities.
 The case of a favourable profile has been presented in Chapter 2 and there it is shown that rupture may well occur very near the downstream end of a simple pipe system when there is a power failure with a pump, for example, but due to reflections it does not exist long enough to con-
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The separation problem 59
 Unfavourable 'knee'
 Favourable
 A
 Fig. 9.4 Extreme profile types
 stitute a significant problem. Separation, however, must be modelled to account for other matters of concern. While there is air coming out of solution and extensive separation, there is always the likelihood of undesirable effects developing when a pumping plant has been restarted .
 Generally however, the concave (looking from above) pipeline profile is regarded as highly favourable. One must be careful of generalisations (always) in water hammer but it is better to have some view of the desirable features of a system layout when at the preliminary planning stage. When the basic system configuration is developed there may be much to be gained in reducing water hammer and compensating in some cases for the lack of precision which is still associated with some of the analysis of dynamic effects.
 An example of an unfavourable profile is now considered. The data incorporated in Table 9.2 is for a profile that is unfavourable,
 but it is a sewage system pipeline with low pressures and in this case it does not lead to severe pressures which might cause damage.
 Table 9.2 Data for sewage pipeline
 No.
 1 2 3 4
 ON 2.0
 JPU 4
 X Y
 Length
 800.00 340.00 340.00 120.00
 HSTAT 40.00
 HPU HC 55.00 2.00
 0.0 4.0
 C
 350.00 350.00 350.00 350.00
 Constant Y
 GD 1.000
 170.0 10.0
 NR 1460
 d
 0.1470 0.1470 0.1470 0.1470
 JVALVE 0
 ef 0.60
 460.0 34.0
 Q
 0.0250 0.0250 0.0250 0.0250
 LNS 1
 800.0 22.0
 NRV Y
 f 0.0140 0.0140 0.0140 0.0140
 PS 0.0
 1600.0 38.0
 In Figure 9.5 the *knee' is very pronounced and water column separation may occur both on the upward and downward sections of the pipeline. However the water column separation is somewhat localised in this case and well suited to discrete cavity simulation.
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 I I I I I i I I I I I I I I I I I I I I I I I I I 1 2 3 4 5 6 7 8 910 12 14 16 18 20 22 24 26
 km/64
 Fig. 9.5 Sewage pump stop
 In Figure 9.6, the time plots show the sharp pressure heads characteristic of column rejoin. Cases considered elsewhere also provide further examples of water column separation.
 70
 60
 50
 H 40 (m)
 30
 20
 10
 0
 'pump
 df = 0.1714s 1 1 1 1 T"
 1 5 9 13 17 2125 29 33 37 4145 49 53 57 6165 69 73 dr/2
 Fig. 9.6 Time plots, sewage pump stop
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10 The non-elastic conduit
 10.1 Water hammer in a plastic pipe
 This would seem a misnomer when applied to water hammer since the phenomenon is a wave activity where the wave speed is the result of the combination of the elasticity of the conduit and the compressibility of the liquid.
 Here the object is to discuss to a small degree the problem of conduit material that behaves non-elastically, such as plastic pipes.
 The notion is that, as the conduit material is strained there is loss of strain energy associated with it being non-elastic, which means that there is change of diameter (and Poisson effects). This occurs even while there is substantially constant stress on the material.
 There is one special situation where the change in strain can be measured whilst under constant stress, and that is when the pressure (under transients), is constant. When the pressure head in the conduit has fallen to a vacuum, the system locally is under constant stress and as shown by Sharp and Theng (1987), by placing strain gauges circumferentially around the pipe, the strain can be observed simultaneously with pressure stress in the liquid. This condition, that of a vacuum, is very clearly defined, it also removes the effect of normal friction attenuation.
 The experiment required water column rupture to be developed in the horizontal pipeline in the laboratory, but only just so, and the recorded event is shown in Figure 10.1.
 The base line of a vacuum, defined by pressure, is clearly shown and the strain measurements also follow the same shape of the pressure except at the vacuum level.
 Water hammer in plastic pipes is characterised by much greater attenuation of the water hammer than can be explained by friction. Of course friction itself, as the normal attenuation influence in dynamic pipe flow, is
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62 Water hammer: practical solutions
 Seconds
 Fig. 10.1 Pressure and strain under a vacuum
 a very complex matter, and for this case study will be simplified (as is often the case) by the steady state friction assumption.
 The text largely omits consideration of the fundamental equations of water hammer, which may be found elsewhere, but the intriguing aspect of non-elastic behaviour raises the question of how time-dependent factors can be simply introduced to explain what might be called a 'creep' phenomenon.
 In simple terms, the differential equation stating the conservation of mass includes a term for the variation of the area of the conduit, which is modified as shown below:
 \IA dAldt=\l(eE) . d(pD)/dt (10.1)
 Here the area (A) variation with time is a function of the pipe wall thickness e, and the quasi-constant elastic modulus £, during the transient, whereas the diameter D as well as pressure are dynamically varying. Simple water hammer theory normally takes D as an average constant value with p the pressure varying with time.
 There is thus an added term shown below in the conservation of mass equation:
 p h/ieE) Q2 dD/dt (10.2)
 where p is the liquid density. It is shown by Sharp and Theng that this term becomes
 Strain rate/(l + 1/a ) v dr (10.3)
 where a is DKI{eE) and v is the local velocity in the equations used in the computation.
 The strain rate is found from the strain recording shown in Figure 10.1,
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The non-elastic conduit 63
 and a typical value is 0.00016 s', for the 43 mm diameter UPVC pipe in use. The pipeline Was only 26.7 m in length and thus friction was negligible in comparison.
 A comparison with work by Verhoefen (1985), where the attenuation in a pipeline of length 323 m was studied, showed that the additional term did not greatly distort the solution when friction was much more important than the *creep' effect.
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11 The high point
 ILl Difficult longitudinal profiles
 Some of the difficulties in hydraulics systems arise because of the unfortunate nature of the longitudinal profile, which may lead a less experienced engineer designer into proposing conditions which are poor from the point of view of basic hydraulic design.
 One such situation is a system which allows one or more high points as shown in Figure 11.1. Also shown is the steady state hydraulic gradient when pumping as well as the no flow level.
 When pumping takes place the pipeline is under positive pressure head everywhere, but under no flow (static head), conditions are such that a negative pressure exists at one or more high points.
 H (m)
 70-1
 60-
 40-
 30-
 20-
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 0-
 A
 \ — 1
 1 3
 PM^ ..•,.,. .
 A ^/
 r Valve
 f 1 1 M M 1 1 1 1 1 1 1 1 1 1 " " 5 7 9 11 13 15 17 19
 km X 15
 i 1 1 1 1 1 i 1 1 1 1 1
 21 23 25 27 29 31
 Fig. 11.1 The high point
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66 Water hammer: practical solutions
 Considering only steady state analysis, it is simplistic to say that automatic air valves at E and F, for example, which allow air to be admitted to prevent a vacuum and allow air to be released under pressure, are adequate provisions for a satisfactory operational system.
 Such is not the case because of several reasons.
 • Purging of the air is normally a time consuming and uncertain process which may take hours to be effective.
 • Air locks may be sufficiently sustantial so that the transients on initiating flow *see' an air cushion which causes premature wave reflection and is almost equivalent to acting against a closed valve.
 • The power failure of a pump, producing water column separation, leads to vapour cavity formation, which does not necessarily occur exactly at the high point. The installed anti-vacuum valve is not guaranteed in its performance and also may not be well placed for the subsequent removal of air that comes out of solution.
 When the need for transient analysis is given equal footing with steady state analysis, the desirability of ascertaining the result of water hammer associated with the system would lead to the exposure of a number of important conclusions in such cases.
 Thus, in the case of a power failure of a pump, a water hammer analysis, is in effect, only valid between A and E , since there is no return positive pressure available from D and water would continue to flow away from E. Any computer package that suggests anything but gravity flow from E would be suspect.
 Curiously enough, the high point in such a case may result in less water hammer excesses due to the water column separation, or air admission at the high points.
 The system was re-appraised after an initial analysis and led to the installation of a different class of pipe for the pipeline downstream of the high point at £. The data for the case study is included in Table 11.1.
 I i~T n I I I I r~j r~T • i • i > i • • • i r i > i i i 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31
 N.S. I i I I I I I I I I I I I I I
 km X 15
 Fig. 11.2 The high point - pump failure
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 Table 11.1 Case study data
 No.
 1 2 3 4 5 6
 ON 2.0
 JPU 6
 PRV 4
 X Y
 Length
 121.00 418.00 408.00 120.00 260.00 698.00
 HSTAT 49.40
 HPU HC 69.00 -2.00
 VAV AV 0.1000
 0.0 823.0 2.3 31.5
 C
 450.00 450.00 450.00 450.00
 1300.00 1300.00
 Constant Y
 GD 20.000
 n 1.00
 d
 0.2790 0.2790 0.2790 0.2790 0.3050 0.3050
 JVALVE ACT 3 Close
 NR 1450
 area
 1105.0 38.8
 ef 0.70
 top 70.00 (P.R.
 1329.0 25.5
 Q
 0.1133 0.1133 0.1133 0.1133 0.1133 0.1133
 tl 200
 LNS NRV 1 Y
 V. opens)
 1526,0 42.3
 /
 0.0153 0.0153 0.0153 0.0153 0.0153 0.0153
 t2 300
 PS 0.0
 1973.0 43.4
 In Figure 11.2 is the computer solution, for the power fail of a pump, for this system which included the pressure reducing valve (RR.V.) as shown in Rgure IM
 1L2 Allowing an air release
 Because of the problems of an adequate simulation of the pump start case, a conservative answer is shown in Figure 11.3, where it was assumed that there was a slow release of the air from the high point near E provided
 I I M I I I I I I I I I I I I I M I I I I I I I M 5 7 9 11 13 15 17 19 21 23 25 27 29 31
 km X 15
 Fig. 11.3 Water hammer on start of pump
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68 Water hammer: practical solutions
 by the opening of a valve in an arbitrarily chosen time (an educated guess), together with a P.R.V. at F.
 The water hammer maximum is of the order of 85 m (less N.S. level) but if the P.R.V. is omitted then the water hammer on start is nearly 130 m.
 Further steps could be taken to reduce the water hammer by the setting on the P.R.V. and by the introduction of other measures, but the case study shows some of the problems associated with a high point in the system.
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12 Fire protection
 12.1 Evidence of a probable failure
 The use of water for fire protection is widespread and requires priority consideration in the safety of buildings for public use and industrial sites.
 There is a general conception that the provision of the water supply and its distribution outlets via hydrants and sprays is basically a hydraulic (steady flow demand) design problem and seemingly such matters can be left in the hands of a competent technical designer, perhaps a skilled plumber. The advent of computer packages that seem to be 'intelligent' enough to serve the purpose, seems therefore to satisfy the industry.
 However, given that the application of significant volumes of water is only required when the fire takes place and that as a 'mechanical' service it is desirably tucked away out of sight to lessen the architectural impact, it is not surprising that often one finds the following types of report.
 • Prior to the official opening of the complex, the testing of the mechanical services (for fire) led to water damage, and despite minor delays the timetable for opening has been achieved.
 • Following the decision to conduct a long overdue check of the fire service, and finding a poor or little availability of water, disconnection of the service revealed pipes full of sand.
 • Initial testing of the industrial fire service resulted in the bursting of a pipe section and narrowly avoided human injury.
 • Commissioning of the fire service (in the absence of qualified engineers), led to considerable damage of pipe sections following initial pump start into closed systems.
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70 Water hammer: practical solutions
 In many of these cases the hydraulic design has calmly neglected the absolute necessity of the appropriately qualified professional to analyse not only steady state requirements but also the implications of unsteady flow. In the case of fire protection, the public at large are at risk and hence there is a need for proper design and complete supervision at the commissioning stage and the necessity for consideration of the long implications of the protection.
 In many hydraulic problems the water demand is regular or constant, whereas in the case of fire protection the demand may never occur, but when it does it must be right. This means the design concepts require consideration of additional factors and the importance of different regulatory bodies.
 12.2 General features
 The components of a fire protection system are:
 1. the water supply source, which may be direct from the water mains, or via holding storage;
 2. the basic reticulation which may require a pump to boost the pressure;
 3. the application device in the form of hydrants for hose connection or sprays via valves or special release methods;
 4. the basic management of the system with provision for maintenance tests and checks.
 In the case of (1) a demarcation problem may arise where the responsibilities of the external water supplier and the internal user have to be defined. It is not often appreciated that the development of water hammer internally, or externally must pass across these demarcation boundaries.
 A case will be shown where the addition of boosters to improve the fire service internally transformed the gravity main supply into a pumping main with subsequent damage to the external supply.
 Finally, it is somewhat notorious that industrial fire requirements may demand 'instant' water for fire protection, which is the most severe condition leading to water hammer, whereas some analysis and careful thought would show that a few seconds delay would allow the service to be as effective and significantly lessen the water hammer implications.
 12.3 Power station fire water supply
 Figure 12.1 shows the plan and longitudinal section of the water supply to a large thermal power electricity generating complex, where a burst
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 Reservoir 0.91 m
 1.07 m
 0.68 m
 0.76 m 1 ^
 0.61m
 1
 ^ 0.68 m
 0.68 m Power station
 B 114.3 m
 82.3 m
 0.0 1.83 0.45
 1.97 km
 4.75 7.27
 Fig. 12.1 Plan and longitudinal section of water supply mains
 main as reported by Sharp and Coulson (1968) was associated with the commissioning of new large fire pumps at the power station.
 A buried reinforced concrete pipe (0.76 m dia.) near C burst as workmen were driving past it and created serious problems, not the least because a coal-fired station requires large quantities of good quality water for the lubrication of the steam turbines. In this instance however the mains also served the fire protection network within the power-station. The pipelines from B to £ were essentially designed as gravity mains, expecting any water hammer would be a function of valve operations. But newly installed fire booster pumps near E at the power station clearly converted these pipes into parts of a pumping system, subject to the effects of pump start and stop.
 The analysis at that time was graphical and made several simplifications of the pipe network, which was largely modelled as a parallel pipe system with a cross over at C.
 1—I—I— \—I—I—I—I—I—I—I—I—I—I—I—I 1 9 17 25 33 41 49 57 65 73 81 89 97105 121
 km/6
 Fig. 12J Longitudinal plot of water hammer
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72 Water hammer: practical solutions
 Table 12.1 Data for power station supply
 No.
 1 2 3 4 5 6 7 8 9
 ON 2.0
 JPU 1
 X Y
 Length
 140.00 2525.00 2777.00
 140.00 1832.00 670.00 670.00 700.00 700.00
 HSTAT 151.00
 HPU HC 50.00 114.00
 0.0 110.0
 510.5 79.2
 C
 1000.00 830.00 830.00 830.00 830.00 850.00 850.00 850.00 850.00
 Constant Y
 GD NR 40.000 145f
 1831.5 94.5
 d
 0.7620 0.7620 0.7620 0.7620 0.7620 0.6100 0.6100 0.6860 0.6860
 J VALVE 0
 ef ) 0.85
 972.0 4749.0 106.7 91.4
 Q
 0.6300 0.6300 0.3800 0.6300 0.6300
 -0.2500 -0.2500
 0.2500 0.2500
 LNS NRV I Y
 7274.0 82.3
 /
 0.0200 0.0200 0.0200 0.0200 0.0150 0.0200 0.0200 0.0200 0.0200
 PS 0.0
 7414.0 85.0
 The computer analysis of the system uses the data included in Table 12.1.
 In Figure 12.2 the water hammer shows that rupture of the water column is associated with the power fail of the fire pumps and possibly the rejoin near C was responsible for the burst.The start of the pumps also develops water column separation, as the analytical results in Figure 12.3 show.
 The security of a large power station was involved and with the recognition that the pipes were not designed as gravity mains the problems were resolved by installing large standpipes near the power station upstream of E.
 12.4 Other cases
 The question of fire protection arises in other situations such as tall buildings and in complex fire mains for industrial sites such as oil refineries, and these cases are treated in those chapters.
 180-1
 127
 Fig. 123 Fire pumps start
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13 The plumbing problem
 13.1 Example 1
 Even the sanctity of the toilet may be disturbed by water hammer! In Figure 13.1 is shown a multistorey installation with toilet blocks on several floors. The water supply to each toilet is via spring loaded ball valves all connected to the same pressure source.
 When occupants on the top floor refused to use the toilets because of splashing a very spirited enquiry was launched.
 Apparently the operation of the toilet flushing lever at level X led to the discomfort at K
 In order to rectify the matter the suggestion was made to throttle back the pressure supply to the top levels. However, this did not solve the basic problem.
 Water _ ^ supply
 Floor
 Fig. 13.1 Multistorey toilet installation
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74 Water hammer: practical solutions
 The explanation lies in the fact that the ball valves separate the internal positive water pressure from the external atmospheric air pressure, that is a higher pressure than the outside air. When the pressure internally is lowered to less than atmospheric pressure the valves open and cause a flush unexpectedly. The event that led to the lower pressure was water hammer related, because the activation of the flush at the lower floor level, a sudden valve opening, produced dynamic low pressures at the upper level.
 The solution is to raise the pressure throughout by a throttle at the lowest level, thus ensuring that the fall in pressure at the upper levels would never become less than atmospheric pressure as a consequence of the sudden pressure changes due to water hammer.
 Finally it must be observed that the ^convenient' automatic ball valves, like all other similar actions of valves at hand basins are an MdeaP way of producing water hammer with its associated noise and other disagreeable effects in modern plumbing practice.
 13.2 A tall multistorey building water supply
 Large cities are distinguished by tall multistorey buildings. The water supply for these structures is generally inadequate to ensure a good positive pressure at the upper levels. Hence the need for a boosting of the pressure not just for domestic purposes, but most importantly for the fire mains, sprinklers and hydrants, essential components for fire protection.
 There are a number of different standards and ways of providing for the required pressure, including storage tanks which provide a gravity supply to floors some distance below, with possibly the highest floors requiring some special provisions.
 Experience has shown that there is a fundamental problem of installing the system, then testing it and finally ensuring that the system integrity is at all times readily able to be easily checked. It is a fact that the majority of fire protection systems as well as the domestic supply pipes are ultimately removed from view, sometimes barely accessible, mainly for aesthetic reasons.
 It is too common a practice to install, test and then hide the supply pipes from view, thus rendering the ability to service and check so difficult as to be left in the *too hard' basket. There have been many occasions when shortly before official openings, tests have revealed leaks and 'minor' flooding which are repaired quickly, so as to minimise disruption to timetables, without comprehending that there may be significantly larger problems not exposed. Unfortunately the ultimate test in the case of a fire service is to drench the building with, of course, extensive water damage as the result.
 There has yet to be demonstrated a good system of checking the integrity of fire systems in action, when there will always be the possibility
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The plumbing problem 75
 of water hammer due to sudden valve operation or effects due to pumps starting or stopping, without being a nuisance to the building in use.
 Even the domestic plumbing may expose problems due to pump operation as was reported by Sharp (1983) where there was a need to filter the incoming water from the water supply authority as it seemed that various fittings were being clogged up by impurities. Some aspects will be considered by taking an example similar to that reported above, which involved 38 storeys in height as simulated in Figure 13.2 and where there are two alternative methods for the water supply involving water filtering. In one case the system is connected to the major supply source and in the other there is a physical separation by a large internal water storage. In the former case the storage was also present but involved as a back-up supply and a separate pump. The differences in the two cases lead to vastly different water hammer consequences.
 TT TT TT TT
 Sand , filter
 Main ^ supply
 TT Sand filter
 TT • ^ = 1
 TT T T T T "TT
 B^ j*^^M Main supply
 Storage
 Fig. 13J Multistorey fire service
 The illustration shows sprinklers, whereas in domestic use they would supply basin fittings. The system might also involve a header tank at D separating the supply to those fittings. In general terms the length L, is reasonably important, and assuming it is significant, it adds to the 'distance' that water hammer recognises on the suction side of the pump (in the first case) thus requiring the analysis to provide for this. In the second case there is negligible suction main, thus forcing all the water hammer onto the delivery side of the pump.
 The data for the first case is included in Table 13.1, taking D as a delivery tank at level 152 m. The water hammer in the first case is shown in Figure 13.3. The pressure head on the delivery side rose to about 181 m after a pump start. The matter which caused concern, however, was the pressure head on the suction side which fell to a vacuum and this resulted in the graded sand of the filter media, boiling, disrupting its function and in fact leading to the transfer of material into the pumping main.
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76 Water hammer: practical solutions
 Table 13.1 Data for pump start with filter
 No.
 1 2 3 4
 ON 4.0
 JPU 2
 X Y
 H (m)
 Length C
 75.00 75.00 50.00
 100.00 1
 950.00 950.00 950.00 050.00
 HSTAT Constant 152.00 Y
 HPU HC 140.00 33.00
 180n 160-140-120-100-80-60-40-20-
 0-
 -20-
 0.0 0.0
 •'max
 Sand filter . ^^^ and pump
 1 1 1 1 1 1 1 I r S L 1 3 5 7 9 1
 GD 1.000
 100.0 3.0
 1 "min
 1 1 1 1 1 1 M3 15 17
 d
 0.1000 0.1000 0.0660 0.0800
 JVALVE 0
 NR 3000
 1 1 1 1 1 19 21 23
 ef 0.55
 200.0 3.0
 1 1 1 25
 Q
 0.0150 0.0150 0.0150 0.0150
 LNS 1
 /
 0.0250 0.0250 0.0550 0.0250
 NRV PS Y 1.0
 300.0 3.0
 m/10
 Rg. 13.3 Case 1, water hammer due to pump start
 The water hammer shocks transmitted into the piping were also a nuisance, but not as much as the damage sustained by the filter system. Filter material caused the non-return valve at the pump to malfunction which produced excessive pressures on the filter tank as well. Clearly the installation required considerable modification and the alternative was turned to, using the clear water storage in place in the basement of the building.
 The data for this case is included in Table 13.2 and requires little suction main (ignored). The water hammer this time due to pump start is about the same as before. However, now the water hammer due to pump stop was worse, about 216 m at the pump, and produced far greater noise in the building and left the occupants less than satisfied with the changes. The time plot at one point is shown in Figure 13.4. Ultimately, a servo-controlled valve at the pump delivery was used to regulate the pump start and normal stop so as to lessen water hammer effects.
 It must be said that the lack of a full dynamic study of the original proposals contributed to a lingering problem which was not easily rectified to everyone's satisfaction.
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 Table 13.2 Data, pump stop, no filter coupled to pump
 No.
 1 2 3 4
 ON 4.0
 JPU 4
 X Y
 H (m)
 Length
 37.50 37.50 37.50 37.50
 HSTAT 152.00
 HPU HC 150.00 9.00
 0.0 0.0
 250-1
 200-
 150-
 100-
 50-
 0 -' —1—r~T—v 1 4 7 10 13
 C
 950.00 950.00 950.00 950.00
 Constant V
 GD 1.000
 100.0 0.0
 d
 0.1000 0.1000 0.1000 0.1000
 JVALVE 0
 Q
 0.0150 0.O15O 0.0150 0.0150
 NR ef LNS 3000 0.55 1
 150.0 0.0
 "pump /'^^w
 "1—1—1—1—1 16 19 22 25 2
 —1—1—1—1—1—1—rn B 31 34 37 40 43 46 49
 NRV Y
 f
 0.0250 0.0250 0.0250 0.0250
 PS 0.0
 Seconds x 50
 Fig. 13.4 Case 2, water hammer due to pump stop
 In the case of the fire protection system, the use of a pump to directly supply the sprinklers with added pressure usually involves the philosophy of a rapid start on demand from some heat sensor, as quickly as possible. Considering how quickly water hammer can be propagated into and through a system this notion must be questioned. The idea that a response in say less than one or two seconds is imperative rather than two to five times that value is a very important consideration in terms of the ultimate water hammer that can be produced. Added to this is the point already made that the ability to test a fire protection system after many years of inaction is still a major problem.
 133 General comment
 The plumbing problems here have indicated two examples of the dynamic problems associated with the water hammer in internal pipework in buildings, most of the design of which has been left in the hands of competent architects and perhaps to plumbers whose skills are in ^domestic' require-
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78 Water hammer: practical solutions
 ments for ablutionary and toilet needs. This also extends to the water mains for fire services, sprinklers and hydrants.
 Some of the simpler design needs of buildings have been well served by this arrangement but now the move to larger systems, and bigger buildings, has stressed the need for qualified engineers with the analytical ability necessary in the design of more complex systems to look at the risk factors.
 There is still a misconception that the basic requirement for hydraulic systems is the calculation of the steady state flows and associated head losses. Even here, if there is more than the calculation of the hydraulic losses for a single pipeline discharge to a sprinkler, the engineering skills far exceed those specified for a *plumber\
 The effects of water hammer cannot be underestimated, any more than the design of a building can neglect the provision for dynamic wind loads, earthquake dynamics or other unsteady loading factors. Elsewhere the complexity of analysis of complex systems is discussed where the thought is expressed that the professional engineer is the custodian of the standards for human safety and well-being in the area of hydraulic design as well as other engineering fields and care must be exercised that such responsibilities are not eroded.

