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ABSTRACT

The analysis of fault conditions and fluid transients in
pipelines tends to be surrounded by too much mystery, with
this part of the design process often being left to 'the
experts'. Whilst it is still necessary to understand the
basic concepts to appreciate the possible consequences of
rapidly changing flow situations, much can be done by
competent network designers to assess the nature arid scale
of the risks to which their systems are exposed before
calling in the specialist. This paper identifies some typea
of pipe system most at risk and outlines strategies for
surge suppression and control. Examples are provided of
computer analyses, relevant to Developing Countries, that
can be undertaken on microcomputers with the aid of 'user
fr iendly ' software.

INTRODUCTION

The design and development of pipeline systems and
networks usually proceeds in stages. An early stage is the
feasibility study to evaluate the need and overall economic
viability of the project. Following this will be the outline
engineering design, for which certain of the principal
features will be dictated by the locations of, for example,
the need for supply, the available sources and possibly
geographical/geotechnical factors. The remaining features
would often be resolved primarily on purely economic
criteria.

Ideally the next stage, before the design is frozen and
construction begins, should be the fault analysis and fluid
transient study. Unfortunately, in practice, this is not
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always the case. However, it is at this stage that the
design engineer should be posing the questions:-

"What happens if........?"
"Can the system withstand........?"
"Are the anchor blocks adequate for shock loads....?"

To attempt answers to questions like these a sound
understanding of fluid transient behaviour is essential. An
appreciation is required of the fact that, following a pump
trip/valve closure/system malfunction, pressures and flows
do not change simultaneously throughout the system but as
a result of pressure waves travelling to and fro. The
initial pressure wave starts from the source of the
disturbance, is propagated through the system at
approximately the speed of sound in the fluid and is
transmitted and reflected at each boundary condition and
component within the system.

Computer-aided analyses are required for most pipeline
systems - but the emphasis is on analysis, rather than
design, hence the engineer needs to be able to identify
possible hazards, assess the relative dangers and perhaps
even propose technical solutions before any computer study
is undertaken.

THE NATURE OF THE PROBLEM

Under transient flow conditions it is usually, though not
always, the fluctuations in pressure that give rise to most
concern. When superimposed on to the initial steady
pressures occurring throughout the system they may well
exceed the permissible maximum and/or minimum values.
This leads to risks of mechanical damage to the pipeline and
components, contamination of the fluid in the pipeline by
ingress of harmful substances, and contamination of the
surrounding environment through leakage out of the
pipeline.

In some cases the consequences of fluid transients can
be quite spectacular, such as the rupture of large pipelines.
In others, the results are more insidious due, for example,
to bacteriological contamination of drinking water.

The changing flow conditions may occur either through
normal operational requirements or through situations quite
outside the operator's control. Examples of the former are
scheduled pump starts, stops, and changeovers, valve
operations for controlling flow, etc. Some degree of control
may be possible here but not always to a degree that
eliminates unacceptable fluctuations in pressure.

It is the unscheduled, i.e. fault, events that often given
rise to the more extreme fluctuations in pressure and
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dominate the assessment of fluid transient conditions.

Some types of system are at greater risk than others -
especially the relatively simple pipelines. Networks, by
virtue of the frequent intersections of pipelines, are
inherently safer in general since the full Joukowski
pressure changes will usually not be realised.

The most common hazard situation is the uncontrolled
pump trip, possibly due to a power failure. In this case,
the rapidly falling pressure may go sub-atmospheric and
drop to vapour pressure allowing a large vapour cavity to
form. The very rapid, and usually large, pressure rise
following the collapse of this cavity (assuming the pipeline
itself has not collapsed) is a serious problem.

Associated with pump trips is the phenomenon of check
valve slam. Systems most at r i sk tU are mult i-pump systems
when one of two or more running pumps is tripped. Also at
risk are single pump systems where surge protection is an
air vessel downstream of the pump, since the air vessel
provides a high stored energy source similar to that of
other pumps continuing to run in parallel.

Perhaps the most serious pump start problem is
associated with submerged deep-well pumps for which the
check valves are mounted at ground level. Upon start-up
the pump may rapidly reach full speed against a negligible
resistance as water rushes up the riser discharging air
through a release valve at the top. Unless adequate
resistance is provided the rapidly flowing water suddenly
meets the closed check valve, suffers an instant deceleration
and experiences a large pressure rise.

Pipeline supports are a matter of compromise. They
need to allow freedom of- movement to cater for the thermal
effects of expansion and contraction, but adequate restraint
to limit movement due to the passage of transient pressure
waves which give rise to unbalanced forces on bends and
junctions. These occur with both 'resonance' and 'single
event' transients. Resonance effects are due to the cyclic
behaviour of system components - positive displacement
pumps, hunting of automatic control valves or between badly
matched centrifugal pumps running in parallel. Failure of
the system under these conditions may not be immediate,
but cumulative fatiguing will result in n reduced period of
trouble free operation.

PRACTICAL SOLUTIONS

Large and rapid changes in pressure are associated with
large and rapid changes in the kinetic energy of the liquid
in the pipeline. If the rate at which the kinetic energy
changes occur can be regulated, so too can the pressure
changes.
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In a few situations* this can be achieved directly such
as by extending the effective operating time of a valve, or
the inertia (hence run-up/ruri-dovvn time) of pumps where
these are the causes of the f lu id transients.