Page 92
                        

14 Structural Interaction (and examples of pulsatile flow)
 14.1 Structural motions due to water hammer
 The structural interaction of the pipework and its supports is an important consideration for several reasons.
 • The establishment of a research facility which is sensitive to small errors in alignment can become a problem when the water hammer effects cause movement other than the simple elastic interaction of the pipe wall. 'Secondary' effects can render the interpretation of phenomenon such as water column separation very difficult.
 • The behaviour of *blow-down' components in pipework which incorporate double bends, as in the case illustrated by Wiggert and Hatfield (1983) and evident in the standard type of pipework manifold studied by Ellis (1990), requires a more detailed simulation of events.
 • The case of vertical riser borehole type pumping installations either in boreholes or in mines where they are used for de-watering finds a situation where the vertical pipe 'string' may well be stretched by the weight of the system and the superimposed water hammer.
 • Most importantly is the fact that coupled motion of the pipeline with the water hammer effects suggests that the basic theory of elastic coupled behaviour might be modified to truly represent the transmission of elastic disturbances in systems. The basic water hammer theory suffers in precision because it is effectively one dimensional unless these considerations are entered into.
 • There are important examples of pulsatile flow which involve special consideration of the coupled motions of tubes that are very flexible and relate to certain problems encountered in the biomedical field.
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80 Water hammer: practical solutions
 In Chapter 10 on the non-elastic conduit there is a presumptiously simple simulation of a related problem where the *creep' effect in plastic pipes is discussed. This is another problem where the water hammer phenomenon is in need of an engineering solution.
 Figure 14.1 shows a straight pipe terminated by a valve which may or may not be restrained from longitudinal movement.
 Rg. 14.1 Longitudinal movement
 A 0.1 m diameter pipeline 2 km long with a valve downstream, static head of 100 m, is analysed for almost instantaneous closure with two alternatives. With an initial discharge of 0.008 m s'*, one case is with the valve fixed and unable to move longitudinally and the other case is with a valve free to move. The Poisson coupling, whereby the transverse strain is associated with a strain in the longitudinal direction, is an interpretation that may be used to describe the valve movement when unrestrained. The simple idea used here is that the precursor wave generated in the pipe wall, which travels of the order four times the celerity of the water hammer wave, will produce an oscillatory effect at the valve capable of an equivalent velocity fluctuation (formulated as a variation in the gate opening parameter B). The water hammer celerity here is 1000 m s~\
 Thus the case of the valve free to move is simulated by a linearly damped oscillation over 20 s superimposed on the normal sudden gate closure (which here takes place in 1 s). Initially there is a lessening of the velocity change as the pipe first ^stretches' downstream.
 In Figure 14.2 is shown the result of the two analyses.
 " T — I — I — I — I 1 — I — \ — ] — I — I 1 — I — I — I — I — I — I
 1 8 22 36 50 64 78 92 106 120 Seconds x 5
 Fig. 14.2 Valve free/not free to move
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 Such a gross simplification may be frowned upon, but it demonstrates the essential effect of the distortion of the water hammer due to a simulated structural interaction.
 Given that most pipeline systems involve more than a single straight pipe this brief reference is a warning that the sophistication of simulation models for water hammer has to increase markedly to represent many of the problems met in engineering installations.
 14.2 Coupled motion, a further example
 The matter of more exact theoretical simulation of these problems is left to acknowledged experts such as Wiggert, but an example will be treated which is not unlike the case above but having connotations in the biomedical field as demonstrated by Stuckenbruck and Wiggert (1986).
 The data is appropriate to a fluid with a wave speed of 47.1 m s* in a conduit of diameter of 0.018 m and an initial discharge of 0.0000127 m V and system pressure head of the order of 1 m. The downstream valve, of distance of only 1 m, is closed quickly and the Poisson coupled motion of the valve (free to move) is superimposed due to the precursor wave speed about five times the 'water hammer' wave speed of 47.1 m s" .
 Figure 14.3 shows the pressure head at the valve. The result is not unlike the effect shown in the study by Stuckenbruck and Wiggert, which involved a much more complex periodic disturbance.
 . " I — I — I — I — I — I — I — I — I — I — I — I — I — I — I — I — n 1 5 9 13 17 2125 2933 37 4145 49 5357 6165 69
 Seconds
 Rg. 14J Valve closure and superimposed free valve movement
 14.3 Pulsatile floiv (an excursion into the biomedical field)
 Water hammer as a phenomenon which depends on the elastic interaction of the liquid and its container clearly finds an application in the subject area referred to as pulsatile flow.
 In this case an agent such as a pump (for example the heart), is
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82 Water hammer: practical solutions
 constantly injecting a disturbance which is transmitted throughout the arterial (and venous) system, and some of its consequencs may be described by the fundamentals of water hammer theory.
 There is also the situation where Aflutter' of membranes is a consequence of liquid interacting with the 'structural' response of the confining conduits or membrane plates that separate the fluid spaces. This may also find some useful physical explanation to be derived from water hammer theory.
 Certainly in modern times the need for different sciences or applied sciences to look beyond their own direct field for some relevance to their own problem is becoming more the accepted (and desirable). There is greater recognition of gains from applying basic physics to the widest range of scientific problems.
 The case considered here relates to the Banki paradox. An interesting case reported by Gottschalk and Sharp (1975) dealt
 briefly with a basic pulsatile flow problem which appears in various biomedical contexts, where the term Starling resistor has been used and refers perhaps to the behaviour of air passages in the lungs or in another context, leads to the explanation of Kolmogoroff sounds (heart beats).
 There are pressing reasons for understanding some of these matters, particulariy where there might be the possibility of a small reverse flow during the flow pulsations, which then allows the notion that infection from external sources may pass from the exterior in an otherwise supposedly one-way net fluid flow from interior to the exterior.
 The Banki paradox experiment by Gottschalk and Sharp is less a direct water hammer problem than an example of structural fluid interaction which exposed (as in all paradoxes) the reasons for the paradox as being due to the omission of an important physical aspect inherent in the phenomenon.
 Figure 14.4 shows the experiment by Banki (the teacher of von Karman), which posed the paradox.
 The cuff around the tube (a thin flexible rubber type material of area i4, held between rigid points £ and F and simulating perhaps an arterial wall), which carries a steady flow Q from B to D, would develop pulsations as the pressure of p^ (in the surrounding cuff), was altered from p^ (substantially the same through the thin wall).
 Area A
 Fig. 14.4 Banki experiment
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 Using the basic Bernoulli law with Q a constant in equation (14.1),
 PAP g) ^ [(Ql^mg = Constant (14.1)
 an increase in p^would demand the term {QIA)V2g to decrease; this would be accomplished by an increase in A, whereas in fact, experimentally, A decreased and the 'squeezing' of the flow caused pulsations to develop.
 The paradox is disposed of by recognising that the fluid flow exerts a drag on the wall of the tube in the downstream direction which stretches the tube, tightening it at the upstream end E and relaxing it at the downstream end F, so that longitudinal stresses and hence (via Poisson effect) the circumferential stresses are reduced at F rendering it unstable there and readily allowing pressure pulsations to pass back and forth between E and f . This topic was the subject of an interesting invited discussion by Sharp (1984) to a paper by Pedley.
 The pulsatile flow that develops is interesting and extremely complex and, as a water hammer related topic, was not pursued at that time. It should be noted that the experiments of Gottschalk and Sharp extended to the parallel case of the flow occurring in the outer cuff with flow in the inner cylindrical tube stationary, and proved beforehand that the situation would be stable without pulsatile flow developing.

Page 97
                        

This Page Intentionally Left Blank

Page 98
                        

15 The open surge tank
 15.1 The basic principle
 The open surge tank has been the customary installation to protect hydroelectric systems and there are many reports related to specific sites in the technical literature, and significant theory is to be found in Jaeger (1956).
 It is possible to develop some general ideas about the surge tank, which transcend the usual emphasis of its function when applying the rigid column theory.
 In the rigid column theory the maximum elevation of the surge tank is expressed in equation (15.1)
 z^Q{La,l{ga^)ria, (15.1)
 where the terms are defined in Figure 15.1, L' being the length of upstream pipe (surge tank to reservoir).
 The figure also shows the solution for the instantaneous closure of a valve attached to the short downstream leg (simulating the high pressure penstock).
 An example in Sharp (1981) shows that the computer solution for the water hammer problem, treating the surge tank as a branch main, gives exactly the same value for z, reproduces the basic period of oscillation of the surge tank as well as providing full details of the water hammer throughout the system. It would seem therefore that the rigid column theory falls short of providing important detail that can be realised using water hammer analysis.
 The graphical solution easily permits the value of the maximum water hammer to be derived as
 W^{H^v' CJg)l{a,^-a^)la, (15.2)
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 ^-±JU^A 5 " - = ^
 Fig. 15.1 The open surge tank
 where v' is the first residual velocity at the surge tank, H is the water hammer at the valve and / / ' after the surge tank. This may be simplified, perhaps crudely, to the following:
 H'/H = a^/a^ (15.3)
 This shifts the emphasis to regarding the surge tank as a moderator of water hammer which still exists, significantly, upstream of the surge tank.
 In Figure 15.1 the progressive reduction of the water hammer as it passes several surge tanks (perhaps manholes in a sewage scheme), is also illustrated by//", / /•".
 The location of the surge tank is largely governed by the construction height, and this is why it is seldom appropriate for a pumping scheme. It still finds application at high points along a pumping main, but if the height is still a problem then a one-way surge tank may be useful.
 The one-way surge tank requires a non-return valve at its base connection to the pipeline, permitting flow out only. As a consequence, there must be provision for topping up the tank as it becomes depleted. This means there may be a restriction on the number of starts, and hence possible stops per day of the pumping units.
 15.2 Computer solution
 The example in Sharp (1981) is solved below with the data shown in Table 15.1. The rigid column solution gives a period of 52.4 s and a maximum surge tank rise of 1.27 m.
 The pressure heads in the simple system up to about 47 s are shown in Figure 15.2.
 The downstream valve is rapidly closed, giving a solution correspond-
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 Table 15.1 Surge Tank data
 Na Length
 1 2 3
 ON 2.0
 NAV 1
 X Y
 76.20 152.40 152.40
 HSTAT 76.20
 VAV 30.00
 0.0 0.0
 981.00 981.00 981.00
 Constant Y
 AV 0.1860
 100.0 -10.0
 0.3441 0.3441 0.3441
 JVALVE 1
 n 1.00
 200.0 - 10.0
 0.0283 0.0283 0.0283
 ACT tl Close 1
 area 0.1860
 381.0 -10.0
 0.0000 0.0000 0.0000
 t2 3
 top 76.20
 Valve.
 -20 J
 Fig. 15.2 Open surge tank
 77.5
 76.5
 (m) 75.5
 74.5
 73.5
 km/32
 S.T. level Jriseof 1.2 m)
 (Increase of 0.22 m3)
 1 —T— 73
 dr« 0.0388 s — I — I — I — I — I — I — I — I — I — I — I — > I I 145 217 289 361 433 505 577
 dfx 12.9
 Rg. 15J Open surge tank - time plots of level and volume
 ing to the simple rigid column analysis of the surge tank as shown by Sharp (1981). The period of the surge tank is readily seen in Figure 15.3 to be about 52 s. It is worth while repeating that the water hammer solution provides the exact solution and also includes the water hammer in the system, somewhat overlooked by the rigid column solution. In this case the water hammer that passes the surge tank is about 5 m, greater than the 1.2 m seen at the surge tank.
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16 The one-way surge tank
 16.1 One tank only
 As a means for protection, the one-way surge tank has been strongly supported, as for example as reported by Parmakian (1958) and Miyashiro (1967) in particular.
 Because of the supporting graphical analysis by Parmakian (1958), it is interesting to compare a computer solution for such an example of a oneway surge tank installation.
 Figure 16.1 shows the basic configuration of the system. The one-way surge tank has a non-return valve connection to the sys
 tem, allowing flow out only and for refilling a separate water supply is required, or a ball-float-controlled supply from the downstream pressure side of the main pipeline. The data for the case study is incorporated in Table 16.1.
 The computer analysis of the one-way surge tank for the idealised system above involves no friction and the connection pipe to the tank had the same area as the main line.
 Figure 16.2 shows the pressure heads along the system up to 151 X 0.087 = 13.1 seconds. In Figure 16.3, the head at the pump and
 R.L.46 R.L37.5
 R.LO Bat 1/4 point in length
 Fig. 16.1 One-way surge tank example
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90 Water hammer: practical solutions
 Table 16.1 One-way tank data
 m.
 1 2
 ON 4.0
 JPU 2
 NAV 1
 X Y
 Length
 901.00 300.00
 HSTAT 67.00
 HPU HC 68.00 0.00
 VAV AV 5.00 0.5400
 0.0 0.0
 C
 860.00 860.00
 Constant Y
 GD 200.000
 n 1.00
 100.0 0.0
 NR 1760
 d
 0.8290 0.8290
 JVALVE 0
 area 8.0000
 300.0 37.0
 ef 0.85
 top 39.00
 Q
 0.9540 0.9540
 LNS 1
 750.0 41.3
 /
 0.0000 0.0000
 NRV PS Y 0.0
 1201.0 45.7
 the volume of the one-way surge tank is plotted giving a depletion of 1.47 m\ which compares with the graphical solution (by Parmakian) of 1.44 m . The maximum head at the pump discharge of about 96 m also agrees. The results testify to the quality of the graphical analyses produced by Parmakian.
 16.2 Several one-way tanks
 A later example of the use of one-way surge tanks for protection is found in Miyashiro (1967), where a large scheme in terms of flow and pipe diameter was protected with the use of five one-way surge tanks.
 The system was regarded as vulnerable because of the water column separation following power failure of the pumps, and to prevent this the
 km X 15
 Fig. 16J One-way surge tank analysis
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 1—I— \—I—I—I—I—I—I—I—I—r 9 17 25 33 41 49 57
 Seconds x 6
 Fig. 16J Time plots for one-way tank analysis
 distribution of one-way surge tanks was adopted as the economical solution, as shown in Figure 16.4.
 There is no doubt that the pipeline diameter of 2.2 m is in the range where shell collapse would be a serious problem under a vacuum without rib strengthening, but the surge tanks are quite large, of the order of 50-100 m or more, and so considerable study might be in order to develop the right combination of tanks and pipe strengthening.
 To illustrate the point, an analysis is shown for the system incorporating only three one-way surge tanks, that is omitting No. 3 and No. 5 in Figure 16.4, but also shifting No. 4 further downstream to an appropriate high point. The data for the system so analysed is incorporated in Table 16.2.
 Figure 16.5 shows the pressure heads throughout the system up to 103 s after power shut-down, developing a maximum of 100 m, comparable with the pump operating head, whereas Figure 16.6 shows a time plot for the head and the volume variation for one of the tanks (No. 1).
 One-way surge tanks
 15 16.84
 Fig. 16.4 Scheme with 5 one-way surge tanks

Page 105
                        

92 Water hammer: practical solutions
 Tible 16.2 Data for three one-way tanks
 No.
 1 2 3 4 5
 ON 2.0
 JPU 5
 NAV 3 4 2
 X Y
 0.0 0.0
 Length
 4040.00 2400.00 6090.00 4110.00
 200.00
 HSTAT 83.12
 HPU HC 85.00 2.20
 VAV AV 150.00 2.5400 150.00 2.5400 150.00 2.5400
 1000.0 4310.0 18.0 40.0
 C
 1006.00 1006.00 971.00 971.00 971.00
 Constant Y
 GD 30000.0
 en 1.00 1.00 1.00
 NR 407
 area
 d
 2.2000 2.2000 2.2000 2.2000 2.2000
 JVALVE 0
 ef 0.85
 top 35.0000 53.00 35.0000 32.15 35.0000 71.50
 5700.0 43.0
 8900.0 46.0
 Q
 3.6660 3.6660 3.6660 3.6660 3.6660
 LNS 1
 NRV Y
 10400.0 12800.0 58.0 65.0
 /
 0.0103 0.0103 0.0103 0.0103 0.0103
 PS 0.0
 16840.0 82.0
 The three tanks yielded in volume approximately 10, 37 and 70 m for Nos 1,2 and 4 respectively. This compares with volumes for five tanks of 123, 163, 4, 22 and 297 for tanks 1 to 5 respectively, a total of 619 m compared with 117 m when only three were used.
 There is one significant difference in that the three tank result allowed water column separation (a full vacuum) to develop at chainage 16 627 m. This is a very common occurrence in pumping lines near the delivery reservoir and the duration and severity of this should be examined closely as it may be that it is not serious enough to be considered.
 " T — I — I — I — I — I — I — I — I — I — I — I — I — I — I — n 1 112131415161718191 111 131 151
 km X 10
 Fig. 16.5 Three one-way surge tanks analysis
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 150 V
 M40 (m3)
 "1—I I I I I I I I I I i I I I I I 1 31 61 121 181 241 301 361 421 481
 Seconds X 1.5
 Fig. 16.6 Time plots for one-way tank analysis
 Along with the regulation of pressure provided by the tanks it must be acknowledged that there is a penalty in requiring them to be filled before the system is again operated. This may require the tanks to be large enough to allow perhaps three starts (and potential stops) so as not to seriously affect the operational program for the system.
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17 The pressure reducing valve (PRV)
 17.1 Introduction
 The pressure reducing valve may be used for water hammer protection under properly defined conditions. The water hammer events are so fast that the relief of pressure by this means requires very special rapid response valves designed for the particular system.
 Pressure relief valves may also be used as an added precaution where some other method is in place as the basic protection device, such as an air vessel.
 There are also by-pass valves which are required to operate when a pump stops due to a power failure or normal trip, anticipating the eventual return flow, and then being required to be closed to prevent the excessive waste of the return flow.
 Figure 17.1 shows the basic system configuration for the installation of the PRV, where the PRV at (1) is a subsidiary type, maybe at the pump flange and the PRV type at (2) is the anticipating valve.
 HAB (relief setting)
 To waste
 Fig. 17.1 PRV installation
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96 Water hammer: practical solutions
 17.2 Example
 An example of the use of a PRV follows for the pump example presented in Chapter 2, and the data is in Table 17.1 for a PRV near the pump. Note that some of the data for the PRV is not relevant, for example the volume VAV, as these are general terms for air vessel and surge tank data. The data not shown includes the area of the valve and its dynamic hydraulic loss coefficient.
 Table 17.1 PRV data
 No.
 1 2
 ON 2.0
 JPU 2
 NAV 1
 X Y
 Length
 10 000.00 1000.00
 HSTAT 214.00
 HPU HC 175.00 50.00
 VAV AV 10.00 0.4000
 c
 1000.00 1000.00
 Constant Y
 GD 1000.000
 n 1.00
 0.0 4000.0 50.0 67.0
 NR 1475
 d
 0.7600 0.7600
 JVALVE 0
 area 10.0000
 8000.0 105.0
 ef 0.75
 Q
 0.6260 0.6260
 LNS 1
 top (HAB) 240.00
 10 000.0 140.0
 NRV Y
 /
 0.0129 0.0129
 PS 0.0
 11000.0 200.0
 The analysis depicted graphically in Figure 17.2 shows that the PRV in this case is only marginally effective in reducing the water hammer from about 340 m to 310 m (less N.S. level) approximately. This case would require considerably more analysis to see if such a method would be effective for a large reduction in the water hammer.
 The pressure head average was near to the value HAB, but short spikes raised it to the value mentioned above as shown in Figure 17.3.
 no PRV
 T - l — I I I I I I I I I I—I—I I I I I f 1 I I—I
 3 5 7 9 11 13 15 17 19 21 23 km X 2
 Rg. 17.2 PRV analysis
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 H 200
 "T 1—I—I 1—I—I—I—I—I—I—I—I— ]—I 1 1 5 9 1317 2125 29 33 37 4145 49 53 57 6165
 Seconds
 Fig. 173 Time plot of head at PRV
 17.3 PRV type
 A cautionary note regarding the use of the PRV is in the wisdom of relying upon it as the basic method of protection for a pipeline. There are valves designed by such as NEYRPIC®, a manufacturer from Grenoble in France, which have had considerable acceptance as a method of water hammer protection. Specifically they are designed for the system for prescribed pressure limits. Most other types of spring-controlled valves would be suspect, having regard as well for the long-term reliability for protection that is required.
 17.4 Some basics
 In Chapter 11, in discussion of a high-point case, a pressure reducing valve was used and the water hammer was reduced for the pump start condition by a significant amount.
 To appreciate the basic parameters that lead to a definition of the PRV characteristics there is shown in Figure 17.4 a graphical analysis of the case of a pump failure.
 The initial pressure head falls to B , where here for convenience HAW, the pump suction level, and the outlet pressure head seen by the PRV, when open, are the same. The propagation to A^ then returns and if there was no PRV the non-return at the pump flange would give the value Bj' but with the PRV set for a value HAB there will be an overshoot to some value C reducing to C" and C" which will ultimately yield B^ the value corresponding to HAB. The parabolic loss curve for the PRV will be a dynamic loss determined under special test conditions from fully closed (C) to fully open (C"). At B^ the velocity associated with the area of the PRV will indicate the full discharge required to satisfy the prescribed ^maximum' HAB. The better the PRV design, the lower the value of C compared to C".
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 PRV opening
 Pump characteristic (rated speed)
 (HAW)
 Fig. 17.4 Pump failure, PRV action
 Overshoot
 - i — r — T — I — I — I — I — I — r — I — I — I — I — I — I — I — I — I — I — I
 1 5 9 13 17 21 25 29 33 37 41 Seconds X 10
 Rg. 17.5 Pump stop - PRV action
 Table 17J Data for basic PRV analysis
 No.
 1 2
 ON 2.0
 JPU 2
 NAV 1
 X Y
 Length
 981.00 98.10
 HSTAT 70.00
 HPU HC 52.00 20.00
 VAV AV 5.00 0.0350
 0.0 511.0 0.0 2.0
 C
 1000.00 1000.00
 Constant Y
 GD 0.500
 n 1.00
 556.0 4.8
 NR 1450
 d
 0.3000 0.3000
 JVALVE 0
 area 0.5000
 783.0 11.4
 ef 0.70
 top (HAB) 80.00
 823.0 24.4
 Q
 0.0353 0.0353
 LNS 1
 958.0 25.0
 /
 0.0150 0.0150
 NRV PS Y 0.0
 1079.1 25.0
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 In Table 17.2 is the data for a computer analysis corresponding approximately to the above example. Here the PRV area is half the pipeline area.
 The results of the analysis are summarised in Figure 17.5, showing the overshoot and also showing that the limit HAB is otherwise achieved. It remains necessary to judge how serious an overshoot is and how extensive its effect will be on the system.
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18 The Resonance Problem
 18.1 Oscillating water hammer effects
 Water hammer is normally regarded as the result of sudden (step) changes in discharge. The analysis can readily apply this step change and it may be a series of small step changes to represent an overall large change. The numerical analysis in fact has difficulty in proceeding other than by a series of finite steps, even though small, as it assumes a discretisation in the numerical scheme.
 When the steps are not progressively in one direction, that is they oscillate, then a type of water hammer occurs which may lead to resonance as the timing of the changes synchronises with some multiple of the fundamental 2L/CQ of any part of the system.
 The problem of resonance has been a feature in hydroelectric works where there has been a need to assess the stability of surge tanks in response to small load fluctuations and this has been dealt with comprehensively by Jaeger (1956). Popescu and Halanay (1984) also showed interest in hydroelectric systems.
 The analysis of this type of water hammer is normally accomplished by the use of impedance methods (complex algebra), as the phenomenon is similar to the alternating current in electrical circuits.
 There are those who have published widely on this topic such as Chaudhry (1979), Wylie (1965), and Thorley (1971), whereas Sharp (1981) included a simple introduction to the method. The basic method was expounded at length by Waller (1958) for oil pipelines and the common use of reciprocating pumps for oil leads to a logical expectation of resonance problems in that case.
 There are two facets in the study of resonance. One involves the objective of solving a specific problem and the other is the perhaps academic study of simplified systems with a desire to establish if there are