An exception to the rule of slowing down component
behaviour is the problem of check valve slam which is best
alleviated by ensuring the selection of a valve with
adequate response to changing conditions in the system.
For a rapid response the ideal valve will have moving
components that are light, do not have far to travel, and
whose closing motion is assisted by a spring or springs.
Manufacturers should be pressed to provide Dynamic
Performance Characteristics.

For the majority of pipeline systems, however, it is
necessary to incorporate additional components with a view
to moderating the speed with which changes to flow rates
would otherwise occur. Such components operate on the
principle that a fluid is drawn into, or expelled from,
pipelines in order to regulate and control the rate of
change of flow and to give time for pressure waves to be
reflected from other components in the system, which is
normally beneficial.

Examples of the techniques used include air vessels,
surge tanks, feed tanks, relief valves, air inlet-outlet
valves, by-pass lines, etc. Some brief comments on these
devices and techniques follow; greater detail being available
in various texts^-IJ,

Air vessels are the most common device used in the
water industry, particularly to guard against the adverse
effects of a complete pump shut-down. For this application
they would be located, see Fig. 1, downstream of the pumps
and their check valves which, as indicated above, must be
selected with due regard to their dynamic performance
characteristics. The air vessels may be single or multiple
units.

*]

Pump

Fig.l. Air vessel downstream of a pump to control
conditions after shutdown.
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The latter would bo chosen if a large capacity is required
or where the staged development of a scheme is proposed.
One or two would be installed initially with others being
added later as the demand on the system warrants.

In very low head applications, where the hydraulic
grade line is close to the pipeline profile, an open topped
air vessel, i.e. .surge shaft, may be used. Their main
applications are in the field of hydro-electric systems but.
they can be useful in, for example, gravity feeds between
reservoirs and treatment works.

For pipelines having undulating profiles, especially with
elevated sections, air vessels alone would often be expensive
and inadequate to avoid sub-atmospheric and vapour
pressures occurring. Since air valves would be required
to release air during filling, and re-admitting it during
draining for maintenance, suitably designed valves may be
used in some circumstances to suppress fluctuations in
pressure under transient flow conditions. By admitting air
freely when f.h« local pressure falls to atmospheric the risk
of pipeline collapse can be eliminated and by restricting its
release an air cushion limits the magnitude of subsequent
pressure peaks. Some care will, however, be required
when restarting the system to allow the trapped air to
escape in a controlled manner.

As an alternative to admitting air to a system when the
pressure falls a feed tank (sometimes referred to as a
one-way surge tank) may be used. These only provide
protection against sub-atmospheric pressures and not
against high pressures other than indirectly by avoiding
those associated with vapour cavity collapse.

Although pump trips represent the major need for
system protection, start-up operations also require care,
especially if a downstream valve is completely closed.
Deep-well pumps, too, can present problems. Controlled
start-up with carefully sized air release valves at the top of
the riser should be considered first. Air vessels also are
a possible aid, but a cheaper alternative that should also be
considered is illustrated in Fig. 2. This shows the
application of a pressure regulating valve which should be
open when the pump is run up to speed then closed
gradually. As the discharge pressure builds up to the
static head on the system the check valve opens and flow
continences in the rising main.

In long pipelines booster pumps may be required,
especially when high flow rates are envisaged. In the event
of a loss of motive power to the pumps the pressure will
rise on the upstream side, whilst falling on the downstream
side. A simple by-pass line, fitted with a check valve,
around the pump can divert the high pressure upstream to
relieve the low pressure downstream.
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• Submersible
pump

Fig.2. Schematic layout showing the use of a pressure
regulating valve (PHV) for surge protection of a
deep-well pump installation during pump starts.

Closing valves, like power failures to booster pumps,
give rise to high pressure on the upstream side and low
pressure downstream. Air vessels could - be used, in
principle, on both sides of the valve but on the upstream
side pressure relief valves are often worthy of serious
consideration. Such devices provide no protection against
low pressures, however.

Relief valves can be of the conventional spring-loaded
type, be controlled by a hydraulically operated pilot valve,
or be one of the various patented designs. The essential
features are a rapid opening (i.e. in much less than a
pipeline period), followed ultimately by a slow closure. It is
also essential that they should be of an adequate size and
number to pass the required flow, allowing for valve
isolation for maintenance purposes. By using two or more
valves set to open at slightly different pressures the risk
of relief valve hunting is avoided.

Note that the choice of relief valve cannot be made in
isolation. The valves themselves should be close to the
line being protected and hence the discharge line from the
relief valves to waste, or to temporary storage facilities,
must be considered since this will give rise to a back
pressure resisting flow.

Since no two pipe networks or systems are the same the
potential hazards from rapidly changing flow conditions will
require practical solutions that will also be different. The
advantages and disadvantages of the various possible
solutions must be carefully assessed. In principle, any
method of surge protection is valid provided it is practical,
economic and gives adequate protection.
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For simple pipe networks, some assessment of the risks
and of the technical solutions can be achieved through the
use of "Approximate methods". These may also be used to
provide initial estimates for computer analyses since
virtually all computer programs available analyse
predetermined systems rather than desigri a protection
system for a suggested fault or hazard.

DESIGN CHARTS AS AN INITIAL DESIGN AID

Although the well-known graphical method of Schnyder and
Bergeron.'S] may be applied to many simple systems it has
been superceded by various computer codes ranging from
short ones for single pipe rising mains to much more
complex models for multiple pipe networks. (Wood 1982; ESDU
1984; Martin 1987)(6-8],

Insofar as Approximate methods have a contribution to
make, two types of situation arise. One is jfor water
supply schemes having a phased development over some
30-40 years and in which, in the early phases, the flow
velocities are in the order of a few centimetres/second.
The other is to provide initial estimates of, for example, air
vessel capacities, prior to a computer analysis of a complete
system.

The former situation occurs in developing countries in
those schemes where the pipelines installed initially are
sized for the ultimate flows whilst the pump station is
extended gradually, over, perhaps, 30 years, as the demand
increases. The pressure fluctuations following a pump trip
from a low flow velocity, vo, of, for example, 10 cm/s, would
be little over ±10 m. Superimposing this change on the
hydraulic grade line enables the engineer with a sound
understanding of the principles governing transient flow to
decide if his system is at risk - but with such low initial
flow rates many systems would not, in fact, require much in
the way of protection from surge effects.

Pump trips and valve closures from higher flow rates
will give higher pressure fluctuations for which simple
superposition as above is less appropriate, but will often
indicate if sub-atmospheric and column separation/cavitation
conditions are probable. Computer studies are then
essential but the pipe system to be modelled will require a
prescribed device, e.g. an air vessel, surge tank, valve
closure arrangement, etc. This initial prescription of
preventative measures can only be decided on the basis of
experience, rule of thumb, or a suitable "Approximate
method", usually making use of design charts. The most
common examples of these refer to the sizing of air vessels
[2,9,10] an(j surge tanks!**,11,12] and to pressure changes
following valve closuref^^.lS], por ^e special problem of
the start-up of deep-well pumps, should air vessels be
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under consideration, design charts have been devised I2|14]
to aid their initial sizing.

Whether the principal hazard is excessive pressures in
low lying sections of the system or cavitation problems in
the more elevated parts, or a combination of the two, will
depend not only on the cause of the transient flow
conditions but also on the pipeline profile arid complexity of
the system. Ft has already been noted that simple pipelines
are often more at risk than networks.

Once the experienced engineer has exercised his
judgement, identifying the more serious risks and the
strategies most suitable to contain them - including the
estimation of, for example, air vessel or relief valve
capacities - a computer simulation is usually essential.

APPLICATIONS OF MICROCOMPUTERS

The computer modelling of fluid transient phenomena has
been a fruitful area of research for some 25 years and even
now, especially for complex multiphase flows, there is still
scope for further work. However, for purely liquid flows
many satisfactory codes have been developed. These have
mainly been on mainframe computers, but are now being
made available on microcomputers.

This is particularly useful in Developing Countries in
which more engineers have access to micros than
mainframes, and also to the travelling scientists and
consultants who are able more easily to transport and use
software with which they are familiar.

Two characteristic features of microcomputers that have
helped their adoption by engineers are their ease of use
and the availability of graphics displays. In the former
case, the interactive nature of many of the programs means
that a knowledge of computer programming per se is not
required - the programs are menu driven and the user
simply responds to prompts on the screen. The graphical
capabilities enable both pipe systems and the results of
hydraulic analyses of them to be displayed and the salient
features readily assimilated.

The following examples serve to illustrate some of these
points.

Case (a) Water Supply Pipeline
This first example is typical of many schemes encountered in
Developing Countries where water has to be pumped several
kilometres either from a source to a treatment works or
from a treatment works to a storage tank which then
becomes the source for local use.
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The pipeline in this case (in Africa) is buried for much
of its length of nearly 20 km (see Fig.3). It is 82 mm in
diameter, follows an undulating path, and is made of plastic.
Three target flowrates were to be considered and transient
analyses were required for two situations - loss of power to
the pump at the upstream end, and rapid closure of a
control valve at the downstream end.

Neither the pump performance characteristics nor the
valve head loss characteristic were known. Another area
of uncertainty was the wave propagation speed through the
water in the plastic pipeline.

For an un-buried pipeline the wave speed would be of
the order of 500 m/s. When buried the backfill material
would provide some additional restraint for positive
pressure waves, but the extent of this support depends on
the nature and quality of the backfill as well as the
previous history of fluid transient events. Hence, for the
purposes of this investigation it was assumes that for
downsurges, e.g. following a pump trip, the wave
propagation speed would be 500 m/s. For upsurges
following closure of the control valve 1000 m/s was used to
err on the conservative side and assume some backfill
support.

The Periodic Time (i.e. round-trip travel time) for the
pipeline was therefore at least 40 seconds even for the
higher wave speed. Both the pump run-down time and
control valve closure were likely to occur in much less than
this, therefore the lack of exact data on their operating
characteristics was not so important and 'typical' ones were
used.