Page 115
                        

102 Water hammer: practical solutions
 distinguishing features which assist from the design viewpoint. These methods will be compared using simple systems, where certain
 basic concepts will be outlined. Some of these basic concepts have been already indicated in Sharp (1981).
 In the impedance method a range of sinusoidal oscillations are applied, and the amplitude of response ft' = Z Q\ is determined, where Z is the complex impedance for the system, a function of the cyclic frequency. A step function response could be determined by using a spectrum of frequencies (with appropriate amplitudes). Once the appropriate set of calls for subroutines evaluating the various trigonometric functions has been established, the solutions are very fast. Likewise the solution by the transfer matrix method (Chaudhry, 1979), is rapid and elegant.
 As well as the obvious impedance method, and the transfer matrix approach, there is a method which combines a standard method of characteristics water hammer analysis with a Fourier (spectral) analysis of the subsequent head or discharge at a specific point, and as such does not involve any new analytical process.
 This procedure of conducting a Fourier analysis of a water hammer analysis appears to offer considerable promise as it is able to provide similar information about the basic harmonic components as well as indicating the dynamic reponse of the system to major events.
 18.2 Fundamental and harmonics
 As shown by Sharp (1981), the notion that the fundamental frequency of a series of pipes in series would be ILALIC^ which is equivalent to (0 = 0.785 CJL, depends on the orientation of the pipes and is only true for one pipe. Furthermore there will be higher resonant frequencies that may be more important in relation to the physical behaviour of mechanical parts in the system and it could be important that these be identified adequately.
 The resonant harmonics of a system may be expressed in terms of trigonometric functions. It follows that there will be some simplistic connection between the fundamental resonant frequency of systems that have a similar collection of pipes (of different areas), when arranged differently. A discussion of some simple frictionless systems develops a feeling for the relationship between such families of system components.
 183 IWo pipes in series
 The simplest example is for two equal length pipes in series where it can be shown (see Sharp and Wilson (1983)), that the fundamental is determined by tan 0 = area ratio, so that the sum of the two values of 9 (for the two different orientations) is TT 12.
 In the case of an area ratio of 1.5724, the two values of 9 are 51.429^
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The resonance problem 103
 and 38.57° straddling the value of 45° or n M so that the fundamental resonant frequencies are 0.898 and 0.673 CJL and not 0.785 CJL (The resonant frequency is found from n. 9 /180. CJL). Thus the resonant frequencies for the two orientations are always greater and less than the central value, being greater than the central value for converging pipes. More importantly these frequencies are equivalent to the 4th and 3rd harmonic of a fundamental' frequency of 0.224 Co /L found from a Fourier analysis of a water hammer analysis of the same systems. This concept also adds greater significance to the higher harmonics which then appear as orderly mutiples of this 'fundamental'.
 18.4 Three pipes in series
 The paper by Sharp and Wilson (1983) discusses the case of three pipes in series and again is able to show that there will be simple trigonometric relationships between the resonant frequencies for different orientations of the system.
 Adopting a continuum approach, which requires continuity of flow at pipe junctions, the stresses at the junctions to be equal and appropriate boundary conditions, the transcendental equation (often called the characteristic equation), is found to be
 sin (f, X. L) . cos (f^XL) . sin (f^XL) -¥ A^IA^ cos (f^X L) . sin (f^X L) . sin (f^X L) ^ ^2'^3 s'" (fi ^ ^) • sin {f^X L) . cos (f^X L) - A^IA^ cos (f^X L) . cos (f^X L) . cos (/3>. L) = 0.
 where/„ L is the pipe length as shown in Figure 18.1 and A. = co /C , with A the appropriate areas for each pipe.
 A.
 Fig. 18.1 Pipes in series
 hi
 When there are three pipes of equal length, the above equation reduces to:
 tan2 8 = ViAJAj -^ AJA^^A^IA^)
 The central frequency is n 16 corresponding to 0.5236 CJL. There are a number of different trigonometrical relationships (see Sharp
 and Wilson (1983)), which again emphasises that there are paired solutions, but beyond that, the cases involving more pipes and different
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 combinations become too complex to be worth pursuing, except for the interesting conclusions for branch type systems (such as open surge tanks).
 The essence of this work is to suggest that the resonant frequencies of systems will have certain features, which relate to the idea that there are families of solutions, so that converging pipes will normally have a fundamental greater than the simple S 4 LIC^
 18.5 Tapered pipe
 The interesting problem posed by Favre (1938) of a tapered pipe has been examined by several including Chaudhry (1972), and Logar (1991).
 As indicated above, the converging pipe arrangement will have a resonant (first) frequency that is greater than the central value. The analysis by Chaudhry (1972) also found the same result that the fundamental' of 14.905 rad s*' was greater than the 'central' value of 11.013 rad s" for a converging system of five equal length pipes in series as previously shown by Favre (1938) for the case of an equivalent tapered pipe.
 In Figure 18.2 is shown the stepped pipe approximation used by Chaudhry (1972) taking five pipes in series for comparison with the tapered pipe.
 nr
 T 0.9D
 L
 0.8D
 L
 O.ID
 L
 O.SD
 L
 -om
 L '
 Fig. 18.2 Five pipes in series
 The area and wave speed vary in equal steps and the resonsant frequencies evaluated by the transfer matrix method are shown in Table 18.1. Also shown are the results of the water hammer Fourier solutions. The latter results were taken from a graphical plot of the spectra derived from the water hammer variation of pressure head at the downstream end of the pipeline for a time lapse of 40 L/C^^. In Figure 18.3 is shown such a plot for the converging pipe case.
 Figure 18.3 is a plot of the spectral analysis which allows a reasonable estimate by scaling of the resonant frequencies.
 The central frequency is 11.06, and it is clear that the 'fundamentaP for the converging (con) system is greater than this value. The diverging pipe system result in the Table 18.1 also shows a value less than the central for its 'fundamental'. These results follow the same pattern for the series systems considered earlier. The water hammer Fourier result in both cases was derived from a pressure head record at the downstream end for a sudden valve closure.
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 250-1
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 rads-^
 Fig. 183 Water hammer Fourier analysis, frequency versus amplitude
 Table 18.1 Resonant frequencies in radians/s
 Harmonic
 Chaudhry (con)
 WH« Fourier (con)
 WH Fourier (div)
 Fundamental
 14.905
 14.6
 7.2
 third
 35.001
 35.0
 32.3
 fifth
 56.375
 55.2
 55.9
 seventh
 11.149
 77.0
 77.4
 •WH = water hammer.
 It is interesting to note that a similar analysis for the water hammer variation at the upstream end of the diverging pipe system when a valve is closed there, gives the same result after a Fourier analysis as the converging pipe system. The implication is that the resonance problems can be, to a degree, anticipated from the result of analysis at one end of the system. In the case above the 'fundamental' for a disturbance at the downstream end is matched by its paired result if the disturbance is at the upstream end.
 18.6 Anticipating the fundamental'
 It appears as though these studies suggest that the 'fundamental', at least for resonance problems, can be anticipated, to the extent that converging pipes to the disturbance generator will be greater than the ideal (uniform) pipe value and that a paired result could be expected for a disturbance at the other end.
 It also seems that it is sufficient to conduct a water hammer analysis by traditional methods and then perform a spectral analysis of the head variation at the point where the disturbance is expected to find the 'fundamental' and higher harmonics for resonance studies, thus requiring no new analytical methods.
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 18.7 Branched system
 Of some interest is the simple open surge tank system shown in Figure 18.4.
 (1)
 (2)
 3< (3)
 Fig. 18.4 Simple surge tank system
 Whereas as indicated previously the resonance in such systems has been the subject of much study, for example by Jaeger (1956), here it is of some academic interest to show the way the basic fundamental behaves in comparison to the simple notion that it is the 14 L/C^.
 In the manner suggested above in 18.4 with a continuum approach, the characteristic equation becomes
 A^/A^ sin (f^ X L) . sin (f^X L) . sin (f^X L) - cos (/, X L). sin (f^X L) . cos (f^X L) - AJA^ sin (fjX L) . cos {f^ X L).
 cos (f^X L) = 0
 when/, =f^=f^=f^ then lan^(fX L) = {A2 + A^)IA^
 For a particular example with an area ratio oi A^IA^ = 1.894427, the various harmonics are in Table 18.2 below. The disturbance is at the valve, downstream.
 This solution is confirmed exactly using impedance analysis. Note when A^IA^ = 1, then tan ^(f X L) = 2, and 0 = 54.73561, that is
 CO = 3.582437. This compares with the simple' assumption that the fundamental harmonic would be found from I4L/C^, which gives a value of CO = 2.945243.
 This again emphasises that the fundamental and harmonics of systems are shifted from the 'simple' assumption and would help explain what might be anticipated in any real system under investigation.
 Table 18.2 Harmonics for branch system. CJL = 3.75
 CO (rad s"') 3.89777 7.8832 15.6787 19.6642 27.460
 e (degrees) 59.5536 180-9 180 + 9 360-9 360 + 9
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19 Series pumping
 19.1 General concept
 There are many instances where the total lift for a pumping plant is excessive and it is deemed desirable to have a series of pumping stations. It is useful to look at the options that may be incorporated in the interests of economy or operational convenience.
 In Figure 19.1 is shown the essential aspects of a system involving three lifts. The options involve pumping via suction tanks at pumps pj ^ d Py or bypassing without flow to or from these tanks. In the latter case the water hammer implications are quite different, as regards both starting and power failure of one or several pumping plants. As there may be protection devices at the pumping stations, for example, air vessels, the complication of the series pumping needs careful consideration. With the series pumping and no tanks connected the flow through each pumping station must be the same and quite possibly some signiflcant saving in friction losses may result.
 Several vatving arrangements are possible to achieve series or isolated pumping
 Fig. 19.1 Series pumping stations
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108 Water hammer: practical solutions
 Thus the series pumping option is characterised by the following.
 • All pumps might be the same, requiring the same discharge and possibly able to be located so that the heads are the same, allowing the advantage of standardisation.
 • The use of storages on the suction side of pj and p^ would need only to be of a small capacity if constructed for commissioning or some secondary operational purposes. (In the case of major storages, the location and cost would be important factors, involving level controls and some friction losses as a continuing cost disadvantage.)
 • There would be restrictions on the use of water taken from between the pumping stations unless small make-up water was available from small tanks at the pumping stations.
 The data for a study of the series system is incorporated in Table 19.1 below.
 In Figure 19.2 is shown the water hammer throughout the series (without storages) following simultaneous power failure at all stations. Clearly the result depends on the plant inertia, velocities, wave speeds, pipeline profile, and relative lengths of the pipeline sections.
 19.2 Implications
 This study shows that there are some significant differences between the water hammer expectations for the two alternatives for the series system. Principally it may perhaps be concluded that the second pipeline section (from P2) is the one which will receive the most benefit because of the rise
 Table 19.1 Series pumping example
 No.
 1 2 3 4 5 6
 JPU 4 6
 X Y
 Length
 3000.00 5000.00 3000.00 5000.00 3000.00 5000.00
 ON 4.0
 HPU HC 170.00 160.00 170.00 10.00
 0.0 0.0
 4000.0 80.0
 System Details C
 10(X).()0 1000.00 lOOO.(K) 1()00.(X) lOOO.(X) 1000.00
 HSTAT 460.00
 GD loa).(KX) 1000.0(X)
 8000.0 lOO.O
 NR 1450 1450
 (i
 0.6100 0.6100 0.61(X) ().6HX) 0.6100 0.6100
 Constant y
 ef 0.80 0.80
 12 0a) .0 16 000.0 240.0 300.0
 Q
 0.3560 0.3560 0.3560 0.3560 0.3560 0.3560
 JVALVE 0
 LNS 1 1
 NRV Y Y
 20 000.0 380.0
 f
 0.0200 0.0200 0.0200 0.0200 0.0200 0.0200
 PS 0.0 0.0
 24 000.0 430.0