Tables I and II show sample results for a pump
run-down and valve closure using a program based on the
Method of Characteristics numerical solutions of the
equations for unsteady liquid flow. The first half of each
Table contains data entered in response to questions
appearing on the screen. The remainder is the result of
the analyses.

Figs. 3 and 4 are longitudinal sections of the piplines
with max-min head profiles shown on them - in the absence
of surge suppression. The pump run-down is within the
acceptable limits but the valve closure presents problems.

Case (b) Small Hydro-Electric Scheme
This example arose as a preliminary feasibility analysis in
connection with preparing tenders for a design and
construction project. The primary object of the study was
to obtain an estimate of the pressure fluctuations in the
penstock, upstream of the turbine main inlet valve assuming
a rapid load reduction and complete closure of the guide
vanes in 14 seconds.
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I N I T I A L CONDITIONS
Output f i let A:PT2O5UUT

Date of this simulation; 6th July 1907

INPUT DATA

CODE FOR ONE-LINE SYSTEM TYPE:
(2) Pump t r ip m unprotected pump df=t_(i-3i qp lm<_'

***SVSTEM OATA««»

F-ipr? length - 1 9'JOO <n
Pi po di amr'tc'- - . O02 m

Wave ipef'd in 1 i QMI cJ - =;,.,;. m/.^

Stead v~st*te f 1 o-.-i r oto - . OO222 m 3/<i
IJ'.imber of pi po sect i one = 1O

•••PIPE PROrftE OOTA»**

Elevation -»bovc riali-m ( n ) fc»r n'. t-» of U-" ]l d

Nurio. numbers : Upstream r-mf ^1 ; Pnwn-jt r »?am "M'J = 11
El ovation -• 064 m
El evat i on =• 058. 5 ni
Elevation = 059 m
Elevation » 664.5 .n
Cl «?vati on = 061 m
Elevation = 06? m '.
E) »*vat i on =• 86R m
El ovat i on - 02-6 m
Elevation - e;7 m

Elevation = QQO m
Elovat i on = 8B2 m

»»*DATA FOR Pl.'MF- TPIP CASE*** '̂

Pump i nl et hco'J - 5 m
Prated head - B'J. B m "4
Rated f 1 on = . O'.'221: m' 3/s o-'
Rated spoc-d - 1^60 rt.-v/min '^
K'jlcd power = 2. I 7 | w
Rated of f i c i c-ncy (v- 1 > = . 117 '̂
Iner t i *•* o* r a *•.*•»*. J ou f»<;*r *. r- -~ 2O I •. q m '.-' *"

oquati uns boscd on r^tc'd condi L i on- a
bl =-.033 02 =-.<M7 D7- = 1 . 1 *

B4 = . IS E-5 - .32 P6 = .53 '.'«

-i
Period over w h i c h f ] UK cnncli t iorm «n- ^ <roni i.orod (Ci) =r 4OO f.

••t

«
LB I. System data, initial steady conditions and $

Node
no.

1
*•

A
5
6
7

8
9

1O
11

KESULTS

.__ —— ....

FJ ow Hejd Ho«*d

<m/b J (rt,> <(i,>
O. 42 9'16. 6V 82. 69
O. 42 ^4 I. 72 (J3.22
0.4:.- V:-A. /:•; ,'7. 7-,-;
O. 4 > V." I . !'( f 67. 20
O. 4 f 91.'6. HI 6S. Bl
O. 4 ' 921 , Uli 52. 0':
O. 4 ? 916. B3 48. 00
«:». 42 911.91 5-i. VI
O. 42 906. 94 "5. 94
0. 42 901.97 21 .97
O. 42 09/.UO 1S.OO

DATA OU1PU1 EVLRY 5 T I MK Pl tP(S) FOR MODES 1 , 7 and

T i mo :
(s) :

:

o.oo .-
I9.5OO:
39.OOO:
56.500:
78.000:
9 7.500:

312.OOO:
7.31.5UO:
351.0OO:
•J70.500:
390. OOO:

Hue-()«i aho-.-o d.it.um
(m)

Nodt? 1 : Mode; 7 : NoiJc 9

94&.oV : VIA. (n* : V06. 94
915.75 r 917.01 : '.•>«.'.*>. 75
907. 2O : 9«..fj.26 : 901.45
O96. 69 ; 897. 71 : IJ9?. 1O
89O.81 : 0'?4 .4-7 : Oc/t>. 65
O9O.21 : UV.:. IV : lif^'J.ti?

4
898. 9H : 097.75 i U97.3"
BVV.'ll : OV9. 77 : 131 >.•><!
899. US i B'?S. 11 : B97.51
897.01 : O97.ir? : 397.. 12
893.50 : 09i. ;<? : Q96. 69

: f - ) QVJ Voloci
: ( m / -j )
: Node? 1 : NoOt? 7

: O.11 : 0.42
: O.'X : O.I 2
: O.iX : .'.'.24
: o.Oi. : M.I 6
: ... I'M. : o. it1/
: il.Oij : -O.O'S

|,
: «.*. t'i.i ; -(.>. '.'3
: <">. •:""• : O. '-">
: 0.00 : O.02
: 0.00 : O.O4
: 0.00 ; '-'.03

9

1 1 C'S

: Node 9

: 0 . 4 7.
: 0.42
. ( l > 32
: O. 19
: 0.11
: -O. 02

: -0.04
; t.l. OO

: 0 . O 3
: O.04
: O. O3

TAE*ULAT1ON OF MAXIMUM AM!) MINIMUM HEADS AT EACH N'ODE

Node

1

3
4
5
6
7
Q
9

i-:>
1 1

Mj-::.Vi(?ad Ma;: . head

(at, (ml

91 .69 Or.'. 69
94 .72 83.22
93 .76 77.7t>
93. .82 67.7.2
92 .G3 ^.S.G3
92 .69 S2.E9
'f 1 .'. 09 1 v . O9
9 1 1 . 9'1 f.'j . '.'1
9..i6.9tl 33.95
••.-:-2 . .'.3 j:.>.o3.
n-; 7 . oo i s . ......

Mi n. head Mi n . t

<m>

890.15 Zt
89<:>. in i-
3VO. 44 7>
090.50 2£
890.01 2S
B'' 1 . ~H 2'
092. 19 "2*
iiV-f.i'O 3
694.3': j 2
8 ?5. 66 1 '
H97.00 If

i*ad

. 13

.68

.44

. 00

.01
'."S
. 19

-:-9
3.fc6
..00

results from a transient analysis of a rising
main pipeline subject to a loss of power to
the supply pump. TABLE I. (Continued)

I
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Input f i le: ft: VC-K-
Output f i l e t AiVCriu
fi t It* of this oi mul at

Dati? of this Gifliul .>L» on: 6th ,Jul v 190 /

INPUT DATA

CODE FOR ONE-LINE SVSILM 1YPI':
(!) A constant firr?r.curo source-

•••SYS1EH Onlrt"

P i p<? 1 onq t. h - I *j>3'"
Pi pt.' tJi amc'tfr - . «.

W*ve speed in 1 i qui d = J *.>!>"» in'' .1
Tanl; head above datum = "16.69 m
Steady- stJtc f 1 on r a te =~ . C'021'2 n>" "Vs
Number of pi pe% dr?c t i ons - 1 •>

•*rP!PE PROFILE DniA«*»

IT! i?vat i on ahovc d..ttum (m> f -jr '?-:-cl i of I ho 1 J noijir-j
Mode nu/nbrr«? : 'J|»r.t»-C'Jm onjf :: T ; I;o'.;-iot.ream .-.-nil ' 1 1
Elevat on = 861 m
Elevat on - 859.5 m
Elwvat on = 8S9 n.
Elevat on - 861. T. m
EJi?vdt on = Bi.1 n,
Elcvat on = 869 m
Elevat on ' 8fr0 m
El evat on ™ E!56 m
Elovat on = 6"/T- HI
Elcvat on = 81?0 m
El i?vat on = BB2 <n

•••DOTA FOR VALVE CLOSURE CASE**"

VALVE C( USURE OPriDN:
(3> Gl ob*? v-=-J s-(?
Val ve c 1 ocuro t i me? ~ . ?< c.
Val v«? c 1 osure is 1 i nf?,?r

Head drop ^c rt>c.o vjl vc? (jt. r-.(.pi'dy • a t t 'Lc)

TABLE II.As Table I but for a rapid closure of the
downstream control valve.
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INI T IAL CONPI T lljriS

Node rion
no. VL'l OL I t. /

( n..' ̂  )
1 i'".-12
^ '.'•. o:/
".' ". I -
1 0. 1.:
i o. -I::
4 ':>.'!;•
7 i'. 't".'.
a ".•<:'.

l i ' i •'.•!.:
11 o. 11.

DATA OUTPUT EVt'Ki' 1 0 I ] I iH GILI ( ^ > K')IV MUDtS 1 , 7 .11. d

Cpr«. '55i 're>
( m )

8L.'. 69
0-.L>2

iS. 0 I
5.:.J1
J\!l. t'ltj
;:,S. V I

ll;-rlc jln.-.f -l.-.ti'.'.
(in)

Nodt? 1 : Noilo 7 : Mnili

916.69
9.|6.f>'?
916.69

97K.4fi : 9":r..fi.-,
VS^.10 : ••/:/.:. 11

VJI.:. J Li : '/-I.:. <- u
VI1 ..•>•> : •>•!< . '.'.a

,• Veloci t ies
(.fl.'C)

f'Jodo ^ : Node 9

0. 1^ : O.12
O."f t *>• OS

-u. u -".13
-•O.i>6 -0.05

O.oB 0.08
0.'.-1 0.02

-O.OS -O.l'S

»:>.'>i o.o^
o....; o.oi

-0.01 : -it. O7

TA&ULAIIC'N Of- MrtXIMUIl AND MINIMI '!1 HEAOS Af EACH NODE

NuUu'
number

1

•5

1
S
6
7

U
9

!<••
1 )

I'lj;: . !ic--'il

V1 .'. . i,*~/
Sr, ;.. f)
96S. J -">
î,.-,. 7-1

Oitj.^-'
<V7'.'. -I"
*'? /"• *IS
r/7-l. -IB
976. fjl.'
97n. .-'>'•
*>!>.•. V..'i

M_ir . h^'u.cJ

1 "S - J 1
K<6. lii
1'>1.11
: o? , '.''>
101. •!•:•
?0 - l . Tj
I 1 G. 13
: '.''^. v'ji?