Page 122
                        

Series pumping 109
 - 1 — r — 1 — I — I — I — I — I — I — I — I — I — I — I I I 7 9 1113 15 17 19 2123 25 27 29 3133 35
 km
 Fig. 19.2 Series pipeline, general power failure
 of pressure head on the suction sides of p^ and Pj following general power failure. The non-return valves at the pumps are assumed to function normally.
 At the pump discharge flanges the pressure heads due to water hammer rise by about 60 m, 0 and 65 m for the first, second and third sections respectively. If the sections were all separated by storages, the water hammer rise at the pump flanges would be about 60 m, (all of course would be the same in this case). The water hammer along a section isolated by storages would show the pressure heads on pump failure as in Figure 19.3.
 There are other possible pump stop (or power failure) scenarios, for example pj failure followed by automatic stop of the other two about 20 s later. In this case the pressure head at the pump flange of p, increases only about 25 m whereas the others are the same as before.
 600-1
 500 J
 400 H
 H (m) 300
 200-1
 100-J
 "TTl
 N.S.
 : ^
 T 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
 km/2
 Fig. 193 One pumping station failure
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110 Water hammer: practical solutions
 In this simple study the systems were contrived to avoid any water column separation in the choice of the longitudinal profile, and this complication would no doubt lead to some different conclusions depending on the specific installation. However, the knowledge and awareness of the implications of water hammer on system design are somewhat neglected factors in everyday hydraulics, and such studies should improve the situation.
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20 Compounding of pipes -system alternatives
 20.1 The concept
 Compounding as discussed here refers to a group of pipe elements, where one is able to effect changes or improvements by their arrangement, size and other factors. Thus the system performance may be measured by
 • minimum costs (optimisation in a specific sense)
 • reduction of water hammer
 • simplified network for analytical or practical purposes.
 Given that there has been considerable attention to the matter of cost optimisation of networks where the system has been required to satisfy basic constraints of steady state hydraulics, here we pose some additional factors involving consideration of the water hammer consequences of a network design.
 20.2 Series compounding
 The study of pipes in series is of interest as it is central to one of the classical cases of the optimisation of elements of a network. The series pipe solution in terms of economics may lead to two pipes, although the demand from junctions will complicate the issue, see for example Schaake and Lai (1969). This is based on the notion that the dominant consideration is the steady state solution for a specific flow demand. In Chapter 18 the study of pipe combinations from the point of view of the dynamic consequences (often the most neglected aspect of system design) suggests there is a preferred order for the pipes in series to minimise water hammer, which is not incorporated in the thoughts of those dealing with optimisa-
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 tion. Sharp (1981) shows the solutions in graphical form for several series pipeline systems and the relevance is highlighted in Chapter 18.
 There can be no doubt that consideration should be given to the possible consequences of having a choice of the order of pipes in series relative to the most probable origin of events causing water hammer.
 203 Parallel compounding
 The case of parallel pipes is now considered, given the fact that it is conceivable that there might be a practical limitation to the size that may be used in a system.
 At first sight the case shown in Figure 20.1a might seem not to pose a problem for this study because as shown in Figure 20.1b it degenerates into a branch system when one analyses the water hammer.
 Figure 20.2 shows a combination which involves a section of pipeline BC that is to be duplicated or replaced by a single main. This is a common procedure in system upgrades.
 We choose however to take a simpler case as shown in Figure 20.3, where it is assumed that the pipes to be used will have the same friction factor and the same wave speed. The steady state friction may be represented by h = K Q^ld\
 (a) A
 Fig. 20.1 Parallel pipes - B Xo C
 Fig. 20.2 Parallel system
 Fig. 20J Basic parallel system
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 For two pipes in parallel to have the same h as a single pipe, the ratio of pipe diameters would be d,/d„ = 0.7579 for the case of equal areas such that fl/flo = 0.5743; d^ is the diameter of a single pipe from A to fl, and d, is the diameter of the parallel pipes.
 The water hammer implications can be represented by C v/g, for a single pipe, whereas in the case of two equal pipes in parallel, given the velocity in each pipe is 0.50/(0.5743 a^), the water hammer able to be developed is 0.871 C v/g, that is, 87% of the single pipe case.
 Thus without any penalty of greater friction the parallel pipe case is better from the point of view of water hammer. It may be that costs would point to a different optimum solution.
 It can be easily shown that for the water hammer to be the same in both the single and equal area parallel pipe systems, there would be a penalty of about 40% extra steady state friction, for the parallel pipe case.
 There are additional alternatives available, if one wishes to use different size parallel pipes. Table 20.1 shows the values of discharge and associated pipe diameter, area and velocity for the same friction head as the single pipe.
 Table 20.1 Variation of velocity for varying discharges, all values relative to single pipe
 Q d
 a
 V
 0.3
 0.618
 0.382
 0.786
 0.4
 0.693
 0.48
 0.833
 0.5
 0.759
 0.574
 0.871
 0.6
 0.815
 0.664
 0.903
 0.7
 0.867
 0.752
 0.931
 Any sum of associated values of Q such as 0.3 + 0.7 = 1 will provide a parallel pipe system of unequal diameters with the worst water hammer corresponding to the higher velocity.
 A combination of Q values of 0.3 and 0.7 will still allow only 93% of the water hammer associated with a single pipe.
 The simplification of the water hammer consequences for the systems is sufficient to show the point of the exercise, namely that water hammer, the dynamic effect in systems, often neglected in design and analysis, should be as important as steady state analysis and optimisation studies.
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21 The Impact of waves -coastal defence problem
 2L1 A tribute
 The possibility of using simple water hammer theory to explain the movement of a large stone monolith by the action of waves is a tribute to the work of Gerny (1990), and it has implications for the design and placement of material for sea defence of coasts and structures. In the discussion that follows most is from the writings of Gerny himself.
 21.2 Historical data
 A large stone block sits in a displaced position, at Ben Buckler's Point in New South Wales, Australia, a storm in 1912 being the cause, with the monolith remaining today as a testimony of the potential damage of the force of waves.
 Although there are many well authenticated cases where wave action has moved massive blocks of stone for considerable distances, the mechanism by which this has occurred is not known in a majority of cases. All that is known is the size of the block, its original and final positions, and, in general, there is no feature which suggests a certain pattern in the motion.
 Ben Buckler's Point is near Bondi Beach in New South Wales and on 15 or 16 July, 1912 the storm and the consequences were reported by Sussmilch (1912), and details were confirmed by observations made by Cardew (1932).
 A block of sandstone weighing more than 200 tonnes was lifted onto a ledge 3.1 m above its initial position and was moved more than 45 m along the ledge before coming to rest upside down.
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116 Water hammer: practical solutions
 In discussions of this topic it is often assumed that large scale rock movement due to wave action is brought about by the compression of air which is confined in cavities under the rock. As an explanation this is most unsatisfactory because any buoyancy due to the presence of air is reduced by an increase in pressure and the problem of compression remains unresolved.
 An alternative explanation is that movement is initiated when the impact of a wave causes an elastic pressure surge in the water immediately under the rock and that subsequent movement is the result of normal forces acting on it.
 21.3 Outcome
 The initial and final resting places of the stone block are indicated dia-grammatically in Figure 21.1. Its size is approximately 6 m long, 5 m wide and 3 m high with a very nearly rectangular shape.
 The references cited thus far do not give any indication of the nature of the storm at the time but Andrews (1912) provides data for our purpose.
 The storm rose late on 13 July 1912 and on the following day a southerly gale was blowing with winds up to 120 km h"L By 15 July the storm centre had moved out to sea and the waves grew in intensity. In spite of an absence of wind the waves were at their maximum at high tide late on 16 July with a height of 7.6 m from crest to trough and it was noted that at intervals of 10-15 min a series of larger waves occurred. According to Andrews it was these rare waves which accomplished the whole of the destructive work observed at Botany Bay during this storm and would possibly also be true of Ben Buckler's Point.
 21.4 The event
 From Figure 21.1 the block of stone must be lifted clear of the ledge before appreciable horizontal movement would be able to take place. If at the
 49 m I 46 m
 Rg. 21.1 Movement of the stone block
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The impact of waves - coastal defence problem 117
 same time it rotated far enough for its centre of gravity to be on the shore side of its point of contact with the ledge then it would fall bottom up as reported. The horizontal movement is not difficult to understand after this point is reached given the size of the waves and a high tide.
 The initial position is labelled abed, and it is assumed that the gap along ab is wide enough for free movement of water to occur, while along be the gap is sufficiently restricted for water to behave as if confined in a series conduits in parallel. The mechanism assumed is that the impact of a storm wave at c causes an elastic shock wave to move through from c to b which is sufficient to give the block vertical momentum to clear the point near a. As the elastic shock wave moves from c io b the centre of pressure moves from c halfway to b and then this process is reversed as the return wave brings about a collapse of the built-up pressure. The mean resultant force on the block is therefore eccentric with the result that the block will rotate as it rises. If the rotation is as far as indicated by a'b'c'd\ then the block will be turned upside down as observed. It is assumed that buoyancy is imparted to the block by the large volume of water in the wave and normal pressures from the wave will readily accomplish the horizontal movement.
 2L5 Numerical data
 The initial velocity u required to lift the block from abed to a'b'e'd from energy principles is that required to raise the potential energy of the centre of gravity an amount {ab + ac)l2, and this is 9.3 m s~ The time for lifting is this velocity divided by gravity, that is, 0.95 s.
 The minimum angle of twist required is 90 + tan"* 0.6, namely 122** or 2.13 rad. Hence the minimum angular velocity of the block is required to be 2.13/0.95 or 2.24 rads"».
 2L6 Modelling the displacement
 Assuming that the water under the stone is initially at rest an elastic pressure wave of intensity p kg m' will be associated with a sudden change in velocity such that
 P = P vC, (21.1)
 where the density of sea water is p = 1025 kg m~ , v is the velocity and C^ is the elastic wave speed. An elastic shock wave of this intensity moves from c to & at the celerity C^. At b the pressure p is instantly relieved and in characteristic water hammer fashion produces a change in velocity of the water to 2v as the return wave moves to c. The average is p/2 in ILIC^s. The resultant change in momentum of the block is therefore given by
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118 Water hammer: practical solutions
 pB^C X = — = pvB^C (21.2)
 Co
 If the initial conditions are to be satisfied
 X^Mu (21.3)
 then it follows that u
 V = (21.4)
 Substituting the appropriate values (M = 131 500 kg), Equation (21.4) leads to the conclusion that v = 8.2 ms"^ The pressure P in this model then requires an impact velocity of 16.4 m s' . These conditions correspond to a wave run up of approximately 13.7 m. Accepting a storm wave height of 7.6 m this implies a run up factor of 1.8 which is consistent with ideas presented by Saville et al (1962).
 21.7 Modelling the rotation
 Before this model is accepted, it is necessary to determine whether the rotation of the block is explained.
 As the pressure versus time varies linearly from c to 6, the moment-time relation for the impact force on the base is such that
 ptB^C pv B^ C y = l = 1 (21.5)
 where the water hammer relation C^ v/g = pip g and a time for the return wave of 2 BIC^ were used.
 This is equated to the change in angular momentum,
 Y=MIdw/dt (21.6)
 where / is the second moment of the area of the block and do /dr is the resultant angular velocity in rad s ^
 Hence dco p B^ C v — = ': (21.7)
 dr 6MI
 In this case / = ( 4 + B)/12 and so dco /dt = 2.78
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 As this value exceeds the minimum of 2.24 required, it is concluded that the block will undergo rotation as postulated and fall upside down on the upper ledge.
 This does not suggest that the model presented is the only solution, but water hammer can be interpreted usefully here and so the elastic behaviour of the water confined below the block is very relevant to the stability of such objects subject to the action of wave forces.
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22 The air vessel
 22.1 Introduction
 The air vessel is one of the commoner methods of reducing water hammer, mostly in the case of a system incorporating pumps. The location, near the pump delivery or the suction side, may involve significant pressure and hence the open surge tank is not feasible because of the height required. In fact the equivalent name, closed surge tank, might be appropriate.
 Figure 22.1 shows a simple example of the air vessel and some terms for defining some key parameters relating to its behaviour.
 The volume V, is under compression and expands and contracts as the pressure surges pass up and down the pipeline. Clearly the air space, depending on the temperature (of the vessel) may behave isothermally or adiabatically. If one is to describe the changes in air volume exactly then it would be necessary to know the excursions of temperature, the heat transfer coefficients for the vessel walls, the extent of water vapour and/or the bubbly nature of the gas-water interface as well as reliable estimates
 Air supply
 Fig. 22.1 Air vessel installation
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122 Water hammer: practical solutions
 of the throttling effect of the connection to the pipeline. In the latter case there may be special orifice throttling, which may even be designed to allow for a differential effect depending on the direction of flow, see for example, Parmakian (1963). There are instances, too, where the vessel has been laid nearly horizontally providing a much larger air-water interface.
 The parameters /i , /i , h^ for the top, water, and pipe levels respectively, as well as the horizontal area of the air vessel, are the minimum requirements to determine the air vessel behaviour for an initial V, and the type of connection (throttle), that is incorporated.
 The rational thermodynamic behaviour of such vessels has been described by Graze (1968), and Graze, et al (1977), and for a systematic evaluation, an air vessel needs to be in a controlled external environment, although the events of importance may not be so strongly affected by ambient conditions, given that some of the heat exchange would be less dependent on short as opposed to long time scales.
 Although some progress has been made in such rational treatments, the more common solution is found by a simple relation of the type
 p V" = constant (22.1)
 where p and V are the absolute pressure and volume respectively of the air space and AZ is a constant (the ratio of the specific heats), varying between 1 (isothermal) and 1.3, the latter value being more popular and approximating adiabatic behaviour for a perfect gas.
 In the analysis of this form of protection device, the consistency of good engineering practice is a factor and it is evident that:
 • There is a need for an independent air supply, via an air compressor, to top up any losses of air and perhaps to adjust for the expansion and contraction of the air volume due to seasonal ambient temperature changes, given that there will be an optimum air volume for the vessel for the pumping rate at the time.
 • There is a need to monitor the water level to know the air volume, and alarm devices need to be in place and maintained, bearing in mind that an inappropriate volume, occurring only once, may be sufficient to lead to damage of the system.
 • The wisdom of an isolation between the air vessel and the pipeline needs to be assessed, since any maintenance procedures requiring such isolation leaves the system unprotected.
 • The water hammer developed following a pump failure, means that suddenly there is a high pressure attempting to return flow to the pump, which generally means a very fast action of the check valve or nonreturn, demanding that this valve be of high quality and well maintained. Normal check valves associated with pumps (and no air vessel) will be greatly assisted in their action by the inertia of the pumping unit.
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 Given these considerations it seems highly practical to analyse the air vessel and associated system, recognising that there needs to be reasonable tolerance in the specifications. The sensitivity to, for example, slightly delayed non-return valve action, would require repeated analysis and an example will be illustrated to demonstrate this problem. For these reasons, too, the analysis will use the relation in Equation (22.1) to describe the air volume behaviour.
 22.2 Case 1
 The graphical method for solution has been illustrated in Sharp (1981), for an air vessel with and without a throttle. The data for those examples is included in Table 22.1 and a computer solution is provided in Figure 22.2 for the case with small throttle and a shorter pipeline.
 In these examples the non-return valve at the pump flange has been assumed to operate perfectly, that is, it is closed at the instant the velocity attempts to become negative.
 Tible 22.1
 No.
 1 2
 ON 2.0
 JPU 1 2 ]
 I Air vessel data
 Length
 10000.00 1000.00
 HSTAT 214.00
 rtPU HC 175.00 50.00
 NAV VAV 1 36.00
 X Y t
 300 n
 250-
 200.
 (m)150.
 100-
 50-
 0-'
 0.0 50.0
 ' 1 •
 1
 C System details
 d
 1000.00 1000.00
 Constant Y
 GD 1000.000
 AV n 0.2000 1.30
 ^A.V.
 19 37
 2000.0 90.0
 1 1—1— 55 73
 df* 1 1
 91 Seconds/2
 0.7600 0.7600
 JVALVE 0
 NR 1475
 area 4.0000
 4000.0 120.0
 V
 0.05 s
 ef 0.75
 top 10.00
 1 1 1 1 1 r-^ 109 127 145
 Q
 0.6260 0.6260
 LNS 1
 8000.0 157.0
 -70
 -50 V
 -10
 /
 0.0129 0.0129
 NRV PS Y 0.0
 10000.0 182.0
 Fif. Ill Air vessel > throttle
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 The initial velocity was 0.72 m s ' and so the throttle did not markedly affect the result.
 22.3 Case 2
 A different example makes a comparison of the effect of differing n values. The data is incorporated in Table 22.2. Table 22.2 Data for n comparison
 No.
 1 2
 ON 2.0
 JPU 2
 NAV 1
 X Y
 HPU 67.2r
 VAV 2.83
 0.0 0.0
 Length
 981.00 100.00
 HSTAT 66.(X)
 HC 1 0.00
 AV 0.2000
 2(X).() 0.0
 C
 981.00 981.(X)
 Constant Y
 GD 200.000
 n 1.20
 (1.3)
 7(K).0 20.0
 NR 1475
 area 2.5000
 losi.n 6O.0
 d
 0.6880 0.6880
 JVALVE 0
 ef 0.75
 top 3.00
 Q
 0.5660 0.5660
 LNS 1
 NRV Y
 f
 0.0129 0.0129
 PS 0.0
 This example is for a shorter main line and a higher velocity and the results are shown for the two cases in Figure 22.3 (n value in brackets).
 In Table 22.3 there is a tabulation of the comparative heads and air vessel volumes.
 Table 22J Comparison of results for // = 1.2 and 1.3
 V
 1.2 1.3
 26.5 27.8
 130.5 127.6
 1.79 1.75
 5.07 5.16
 67.0 64.1
 (m3)
 df = 0.051 s -|—I—I—I—I—I—n—I—I—I—I—rn—rn—m
 1 8 22 36 50 64 78 92 106 120 Seconds x 10
 Fig. 22.3 Air vessel : n = 1.3 (full lines), n = 1.2 (dashed)
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 The change in the value of n has produced about 4.5% change in water hammer. This sort of sensitivity analysis is easily accomplished once the data base has been established, and enables decisions to be made allowing for realistic uncertainties.
 22.4 Case 3
 The sensitivity to the non-return valve closing is also readily checked. For the data in Case 2 the analysis of the delayed closing of the non-return valve by approximately 30dr = 1.53 s is compared to perfect closure.
 Table 22.4 Delayed closing of non-return (initial V = 2.68 m )
 min max min man
 Normal Delayed
 27.79 127.56 1.75 5.16 24.54 128.8 1.74 5.43
 Figure 22.4 shows the pressure heads in the system up to 301dr = 15.35 s, and time plots of the air vessel volume as well the velocity at the pump are shown in Figure 22.5.
 -I—I—I—I—I—I—I I r I—I—I—rn—i 8 10 12 14 16 18 20 22
 km x20
 Fig. 22.4 Delayed closing
 1 — I — I — I — r — i 19 37 55 73 91 109 127 145
 Seconds x 10
 Fig. lis Delayed closing time plots