ritj. .'•'.'
•?&. :̂ .1,

MI n. hcod
.nb'v/e Uutum

f in)

'/1cj. 61'
9; /. '.•.:
97-5.07
9; J . 66
91'6 . 70
VI- 1 . 66
V 1 6 . 07
91 1 . VI
9O<L . 66
"0 1 . 9 /
13'>V.OO

Mi n. head
(pr t'ssure)

(in)

Q1\6V
76.51-
?t.87
b'J. 16
iS. 70
^2.66
10.87
:i5.91
T3.66
1M.97
15.OO

TABLE II. (Continued)
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Max.Allowable Head
Profile

Elevations
A.O.D. (m

Minimum Head Envelope

Pump
Station

Pig.3. Single rising main system showing the pipeline
profile, maximum permitted head profile and the
mux-min profile following a simulated pump trip
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Max.Allowable
Head Profile

c = 500 m/s

Elevations
A.O.D. (m)

925

• • 900

875

J-850

Maximum Head
Envelopes

Minimum Head
Envelope

Discharge
Control Valve

5 km

Pump Station

Flow

Fig.4. As Fig.3 but for a simulated valve closure at
the downstream end.

f
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The overall length of the pipeline, from supply reservoir
to tailrace, was 1840 metres, of which the first 1230 metres
was 1.2 m in diameter and the remainder 1 m in diameter.
Near the upstream end were located a runaway valve and a
vacuum breaking valve - each having small 'minor losses'
associated with them.

The inlet guide vanes and turbine were modelled as a
smgle component having a quadratic relationship between
head drop across it versus flowrate, and which was time
dependent.

Two programs were used to analyse a load reduction
and guide vane closure, and similar results were obtained
Table III shows the output when using the same program as
in the previous example. As this program will only analyse a
Single Line Situation" some idealisation was necessary -

mainly an assumption of a pipeline having a uniform
diameter of 1.1 m.

Using a more sophisticated program(6] not. oniy can lhe
two different line diameters be used but the minor losses
associated with the runaway valve, connection to the vacuum
breaking valve and the change in cross-sectional area were
also included. The individual pipe lengths between these
components ranged from 20 m to 1200 m.

Table IV provides an example of the system data and
results but the most powerful demonstration of the use of
micros are Figs.5 and 6 showing plots of time varying heads
arid flows.

This latter program is based on the wave-plan technique
for transient flow analysisHBJ. There js good affreement

between the two sets of results, but exact agreement cannot
bo expected as the first set involve greater idealisations.
Note that the start of the transient event is delayed for 3
seconds to ensure stable initial conditions to be confirmed.

Case (c) Network Analysis
As indicated previously, the analysis of transient flows in
looped networks has normally been undertaken on mainframe
computers due to requirements of computing capacity and
data storage. These restrictions have now largely
disappeared and Fig. 7 is an example of a relatively simple
network used to demonstrate what can be achieved on
popular microcomputers.

Greater details of this scheme have previously been
reported I ' ' > .

This network is supplied by a p u m p drawing from a
reservoir at the left hand side of the diagram and two
elevated reservoirs at the right hand side. A transient
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i

459

HEftD
(Helm)
159 -

' > * I i ' i i i
39

EUPSED T1HE ( 3 seconds)
KEV; ft - PENSIOCK PRESSURE HEAD

Fig.5. Pressure head versus time upstream of a hydro-
electric turbine during and following a load
reduction.

»* OUNCES IN FLOU UELOC1IV w»

UELOCIIV
(K/S)

A A

i , i I i i i i i
39

IlftPSED IIHE ( 3 seconds)
(9

KEV: ft - FIOK HI NODE HO, 6
B - FLOU (II NODE NO. 19

Fig. 6. As Fig. 5 but changing flow conditions at the
turbine (Node 10) and at a point about 600 m
upstream (Node 6).

JNTERNAtiayAL REFERENCE CENTRE
••'OR CCX'/iiv.'JMTY VYATF.R SUPPLY AND
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Title of this simulation: LOAD REDUCTION

Date of this simulation: 12th October 1987

INPUT DATA

COMPUTATIONAL HYDRAULICS 135

CODE FOR ONE-LINE SYSTEM TYPE: »

««*SYSTEM DATA*** \
V

Pipe length = 184O m
Pipe diameter = l.l m '.

Wave spc^d in liquid = 1O22 m/s

• ••PIPE F-ROFILE DniA**«

Elevation - 43O m
Elevation = 373..7.7;.3 m
Elevation «• 316.6667 m
Elevation - 26O m
Elevation => 2O3. 7373 m
Elevation = 146.6667 m
Elevation = VO m *

•••DATA FOR VALVE CLOSURE CASE*"

VALVE CLOSURE OPTION:
<4> Butterfly valve
Valve* closure? time - 1 4 s

Velocity and Head are bei nq monitored 41

INITIAL CONDITIONS :i.

Node Flow Hc-ad Head

(m/s) (m! (m)i 3.67 470.00 o.oo ;;
2 3.67 425.10 52.O7 ?
3 3.67 120. BO 101.13 'j
1 3.67 416.20 156.20 -j"
S 3.67 11 I.Ac.' L'OB.T? $
6 3.67 4O7.OO 260.71 *
7 3.67 102.40 3IVMO 4

RESULTS

DATA OUTP

T i me :
(SI :

O.OO :
1.500:
3.001s
4. SOI:
6 . OO 1 :
7.502:
9.O02:
10.502:
12.003:
13.503:
I5.O03:
16.504:

45.O1O
46.510
48.010
49.51 1

Ji EVERY 5 1 1111. ri

<nt)
Node 1 : Node 4

43O.OO : 4 16. 2O
430.UC : 432.21
3O.IX : 4 69. SO

TO.Ol : 46S.S4
30. OC : 454.39
30. OO : 4 IS. 36
3O.OO : 448.83
3O.OO : 416. I 7
30. OO : 431.11
30.00 : 419.33
30.00 : 41'2. 16

1
43O.OO "124.O1
430. OO 431.76
430.00 437.64
430.00 129.03

52.511 470.0O 426. Oj
54.O1;: 430. OO 433.1O
55.512 4JO.OO 433.71
57.012 43O.OO 429.05
58.513 43O.OO 422. BB

TABULATION OF HrtXIMUM AND

Node
number

1
•>
3
4
5
6
7

ha::, head M^
above datum (or

Cm)

43O.OO
418. 18
464.99
480.35
-194. 10
SO6. 35
SI?. 91

Ttl'(S) I'll

Node 7

4O2. 40
41:;. 09
4VJ. 46

4 7V. 25
469. 52
4t,7. 47
456. 7'?
436.60
4 I 6. 16
418.OU

: 4;:1.43
: r-4 . 2<;>
: 39.33
: 32. 48

< NOi'KS 1 ,

Flow

Node 1 :

3.67 :
3.68 :
3 . O6 ;

1.47 :
0.92 :
0.64 t
0.30 :
0.01 :
-0.15 :
-0.09 :
0. 12 :

: O.Oa :
O.O9 :

: -0.01 :
: -0.08 :
: -0.04 :

: 23.6? : 0.00 :
: 77.54 : O.O7 :
: 37.98 i 0.04 I
.- 429.31 : -0.0(3 :

fllNlMUM HEADS AT EAf

::.hL-i>d Min.hfad
ensure) above datun

In,) In,)

O. 00
74.85
14Q.32

290. 77
359.69
-1^7. 91

430.OO
24. 01
IV. 75
15.59
1 1 . 2O
06. 8O
"2. 4O

1 i-nd 7

VL-loui ties
(m.'u)

Node- 4 Node

3.67 3.
3.51 3.

1.47 1.
O.96 1.
0. 6O 0.

O.O2 0.
-O. 12 0.
-O.05 0.
0.07 O.

4
0 . O3 : O .
O.Oi : 0.
-0.01 : 0.
-0.08 : O.
-0.02 : O.
0.05 : 0.
O.OS : 0.
-O.ul : 0.
-O.O6 : 0.
O.OO : 0.

H NODE

Mi n . head
(pressure)

(m)

0.00
50. 71
103.O9
155.59
2O7.86
26O. 13
312. 1O

:
7 :

67 :
25 :
79 :

59 :
04 :
62 :
31 :
1O :
'Jl :
00 :
>0 :

00
00
OO
00
OO
OO
00
OO
OO
OO

TABLE III. Data for a simulation of a load reduction on a
hydro-electric turbine, using a 'single-line'
computer model.

TABLE III. (Continued)
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1UKIL SIMULATION [IMP =< 60 TIME INCREMENT - .01

•••« SUMMARY OF PI ft: fiYtilfcH limn •••«

NUMBERS UF SPECIFIC ITEMS
I-IN!{ SEGMENTS = 5 COMPONENTS - 3
JUNCTIONS - 2 FYPASS LINES = 0
SIDE OKI PICES = 1 RELIEF VALVES - O
CHECK VALVES = O VARIABLE INPUTS" I

LINE SEGMENT DATA

CTJLI r ION
UF ENDS

1 2
4

6 7
B 9
10 11

TRAVEL
INCREMENTS

2
1

1 17
59
1

C/GA

9?. 10
92. 10
v:.-. jo

i ".'.6:;
132.65

I N I T I AL
FLOWRATF

3.49
-.19
3. 19
3. 19
.'.49

SEGMENT
RESISTANCE

0.0 I
O.01
0.45
O.09
O.OO

COMPONENT CHARACTERISTICS

POSITION NUMBERS - 2 3
A- O 1.1= O C".OOB4
INITIAL FLOWRATE = 3.49

PUSH I ON NUMBERS = 7 0
A= O F" 0 C=-.oOO!
I N I T I A L KLDWRATE = '.'..4V

POSITION NUMBERS - '? 10
A - <i B= 0 C = -26. IL'
INITIAL FLOWRATE = 3.49

JUNCTION INFORMATION

INITIAL HEADS = 1 - 3.8

INITIAL HEADS = 161.5 - 161.1

INITIAL HEADS = 331.5 - 13.3

JUNCTION
LOCAIION

NUME'ER
OF LEGS

1N I I IAL
HEAD
4.O
10.0

SIDE ORIFICE CHARACTERISTICS

SDU LINE POSITION Nr.'MlCRS =< 4 6 - DISCHARGE F'OSITION
ARV EFFECTIVE ORIFICE ARF:AS = .09 (IN) - 5 (UUT)