Page 139
                        

126 Water hammer: practical solutions
 Again this sort of sensitivity analysis enables the accuracy of the system analysis parameters to be checked very easily.
 In the case of an air vessel there must be, of course, analyses conducted for the expected variation of static head and, as well, the likely air vessel air volume as a function of the ambient weather temperature, daily and seasonally. The tolerances on air space can then be specified for a whole range of operational conditions.
 22.5 Case 4
 The use of an air vessel does not necessarily remove troublesome events such as water column separation, as the following case illustrates.
 The longitudinal profile in Figure 22.6 is such that water column separation occurs near the downstream end unless the volume of the air vessel is made large and of course minimal throttling is used in its connection to the pipeline.
 In Table 22.5 is shown the system data.
 Table 22^ Data for Case 4
 No.
 1 2 3 4 5 6
 ON 2.0
 JPU 6
 NAV 5
 X Y
 Length
 870.00 650.00 400.00 360.00 740.00 200.00
 HSTAT 255.50
 HPU HC 143.00 128.00
 VAV AV 35.00 0.7500
 (100.0) (1.00)
 0.0 380.0 128.0 193.0
 C
 1100.00 1100.00 1100.00 1100.00 1100.00 1100.00
 Constant Y
 GD 15000.0
 n 1.30
 1300.0 194.0
 NR 850
 area
 d
 1.2170 1.2170 1.2170 1.2170 1.2170 1.2170
 JVALVE 0
 ef 0.80
 top 35.0000 131.00
 1700.C ) 1870.0 218.0 214.0
 Q
 3.2400 3.2400 3.2400 3.2400 3.2400 3.2400
 LNS 2
 2350.0 252.0
 NRV Y
 3220.0 253.0
 /
 0.0150 0.0150 0.0150 0.0150 0.0150 0.0150
 PS 0.0
 Two volumes of air vessel 35 m and ICX) m have been analysed. The smaller air vessel is not able to produce pressure heads less than the case of no air vessel at all with water column rupture occurring near the downstream end, first at distance 2350 m. A volume as large as 100 m-* is able to avoid rupture and make a very significant difference in the resultant water hammer. These results are shown in Figure 22.6 .
 Figure 22.7 shows the pressure head and volume of the air vessel corresponding to the case of an initial volume of 35 m whereas the maximum volume for the 100 m case is approximately 127 m .
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 - i — I — I — I — \ — I — I — I — I — I — I — I — I — I — I — n 1 3 5 7 9 111315 17 19 2123 25 27 29 3133
 km X 10
 Fig. 22.6 Case 4 ~ longitudinal pressure heads
 400 n 350-300-
 H 250-(m) 200-
 150-100-50-0-
 V^A.
 —1—1—r-
 V.(36) ^ ^ ''A.v.os) r
 ^A.V.<100)/2 '
 df-0.0909 8 1—1—1—1—1—1—1—r—I—1—1—n
 30
 V (m3)
 1 21 61 101 141 181 221 261 301 341 df x5.5
 Fig. 22.7 Case 4 - time plots, pressure head and volume
 This case shows that a seemingly small region of water column separation leads to considerable water hammer which requires strong measures to counteract.

Page 141
                        

This Page Intentionally Left Blank

Page 142
                        

23 A hydroelectric example
 23.1 An accident with severe water lianimer
 In the hydroelectric installation there are many aspects warranting study for the consequences of water hammer. In particular the use of an open surge tank, lends itself to the general nature of the longitudinal profile, there being often long sections of low pressure pipeline with a short high-pressure penstock downstream of the surge tank, and near the turbines.
 The example treated here relates to the positioning of structures that act like surge controlling devices, but which must be regarded, conceptually, very carefully.
 Figure 23.1 shows a 'characteristic* installation of a hydroelectric system within the associated dam, in this case clearly not involving long lengths of low-pressure pipeline, as the turbine works are not far removed from the water source. In the circumstances the pipeline needs to withstand water hammer effects which are largely due to the operational conditions of the governor regulated turbine and associated valves.
 Penstock
 Fig. 23.1 Hydroelectric system
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130 Water hammer: practical solutions
 The intake is provided with large screens which may need underwater service rarely, whereas the gate tower is to facilitate isolation of a significant part of the penstock for maintenance and inspection.
 Notwithstanding any design basis related to the operation of valves at the turbine, conceptually the location of the gate tower raises important issues.
 Any simple description of water hammer in a pipeline, with a valve control at the downstream end, clearly shows that at A there will be experienced the maximum of pressure fluctuations, whereas at the upstream end, for example near D or G, there will be experienced the maximum of velocity fluctuations. Consequently, one must expect valve operations at A to produce some surging up and down the gate tower shaft, above G. The closer to the upstream end the greater the velocity surges that might be experienced up and down the gate tower shaft.
 Needless to say the design of the gate tower appurtances would need to take these matters into consideration.
 That this matter is not to be lightly considered is evidenced by the catastrophe associated with the damage at the Dartmouth Dam in Victoria, Australia, (May 1990), where some metal was dislodged from the upper part of the gate tower, entered the penstock and arrived at the turbine, causing almost instantaneous shut down of the turbine - an event possibly not within the provisions of the penstock or turbine design.
 The event was large enough to register on seismic recorders which tended to also suggest times for water hammer peaks.
 Analysis by Sharp (1991) of a problem not unlike the Dartmouth case compared the effect of water hammer due to the extreme event, with and without the gate tower.
 Figures 23.2 and 23.3 show the results of computer analysis (with the gate tower), including a longitudinal plot and the time plots at the turbine and the gate tower. The time plots show that the first effects are
 1800-1
 1600H
 1 — I — \ — I — I — I — I — I — I — 1 — I — I — I 7 10 13 16 19 22 25 29 31 34 37 40 43
 km/15
 Fig. 23.2 Hydroelectric water hammer with gate tower
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 exceeded by the second resurge due to water column separation. The first value was basically the Joukowski value and even if the structures were able to survive that, the second would certainly have been far in excess of reasonable limits. In Table 23.1 is shown the basic data for the analysis.
 It is a matter of conjecture whether the second surge was as shown given that a major portion of the turbine casing was torn apart allowing large volumes of water to escape. However, the water hammer phenomenon is so rapid and the value of lUC^ was about one second, leading one to assume that the second larger surge was entirely possible.
 The computer analysis treated the gate tower as a branch with an open end, although normal surge tank analysis, where the length of the branch is small compared to the main penstock sections, usually treats the matter differently. In the treatment in Chapter 16, the graphical analysis does take the surge tank as a branch and shows how simple the technique is, and that it is generally as revealing as the computer analysis.
 1—I—I—I—I—I—I— \—I—I— \—r 9 17 25 33 41 49 57 65 73 81 89 97
 dfx30
 r 113
 "T 129
 1 145
 Fig. 23 J Time plots
 Table 23.1 Data for computer analysis
 No.
 1 2 3 4 5 6 7
 ON 2.0
 X Y
 Length
 30.00 475.00 146.00 30.00 30.00 37.00 37.00
 HSTAT 483.00
 0.0 426.0
 C
 1000.00 1000.00 1000.00 1000.00 1000.00 1000.00 1000.00
 Constant Y
 146.0 413.0
 d
 4.0000 4.8000 4.8000 3.4000 3.4000 5.5000 5.5000
 JVALVE ACT 1 Close
 621.0 316.0
 Q
 87.0000 87.0000 87.0000 0.0000 0.0000 0.0000 0.0000
 tl 3
 651.0 316.0
 /
 0.0150 0.0150 0.0150 0.0150 0.0150 0.0150 0.0150
 t2 40
 Note: that pipes 1 to 3 are main line« 4 to 7 branches.
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 1200
 1000
 800
 H (m) 600 H
 400 H
 200
 dr = 0.015 s " I ] — I — I 1 ] — I 1 — I — I — I — I 1 — I — I — I — I I
 1 23 45 67 89 111 133 155 177 199
 df/2
 Fig. 23.4 Hydroelectric water hammer - no gate tower
 In Figure 23.4 the case of water hammer without the gate tower shows in the time plot the same initial surge due to the rapidity of valve closure, but less water hammer occurs in the second resurge.
 This study involves conditions which would not normally be expected, namely the instant closure of the turbine gates, but it is important to recognise the large velocity oscillations that occur near the upstream end which may affect structural components there, as well as the clear indication that severe water hammer due to water column rupture is markedly affected by the arrangement of relative pipe segments.
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24 Expansion loops (lyres)
 24.1 Basic function
 Pipeline practice, above ground, may involve rigid pipelines (of steel), or expansion joint type pipelines which allow temperature stresses to be relieved by the sliding joints in the pipes between anchorages.
 In the former case the size is usually limited by the empiricism of the design of the anchor blocks to withstand a combination of hydraulic and temperature induced stresses, whereas in the latter, fairly exact design for longitudinal movement due to these effects can be achieved.
 In the case of pipelines conveying liquids of a volatile nature which in themselves may be hot, it is required they be rigidly connected, not allowing expansion joints, because of the possible leakage of the liquid. When above ground, the relief of temperature effects is achieved by the use of loops, which are often referred to as lyres, and the pipeline as a whole is supported on blocks allowing movement to take place freely by sliding action when in the horizontal plane. Guides are necessary if the loop is in the vertical plane.
 When in the vertical plane, probably as a means for allowing the passage of vehicular traffic, the problem of purging gases or air may introduce additional matters for consideration.
 24.2 Case 1
 Figure 24.1 shows a pipeline with one rather large loop highlighting a number of significant problems which were experienced with pumping from ship to shore.
 The events which caused concern involved the pipeline between L and M jumping off its free supports onto the ground, a drop of over a metre.
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 Oil tanker Horizontal and pump *OQP Storage
 Fig. 24.1 Expansion loop - rigid pipeline
 The steel pipeline of 0.76 m diameter was able to be lifted back into place using cranes without significant damage. An explanation was clearly needed as it occurred several times.
 In short it appears as though the water hammer associated with the transfer of liquid from the tanker to the storage was responsible. The pipeline was about 5 km in length and so events in times of the order of 10 to 20 seconds or less would be of great concern.
 In many tankers the prime movers were large flywheel machines connected to reciprocating pumps, in themselves, low speed and large with associated large inertia. As such, water hammer may not have been such a problem. However, modern tankers are often fitted with centrifugal pumps driven by high-speed steam turbines of very small inertia, capable of almost instantaneous stop and start and consequently capable of severe water hammer. To counter this there is the provision of automatically controlled electrically driven isolating valves, but still subject to different authorities. The design of the receiving installations in many places in the world should include consideration for such sudden events as the tankers are capable of producing. The loading from shore to tanker also involves similar considerations.
 The possible corrective measures involve the responsibility of the pipeline management and the highly variable authority associated with the tanker and its safety.
 In this case the pump and prime mover on the tanker at the time were of the newer fast acting kind with very small inertia.
 The problem here will not be described in detail except to say that the size of the loop was large, and perhaps to suggest that some intermediate anchor should be used. There was also the possibility that there was a long branch line (to a dead end) connected capable of adding water hammer effects, so the immediate measures would suggest tighter management of procedures and probably the use of superior control valves ramped to prevent sudden flow changes during operations. It should be stated that the case of electric power failure would still be a major problem. The possibility of forces capable of causing the problem referred to here may be comprehended readily by the more detailed case study considered below.
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 24.2 Case 2
 The problems associated with lyres has been studied in detail by Almeida and Pinto (1986). In this case the pump operation caused damage to the anchor bolts on the pipeline in between two lyres in the vicinity of the onset of liquid column separation. The pipeline conveyed crude oil from tankers to the refinery of Sines. The analytical results to be presented may differ in detail from those shown in the report by Almeida and Pinto but the conclusions are in keeping.
 Figure 24.2 shows the longitudinal profile of the 1.2 m diameter steel main and the result of a water hammer analysis with data roughly equivalent to that in the above report, and an inertia of GD^ = 15 000 kg m . The first occurrence of rupture of the liquid column is at about 5000 m at the point labelled X. If an inertia of only 10 000 is used then the rupture first occurs at about 2400 m at point K
 X Lyre
 H (ml
 .50H
 Column separation
 regions
 m 5000
 Fig. 24.2 Longitudinal profile and pressure heads - pump stop
 The effect of inertia of the pumps on failure would be important but in Figure 24.3 are time plots at points about 1000 m apart as shown by h^^ and h^y
 There is a force difference between these two points of the order of 240 kN compared with the required force to cause the damage reported by Almeida and Pinto of 190 kN.
 The time of lasting pressure difference between the two points is several seconds compared to a value of one second for the analytical explanation offered by Almeida and Pinto.
 However refined the solution might be, it is important to recognise that the basic problem has been explained by the existence of the rupture phenomenon and in the interpretation presented here can be realised by using a simple discrete cavity model.
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 - I — I — I — I — r — T — I — I — I — I — I — I — I — I — I — I — I — I
 1 8 22 36 50 64 78 92 106 120 Seconds x 2
 Fig. 24.3 Time plots at two points
 Furthermore, the development of pressure differences over short distances that could lead to a structural imbalance and damage is clearly indicated by these studies.
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25 Dead end
 25*1 Description
 Many pipeline installations involve pipe branches which serve certain functions of supply, but for various reasons may be isolated. Again it might be expedient for the valve producing the isolation to be at the termination point, or extreme end. This leads to a 'dead end' where water hammer may be reflected, adversely, into the main system when events in the main system reach the branch. There may be many configurations, here just one example is presented to demonstrate the problem.
 25.2 Tlieoretical example
 Figure 25.1 shows a simple network comprising a main line and a branch, both leading to storages at the same level. A pumping plant supplies the system at the upstream end and the case of instantaneous start is considered. The analyses consider the valve at D open and then closed leaving the dead end branch BD connected.
 nn
 129 m
 ¥4
 100 m c
 o Preferred isolation (200 m)
 B
 129 m
 15
 3 (500 m) 2
 Fig. 25.1 Simple branch system
 (600 m) 1 (500 m)
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138 Water hammer: practical solutions
 Table 25.1 is a suminary of the relevant data.
 Tabic
 No,
 1 2 3 4 5
 ON 2.0
 JPU 3
 X Y
 25.1 Data
 Length
 500.00 1000.00 100.00 100.00 100.00
 HSTAT 129.00
 C
 1000.00 1000.00 1000.00 1000.00 1000.00
 Constant Y
 HPU HC GD 50.00 100.00 25.000
 0.0 0.0
 1600.0 0.0
 d
 0.4000 0.4000 0.4000 0.3000 0.3000
 JVALVE 0
 NR 1450
 Q
 0.0143 0.0897 0.0897 0.0754 0.0754
 ef 0.80
 /
 0.0200 0.0200 0.0200 0.0200 1 Branch 0.0200 1 pipes
 LNS NRV PS 1 Y 1.0
 25.3 Analytical results
 The two cases of storage D connected and isolated are considered and the water hammer up to 7.5 s after pump start examined.
 For comparison purposes the water hammer after start is shown at Nodes 1 and 3 for both cases in Figure 25.2.
 In Table 25.2 is listed the results showing that with the tank isolated water hammer is of the order of (155.77 - 129)/(143.1 - 129) = 1.90, or 90% greater than the fully connected case at node 1.
 - , — I — I — I — I — ^ — I — I — I — I — I — I — I — I — I
 1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 Seconds x 10
 Fig. 25J Time plot for dead end study
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 Tible 2SJ Analytical results
 ^ , Hy
 Open branch 143.1 163.9 Closed branch 155.77 163.9
 These results suggest that it would be better to provide for isolation at B rather than D.
 25.4 Typical multi-branching
 A similar situation, though seemingly not as obvious a problem, is the connection of a long pumping main to a cluster of storages, as shown in Figure 25.3.
 Pump
 ^f Storage^ cluster
 Fig. 25 J Delivery to a cluster of storages
 If the pipe lengths from the common junction to the individual storages are not the same then there may be resonance problems.
 If the isolation valves (for maintenance purposes), for each storage, are at the storages then the occasion may arise where operations may lead to a similar unfavourable increase in water hammer as demonstrated in the previous case. Although perhaps small, due to the relative lengths of the various pipe sections, it seems trivial to point out that it is unnecessary to add to the general problem of system water hammer by adopting a practice of isolation in this way. The best procedure would be to isolate the storages as near to the common connection as possible, as shown. This does not necessarily solve all resonance problems which are considered elsewhere.

Page 153
                        

This Page Intentionally Left Blank

Page 154
                        

26 Cooling water systems
 26.1 Introduction
 Cooling water systems usually involve low head pumping plants, and often large flow rates, and aim to minimise the power costs for overall plant efficiency. There often are severe complications due to the condensers being located at the highest point and subject there to high temperatures, returning the flow in a loop circuit. There are common features in the basic system layout, as shown for example in the Proceedings of the International Institute on Hydraulic Transients and Cavitation, Sao Paulo, Brazil, July 1982 (in Spanish and English), coordinated by Koelle and Chaudhry (1982).
 The demand for good simulations of the transient problems has led to a group participation by lAHR for the La Casella circulating water system (1980), resulting in a variety of solutions and indicating the difficulties in analysis of this type of system. A case study was also directed to this type of system by Safwat et al (1986).
 It is a matter of debate how well sophisticated modelling techniques, allowing for dissolved gases, thermal effects, the probable discharge level *seen' by the system as the pressures fall in the condenser box and the simulation of the dynamic behaviour of any anti-vacuumn devices can predict events and ultimate pressures. The analysis of a number of simplified systems is undertaken here merely to test the suitability of discrete cavity modelling for the water column separation that invariably occurs.
 26.2 Case 1
 The example of the cooling water system for a nuclear power plant, Safwat et al (1986), is shown diagrammatically in Figure 26.1, and the case of a pump trip is examined.
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 21.3
 Condenser
 -^^18.5 to atmos.
 —.-3.05 I I
 269.7 380
 Distance (m)
 Fig. 26.1 Case 1 - Pump Trip - CW plant
 500
 The pipeline was 0.591 m in diameter and with a flow rate of 0.385 m s"\ the velocity was 1.4 m s~ and the occurrence of separation at the first major 'knee' (5), elevation 20.5 m, is not unexpected. The magnitude of the water hammer was about 97 m compared with the field measured result of about 140 m. The result of the analysis is shown in Figure 26.2.
 i * f V ' I » i I I I I I I I I I I I » I I I I I t I I I I I I I 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33
 mx 15.6
 Fig. 26.2 Simulation of pressure heads - Case 1
 120n
 -20 H
 -40
 -60-J
 Fig. 26J Time plot of pressure heads
 T 1 — I — I — I — I — I — n
 11 133 155 177 199
 Seconds x 30
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Cooling water systems 143
 The report by Safwat et al was interesting in that it was stated that their simulation (more nearly equal to the field test), required a very careful adjustment of the values of machine inertia and flow rate to compare with somewhat inaccurate field test measurements.
 To obtain a result similar to Safwat et al in fact required a slight delay in the closing of the non-return valve at the pump (see Chapter 6 which discusses this problem) as well as consideration of inertia. Figure 26.3 shows the time plot for this case.
 263 Case 2
 A somewhat more complex system is depicted in Figure 26.4, where the conditions downstream of the condenser are indicated.
 The report of the field study of this plant is reported in a number of places, for example, Koelle and Chaudhry (1982), and a detailed study of the effect of bubbly and separated flow is included with several models.
 12.8
 100 m 5.6 -• • ! I 2.9
 Fig. 26.4 Case 2 - the Barreiro plant
 Again using a simple discrete cavity model the result of the analysis is
 1^^>J;69 Seconds x 6.7
 Fig. 26.5 Case 2 - pressure heads after power failure
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144 Water hammer: practical solutions
 shown in Figure 26.5 compared with the field test result. The simulation produces somewhat greater pressure heads, a value of about 33 m maximum compared with the actual of about 37 m. The analytical solution greatly simplified the system which has a significant complication due to the conditions downstream of the condenser, but nevertheless found values that would be sufficient for estimates of the water hammer consequences.
 26.4 Case 3
 The system referred to initially as the La Casella plant is shown diagram-matically in Figure 26.6.
 The flow rate in this case is much higher at 8.72 m s~' and with pipes of the order of 2 m diameter, the velocity is of the order of 2.8 m s"
 This case, like most cooling water systems, is complex because of the action of control valves, such as the butterfly valve shown in Figure 26.6 and the air inlet valve. The timing of these in the simulation has a marked effect on the water hammer produced. The very simple cavity model used here, although allowing for both these valve actions, clearly shows a worse result than actually observed in tests as seen in Figure 26.7.
 61.2
 d = 2m Air inlet
 valve 56.7
 Butterfly valve
 Delivery circuit 400 m
 Return circuit 234 m
 Fig. 26.6 The La Casella plant
 (m)
 n — I — I — I — I — I — I — I — I — I — I — I — I — I — I — r 1 85 169 253 337 421 505 589 673
 Seconds x 22
 Fig. 26.7 Comparison of experiment and analysis (pump)
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27 Sewage pumping
 •
 27.1 Basic description
 The pumping of sewage from general suburban collection presents a number of issues, some of which are as follows.
 • There is usually a small sump for storage at a low point, from where the sewage is pumped to a main gravity sewer or further holding basin, prior to treatment.
 • The small sump means there will be a number of starts and stops per hour, which may mean that the pumping line has only a short time to settle down between pumping. If there is an accumulation of gas, or column separation, there may be undesirable effects when there is a start before there is some purging of the line.
 In a closely built up area, there may be significant objectionable sound radiated from the pumping line due to operations.
 There can be a question of demarcation between the pumping part of the system and the gravity part, where the latter may be under the jurisdiction and control of a public authority whilst the former may be the province of a private disposal organisation such as a private hospital. There should be no doubt about the standards required of either group in the case of the health regulations in force for public safety.
 27.2 Example with start/stop control
 A case study is now presented which indicates the measures in place to limit the water hammer in a sewage pumping system where the use of
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 1—I—I—I—\—I—I—I—I—I—I—I—r 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29
 kmx20
 Fig. 27.1 Pump stop
 1 — r 23
 - | — \ — I — I — I — r 45 67 89 111 133
 Seconds
 1—I—\ 1—I 155 177 199
 Fig. 27.2 Time plots
 autotransformer regulation enabled a time variation of voltage, and hence the speed of the pumping plant to be controlled beneficially.
 Figure 27.1 shows the water hammer following a normal pump stop as a longitudinal plot of pressure heads. In Figure 27.2 there is the corresponding time plot of two points; both of these are analytical solutions.
 In Figure 27.3 there is a comparison between the measured pressure head at the pump and the analytical result. The correspondence is quite good, noting that there was considerable water column separation along a major part of the pipeline.
 The water hammer did not present a problem for pipeline damage as an isolated incident, but the repeated event represented a problem combined with the noise detected for a closely built up area.
 The use of an autotransformer control whereby the voltage was first reduced and then the switching off of the pump produced much less water
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 Sewage pumping 147
 23 45 67
 Fig. 273 Comparisons
 1—I— \—I— \— \—I—rn—I—I 89 111 133 155 177 199
 Seconds x 10
 1 — r 23
 1—I—\—I—I—TT" 45 67 89 111 133 155 177
 Seconds x 10 199
 Fig. 27.4 Varying pump outage times
 hammer as indicated in Figure 27.4, which shows the result of two trials, both having 50% voltage reduction but using a different time delay for the pump outage.
 The use of such a control can clearly affect the water hammer disturbance generated by the repeated stopping and starting of the pump, but requires some trial and error adjustment and no doubt additional maintenance would be involved.
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28 Slowdown from high temperature/pressure systems
 28.1 A case of extreme column separation
 One often thinks of the water hammer as associated with pressure changes following sudden velocity changes.
 There are cases where the reverse is the predominant matter for concern as in the case of plant and equipment associated with water cooled nuclear powered reactors.
 Extreme events that follow a decompression of a system following a burst or a blowdown of liquids that are at high pressure and temperature focus on the structural damage that might occur to the pipework and threaten the integrity of the power station.
 It is of interest to look at the preliminary events in such a case to see if the simple water hammer concepts offer insight into the basic problem. Here it will be necessary to review the behaviour of a simple cavity during its growth phase, because inevitably the blowdown from a container with stationary fluid leads to vaporisation of the fluid as the pressure drops.
 Mention was made of work reported by Sharp (1992a), in Chapter 9 where some simple concepts of cavity growth and collapse led to the notions that:
 • growth could be governed by a minimum force plus momentum leading to a maximum discharge away from the initial small cavity produced by a drop in pressure;
 • collapse is at a maximum discharge into the cavity until it becomes small when the discharge is proportional to the cavity diameter.
 Concentrating on the growth phase, the results of Sharp (1992a) depend on the simple physical aspects of cavity behaviour depicted in Figure 28.1.
 A cavity is in equilibrium with contributions fronri the gas which may
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 Fig. 28.1 Cavity equilibrium
 be present and the vapour balancing the surface tension forces on the cavity. The value of k depends on the thermodynamic laws governing gas behaviour, and the values in the figure above have been developed to discuss the blowdown problem described by Moody (1989), which refers to detailed experiments conducted by Edwards and O'Brien (1970).
 In those experiments a 4.096 m long tube of 7.31 cm diameter was full of water at about 467° F and 680 m pressure head and a blowdown was created by bursting one end and observing the effects as the pressure waves passed to the upstream dead end and returned. From the water hammer point of view it is of interest if any part of the events can be described in simple terms so that the basic concepts may be tested, in this case without attempting to become involved in the complexities of the thermodynamic matters which play an important part in the total result.
 The work of Sharp (1992a) was early research only recently set out in detail in the technical press. Therein the concept of cavity growth (with some gas present) depended on the realisation that the dashed line in Figure 28.1, found from applying different values of k, represents the critical path line above which a cavity is in stable equilibrium whilst below it is in unstable equilibrium. The relative level of zero head would represent the saturation pressure head to which the flow conditions would be asymptotic.
 For a cavity to grow significantly it must be forced into the lower zone. When this happens the growth is able to occur as required by other factors and is associated with an increase in the pressure head in the liquid surrounding the cavity.
 It is now necessary to refer to the simple water hammer concepts illustrated graphically (which is more than adequate for these purposes), which shows what might be expected with the sudden opening and release of
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 End burst open
 0 2 4 vms-^
 Fig, 2S2 Graphical analysis of blowdown
 pressure at the downstream end of the closed pipe system in the experiments of Edwards and O'Brien.
 In the system which is initially at 680 m pressure head and zero fluid velocity the sudden opening of A at time zero develops A^ by propagating from known B, where one time unit is LIC^, The head at A^ is defined by the saturation pressure of the water at a temperature of 467°F (242®C) and is approximately equivalent to 340 m pressure head.
 The propagation to B finds a closed end where the velocity must be zero in the liquid and hence there will be a separation of the water column and a cavity grows there. The suppositions of Sharp suggest that the growth takes place because the small nucleus from which the cavity develops is suddenly in a zone of unstable equilibrium and is then able to respond to the demand flow because of events downstream. This does mean that the pressure head falls to a region fl, in Figure 28.2 which is ill defined except that it is below the relative zero level shown in Figure 28.1.
 The amount the head falls would be near to the critical level about -60 m crossing to the zone of unstable equilibrium if there was even the smallest amount of gas present, that is to about 340 - 60 = 280 m.
 If there were no gas then the level would be lower, perhaps 80 m or more lower, so that at B the head would drop to about 340 - 80 = 260 m, or lower. In either case one would then see the pressure head rise to the relative level near zero in Figure 28.1 as the cavity grows, satisfying the flow demand away from the cavity.
 From Figure 28.2 the velocity required near fl, as the cavity grows would be of the order of 1 m s'' and for the pipe diameter (area 0.0042 m ) a flow of 0.0042 mV* would be realised. From Figure 28.1 the cavity radius
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 hs (m)
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 Fig. 28J Test results - Edwards and O'Brien
 would be of the order of 5 x 10 - "* m and with the above flow requirement reached in 0.5 ms approximately.
 Figure 28.3 shows the first phase of the system response and it appears that the above postulations produce values that are not quite as severe as the test but showing the same tendency for head recovery and certainly of similar order of magnitude.
 The arguments here are perhaps entirely speculative, but experience has suggested that even when there are dominant thermal effects the simple notions of water hammer and the speed with which things happen are not inconsistent with basic water hammer theory.
 The interesting survey by Moody and the study of Edwards and O'Brien extend far beyond these elementary observations, and show the importance of research and experimental observation as the dynamic problems of pipe systems demand a much greater knowledge of basic concepts, applying all the techniques that are at our disposal.
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29 Classification discussion
 In presenting the case studies, some conception of the different classes of problem was necessary.
 It seems that water hammer might be broadly grouped under four basic categories.
 1. Simple networks. If the system consists of a main line (with perhaps some minor branches) and one is concerned with pumping or hydroelectric works and specific devices such as valves and protection devices are involved, then it might be classed as *simple\
 2. Complex networks and specific systems. When the system has many interconnecting elements, branches and reservoirs with perhaps pumps operating such as with fire protection, circulating water and plumbing and large networks, the term 'complex' might be used.
 3. Multiphase problems and particular fluids. When the problem involves different fluids including water column separation, milk wastes, etc, perhaps non-Newtonian, then analytical methods require more sophisticated algorithms.
 4. Allied problems. In addition there are further analytical methods specifically directed towards matters such as optimisation, structural fluid interaction, resonance and applications such as wave impact, which seem not to be normally embraced by the subject of water hammer.
 General classifications of water hammer might also need to recognise that there have been and will be many more problems which are related in some way, for example in the biomedical field, where analysis based on water hammer principles has been successfully applied. Likewise new algorithms and superior numerical techniques have emerged, mainly because of the computing power that is developing.
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154 Water hammer: practical solutions
 This work, not attempting to enter the general domain of numerical analytical methods, clearly does not address studies of those fluids which exhibit significant non-linear behaviour, and where perhaps the majority of present research is directed. Hence only subjects within the first two groups above were included, plus a few examples of the latter two.
 It is perhaps possible to develop a visual chart which shows the diversity of water hammer, and one such presentation is included as Figure 29.1.
 SYSTEM complex pumped gravity finite (simple)
 TYPE hydro - fire protection - mining - petrochemical water supply - sewage - other wastes - oil hydraulic paper pulp - liquid metals
 LIQUID Type water - oil - slurry - non-Newtonian Phase single - multi - thermal factors
 COMPONENT BEHAVIOUR
 pump - turbine - valve - other - protection devices
 ANALYTICAL numerical - graphical - computer - optimisation - resonance METHODS
 CONDUIT lype elastic - brittle - concrete - plastic Support passive ~ structural interaction
 Fig. 29.1 Water hammer chart
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Appendix 1: liquid and material properties
 The wave speed is found from the formula (simplified form ignoring pipe restraint)
 C 2 = Kip [1/ (1 -K DKIeE)] (Al.l)
 where K is the bulk modulus of the liquid, p the density, D the internal diameter, e the pipe wall thickness and E the Young's Modulus for the pipe material.
 The values of K (bulk modulus) for water and the density as a function of temperature are shown in Figure Al.l. For physical properties see ASCE. (1942).
 These values enable the value of C for a pipeline having no longitudinal stress to be calculated and graphed as shown in Figure A 1.2. TVo repre-
 1000
 r (kg m-3)
 950 I I r Temperature (*C)
 K x10-» (N m-2) (water)
 FIf. A l . l Variation of K and density with temperature
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 Fig. A1.2 Wave speed (celerity) versus Die
 sentative temperatures have been chosen and a range of materials so that a value can be extracted for any situation.
 In Table A 1.1 below are tabulated some values of £, Young's Modulus. Given the variability of values of the modulus and the effect that the
 pipe restraint may have, it would seem more useful to regard the accuracy of the water hammer to be subject to some variation and if it is an issue to repeat the analysis with a sort of sensitivity analysis.
 Table A 1.1 Values of Young's Modulus
 Material E {xlO-") N m"
 Aluminium alloy Asbestos cement Brass Concrete Copper Glass Iron Ductile Iron Lead Plastic (temperature dependent)
 Polyethylene Polystyrene PVC
 Steel Rock
 Granite Sandstone
 70 24
 100 20
 120 70
 100 165 10
 0.8 5
 2.7 210
 50 3
 Tolerance +/-
 4 14
 20
 27
 4
 7
 Arching failure
 The occurrence of a total vacuum, accompanied by the separation of the water column leaving a vaporous space which may have air that has come
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Appendix 1 Liquid and material properties 157
 Table AIJ Bulk modulus and specific gravity (at normal temperature and pressure)
 Liquid Modulus xIO^^ (N m'^)
 Acetone Benzene Castor Oil Crude Oil Ethyl Alcohol Glycerine Paraffin Oil Petrol Sea Water Water
 0.92 1.15 2.23 1.65 1.03 4.4 1.66 1.07-2.38 2.1
 1.49
 Specific gravity
 0.79 0.87 0.97 0.865 0.79 1.26 0.8 0.8 - 0.74 1.03 1.0
 A useful reference is the BHRA publication by P. Linton (1961).
 out of solution, means the pipe must be able to resist failure by its strength structurally as an arch. Thus the condition of arching failure limit may need to be evaluated.
 Formulae for this purpose derive from structural analysis, and for approximate purposes, the following two are useful.
 1. Bryan's formula for long tubes suggests the critical (external) pressure is
 P = 2 £ {mV{m^ - 1)) . {elDY (A2.1)
 where 1/m is Poisson's ratio approximately 0.3 and other terms are as previously defined. If P is less than the vacuum expected then collapse is probable.
 With £ = 210 X 10 KPa and Die = 150, then P = 136 kPa or about 13.6 m of water. If D/e = 141 then P = 14.4 KPa. A total vacuum is approximately 10 m.
 Bryan's formula may be found in E.H. Salmon (1941).
 2. A Rankine Gordon type formula is as follows, it being based on the inverse of tubes subject to internal pressure, and with a rationalisation by Southwell it becomes
 P^2elD\fl {UflEr^)] (A1.3)
 where / is the yield stress and r = Die and for long tubes it has been suggested (Salmon 1941) that it might provide a similar result to Bryan's formula. It is supposedly related more to the question of instability, which depends on the degree of imperfection of the material.
 For a value of / = 250 x 10 kPa and Die = 150, and £ as before, the value of P is 120 kPa or about 12 m of water.
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Appendix 2: data file for complex network example
 The complex system in this text is analysed by first setting up a standard Hardy-Cross type solution of the network where the elements, the nodes and connectivity are established as well as the coordinates of the nodes. SI metric, DW denotes friction according to Darcy-Weisbach (rational friction), PS connections between storages, and PU a pump.
 Units SI
 No. 80
 of iterations Accuracy test 0.0010
 Viscosity 0.0000010 <
 Default/ 0.001000
 Flag -1
 Element type
 DW' •DW' •DW •DW' 'DW' •DW' 'DW DW 'DW 'DW DW DW DW
 'DW DW
 'DW DW DW
 'DW DW 'DW 'DW
 Node
 1 2 3 4 5 6 7 8 9
 10 11 12 13 14 15 16 17 18 19 20 21 22
 Q
 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.00(K) 0.0000 0.0000 0.0000
 L
 100.00 50.00
 197.00 57.00
 185.00 347.00
 88.00 114.00 154.00 228.00
 52.00 119.00
 91.00 137.00 280.00 100.00 50.00
 242.00 100.00 214.00
 83.00 222.00
 d
 0.3000 0.4000 0.3000 0.3500 0.3500 0.2000 0.2000 0.2000 0.1500 0.3500 0.3500 0.3000 0.3500 0.3500 0.2000 0.3000 0.3000 0.2500 0.1500 0.2500 0.3000 0.3000
 /
 0.0002 0.0001 0.0001 0.0001 0.0001 O.OOOl 0.0002 0.0002 0.0002 0.0001 0.0001 0.0002 0.0001 0.0001 0.0002 0.0001 0.0001 0.0002 0.0002 0.0001 0.0002 0.0002
 ^,
 -1.0 -2.0 -2.0
 -13.0 -12.0 -11.0 -5.0
 -62.0 -62.0 -11.0 -10.0 -9.0 -8.0 -7.0 -6.0
 -61.0 -13.0 -14.0 -15.0 -19.0 -18.0 -20.0
 ^ 2
 2.0 3.0
 13.0 12.0 11.0 5.0 4.0 4.0 3.0
 10.0 9.0 8.0 7.0 6.0 5.0 7.0
 14.0 15.0 19.0 18.0 20.0 11.0
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 Element type
 DW D W D W D W D W D W D W D W D W D W
 *DW* DW* D W D W D W D W
 *DW' D W D W
 *DW' DW*
 *DW^ D W D W
 'DW •DW* D W
 'DW D W D W
 *DW' D W
 *DW^ D W D W D W D W
 •DW 'DW *DW' 'DW D W D W D W DW* D W D W D W D W
 *DW* D W D W TU' *PU' 'DW PS'
 'PS'
 Node
 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79
 Q
 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0120 0.0120 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.14 0.127 0.2430 0.0000 0.0000
 L
 100.00 185.00 279.00 128.00 262.00 328.00 114.00 83.00
 348.00 148.00 94.00
 108.00 238.00 190.00 280.00
 74.00 140.00 222.00 168.00 54.00
 108.00 108.00 50.00 83.00
 296.00 144.00 83.00
 198.00 100.00 114.00 380.00 108.00 494.00 108.00 120.00 234.00 128.00 222.00 285.00 83.00
 271.00 85.00
 110.00 214.00 214.00 120.00 176.00 200.00 142.00 200.00 200.00 83.00
 0.0925 0.0925
 83.00 71.00 71.00
 d
 0.2000 0.3000 0.3000 0.3000 0.4000 0.3000 0.3000 0.3000 0.4000 0.2000 0.2000 0.3500 0.2000 0.3000 0.2000 0.3500 0.3500 0.3500 0.3500 0.3500 0.3500 0.3000 0.3000 0.2000 0.2500 0.1500 0.1500 0.2000 0.3000 0.1500 0.2000 0.3000 0.2000 0.3000 0.2000 0.2000 0.2500 0.1500 0.1500 0.2000 0.3000 0.2000 0.3000 0.3000 0.1500 0.1500 0.2500 0.1500 0.1500 0.2000 0.2000 0.3000
 112.00 112.00
 0.25 0.267 0.267
 /
 0.0002 0.0001 0.0001 0.0002 0.0001 0.0002 0.0002 0.0002 0.0001 0.0001 0.0002 0.0001 0.0002 0.0002 0.0002 0.0001 0.0001 0.0002 0.0001 0.0001 0.0001 0.0001 0.0001 0.0002 0.0001 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0001 0.0001 0.0001 0.0002 0.0001 0.0002 0.0001 0.0001 0.0002 0.0002 0.0001 0.0002 0.0001 0.0001 0.0002 0.0002
 111.0000 111.0000
 0.0002 0.0000 0.0000
 ^.
 -12.0 -15.0 -16.0 -17.0 -17.0 -23.0 -24.0 -20.0
 -3.0 -25.0 -26.0 -27.0 -28.0 -30.0 -28.0 -25.0 -35.0 -36.0 -35.0 -33.0 -26.0 -33.0 -37.0 -37.0 -39.0 -^0.0 -55.0 -40.0 -41.0 -42.0 -55.0 -42.0 -32.0 -31.0 -30.0 -31.0 -51.0 -51.0 -52.0 -45.0 -41.0 -46.0 ^6 .0 -47.0 -48.0 -49.0 -50.0 -53.0 -54.0 -6.0
 -56.0 -56.0
 99.0 99.0
 ^4 .0 -43.0 ^3 .0
 ^2
 21.0 16.0 17.0 18.0 23.0 24.0 10.0 22.0 25.0 26.0 28.0 35.0
 5.0 56.0 30.0 27.0 36.0 . 7.0 340 34.0 33.0 38.0 38.0 39.0 40.0 44.0 44.0 41.0 42.0 55.0 38.0 32.0 33.0 32.0 31.0 53.0 53.0 52.0 45.0 42.0 46.0 52.0 47.0 48.0 49.0 50.0 51.0 54.0 50.0 58.0 57.0 6.0
 83.0 83.0 43.0 59.0 60.0
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 Element type Node N. N,
 PS* PS' D W PS* TS* DW DW
 80 81 82 83 84 85 86
 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
 71.00 0 83.00 71.00 71.00 50.00 50.00
 0.0000 0.0000 0.3000 0.0000 0.0000 0.3000 0.3000
 0.127 0.0000 0.0002 0.0000 0.1400 0.0001 0.0001
 -22.0 -57.0 -28 -29.0 -21.0 -59.0 -^.0
 60.0 58.0 29.0 59.0 59.0 63.0 64.0
 Sequences : node, element, node, element...
 59 85 35 28 51 69 36 30 59 85 25 17 8 12 0 59 35 41 40 37 60 86 58 53 60 86 22 20 25 32 14 6 13 4
 63 33 50 57 63 26 9 85 34 45 64 70 64 30 26 72 12
 75 26 0 31 75 18 11 63 42 38 76 54 76 22 33 58 23
 1 43 60 56 1 20 10 75 33 53 61 71 61 0 28 81 21
 1 33 86 32 1 19 29 1 43 55 16 50 16 59 82 57 0
 2 55 64 54 2 0 24 1 26 52 7 68 7 85 29 0 0
 2 32 76 42 3 60 28 2 32 42 14 49 13 63 0 59 0
 3 54 61 52 13 86 23 2 25 51 6 67 8 75 60 85 0
 9 42 16 55 17 64 27 3 38 41 74 48 12 1 86 63 0
 62 62 7 49 14 76 17 31 27 50 56 66 9 1 64 75 0
 8 45 14 44 18 61 26 25 34 40 36 47 11 2 76 1 0
 4 61 6 77 15 16 18 38 35 47 30 65 10 2 61 1 0
 7 52 74 43 24 7 21 27 39 39 57 46 10 3 16 2 0
 5 60 56 0 16 13 20 34 36 0 31 0 11 31 7 3 0
 X,Y Coordinates in pairs for each node
 374.00 716.00 9%.00 474.00 716.00 561.00 74.00
 716.00 622.00 622.00 1116.00 1160.00 1657.00 1350.00 1146.00 1120.00
 1336.00 1186.00 1533.00 1533.00 1960.00 1633.00 948.00 898.00 840.00 700.00 632.00 725.00 1000.00 948.00 1138.00 1328.00
 474.00 996.00 944.00 446.00 716.00 816.00 622.00 996.00 568.00 622.00 1116.00 1390.00 1535.00 1350.00 1200.00 628.00
 1336.00 1186.00 1533.00 1533.00 1832.00 1755.00 948.00 948.00 840.00 732.00 732.00 640.00 1060.00 1148.00 1186.00 1296.00
 474.00 9%.00 716.00 446.00 546.00 978.00 400.00 1116.00 400.00 622.00 950.00 1497.00 1465.00 1002.00 374.00 374.00
 12%.00 1323.00 1533.00 1775.00 1775.00 1960.00 948.00 948.00 840.00 617.00 700.00 645.00 900.00 732.00 1336.00 1336.00
 628.00 9%.00 561.00 446.00 716.00 978.00 716.00 1116.00 400.00 920.00 1002.00 1577.00 1390.00 996.00 1120.00 1120.00
 1186.00 1414.00 1533.00 1960.00 1755.00 1632.00 948.00 840.00 700.00 623.00 677.00 722.00 725.00 1138.00 328.0 1328.0
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162 Water hammer: practical solutions
 Loop details: No. in loop
 17
 17
 22
 17
 12 16
 11
 10
 7 19
 5 4
 9 15
 19
 7
 Elements
 78 47
 3 8
 31 63
 40 38
 35 38 41
 18
 80
 64 6 56
 49 74
 83 3 2
 9 45
 84
 85 48
 17 9
 9 50
 46 34
 15 32 34
 19
 86
 60 22 55
 52 72
 85 4
 8 44
 85
 75 77
 18 2
 8 47
 47 39
 74 33
 20
 76
 69 21 43
 51 81
 75 5
 7 43
 75
 1
 24
 7 46
 48
 36 37
 26
 16
 68 26 33
 50 73
 1 10
 15 32
 1
 2
 25
 35 45
 77
 57 57
 27
 13
 67 27 35
 48
 2 11
 74 31
 3
 9
 27
 37 44
 79
 56 58
 28
 12
 66 28
 31 12
 36
 4
 8
 28
 57 43
 86
 54 59
 29
 11
 65 29
 32 13
 57
 23
 7
 29
 58 32
 76
 52 60
 10
 10
 11
 33 14
 56
 35
 11
 70
 16
 53 61
 5
 22
 12
 82 74
 54
 33
 12
 71
 14
 44 62
 4
 30
 13
 36
 52
 43
 13
 68
 15
 43 52
 17
 14
 37
 49
 44
 14
 67
 35
 33 53
 74
 33
 48
 45
 15
 66
 33
 44
 36
 32
 47
 46
 7
 65
 32
 42
 57
 31
 46
 Head output sequences (starting node then level)
 59 60
 14 60 14 59
 14 14
 59 60
 14 14
 60 59
 14 14
 59 0
 14 0.0
 60 14
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Appendix 2 Data file for complex network example 163
 Data for Water Hammer Analysis
 Pumps HSTAT Somt HH*
 1050.0 2
 JALV 77 0
 8S.0
 HEG 0.5 0.0
 2.0
 JPU 1
 16
 800.0 5.0
 HPU 95.00 95.00
 element node level
 77 23 30 72 73 82 76 75
 PHipdcl NR 1900 1450
 VrifeMi JVALVE
 77
 43 21 22 58 57 29 60 59
 ef 0.80 0.80
 tl
 1
 85.0 det de de de de 14.0 14.0
 HPU 91.00 91.00
 t2
 400
 HC 14IX) 14.00
 GD 200.00 180.00
 LNS 1 1
 NRV 1 1
 PS 1 1
 QPU 0.14
 0.127
 Stttnt and HH are a system represeMative length and fndaon I tde«deadends
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