AIR RELIEF VALVE AT PUSItION 4

VARIABLE INPUT DATA

A VARIABLE AREA VALVE IS AT POSITION NO. 9
REFERENCE VALUE = 26.12
TRANSIENT CHARACTERISTICS
TIME RATIO
O 1

17
1

»«•• SUMMARY OF INITIAL CONDITIONS ••••

CONNECT. NODES
01 82

e
10

FLOW
i to ::
3. 19
3.49
3. 09
3. 49
3.49

4.O
5.0

164.5
331.5
10.O

HEAD
LOSS
O. 1
0. I
5.5
10.8
O.O

ELEVATION
DIFFERENCE

-O. 1
-1.2

- 165.0
-177.8

J.3

TABLE IV. As Table III but using a more sophisticated
computer model.

«***»* KLOWRATE
TIME H- 2
0. 10O 4.0
0. 200 4.0

0.

0.

3,
3.

-
5.
3.
3.
3.
3,
4.
4 .
4.
4 .
4 .
4.

14.
14.
14.
14.
14
IS.
15
15.
15.
15.

400
300
60<3

OO
oo
OO
00
oo
SCO
60O
70O
800
90O
OOO
100
200
300
40O
50O

500
60O
700
800
900
OOO
100
20O
300
400

15-5OO
15.
15.
IS.

60O
700
800

4.
4.
4.

4.
4.
4.
4.
4.
4.
4.
4 .
4.
4.
4.
4.
4.
4.
4.
4.

4.
4.
4.
4.
4.
4.
4.
4.
4.
4.
4.
4.
4.
4.

59.196 3.
59.
59.
59.
59.
59.
59.
59.
59.

296
396
496
396
696
796
8.96
996

SUMMARY OF
COMPONENT

1
2
3
4
7
e
9
10
1 1

3.
3.
3.
3.
3.
3.
3.
3,

0
O
0

O
i;,
O
0
O

0
o
o
0
o
lit
0
M

o
o

6
6
6
6
6
6
6
6
6
6
6
6
6
6

8
6
2
3
3
3
3
3
3

AND PRESSURE RESULTS *•
H- 3 H- 6 0-
3.9 S.O 3.
3.9 5.0 3.
3.9 S.O 3.
3.9

3.9

1
3.9
3. 9
3. 9
" - 9
3. 9
3. 9
3. '?
• '. . V
3.9
3.9
3. 9
.*•- 9
* . 9
3.9
3. 9
3.9

1
4.6
4.6
4.6
4.6
4. 6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4. ft
4.6

|

3.8
3.6
3.2
3.3
3. Z
3. 3
3. 3
3.3
3.3

s.'>
•J, . 0

'-i . O
s. o
5 . "
"Ji. O
15. '.'
5. "
5. ''•
b. O
5.0
5. O
5-0
5. O
5 . O
5. i.'
5 . 0
5 . O

6. 0
6 . O
6.0
6. 0
6.0
6. O
6 . '.i
6.0
6. i">
6. 0
6 . '.'
6.O
6. f.i
6. 0

4.8
4 . 5
4. 1
4. 1
4. 1
4. 1
4. 1
4. 1
4. 1

*•

*'

:..
:..
f. .
5 .
3.
3.
~ .

3.
* .

3.
3.
~ .
3.
~-'-

,:,
O.
O
0.
M

I.I
(>

'.».

O
o.
o
0
r.»
O.

-O.
-O.
-O.
-O.
-O.
0.
o.
o.
'>

6
490
490
<WO
49O
190
49"

490
'WO
49O
49O
1VO
19"
4 90
490
490
49O
490
490
490
190
490
490

667
639
61 0
582
554
526
490
f 6V
44 1
41,:
"05
35?
333
3O7

140
1 20
OS5
O42
OO 1
O4 0
08!:
127
170

H- 9 H- 10 Q-
331.5 13.4 3.
331.5 13.4 3.
•'.31.5 13.4 3.
331.5
33 1 . S
331.5

331.:,
333. ":•
.'-35. 3
337.2
339.2
341.1'
34 '.-. 2
345.2
347.3
349. 4
351.5
353.6
o5b. 7
357.4
359. 2
360. 9

4O1.3
401.0
400.7
4O0.4
4OO.O
399.8
399 . 7
JVV. 6
399. 4
399. 3
399. J
399 . 9
398 . 7
399.5

314.9
316.0
317.2
318.3
319.5
320 . 6
321 . 7
322. 6
32 1 . 1

3.4 3.
T.4 3.

1O
490
490
490
49O
490

3.4 3.490

i
3.4 3.
3.2 3.
3.2 3.
3.2 3.
Z~ 2 Z.
3.2 3.
3.2 3.
3. 2 3.
3.2 3.
3.2 3.
3.2 3.
3.2 3.
3.1 3.
3. 1 3.
Z. 1 3.
3. 1 I.

1
13.0 0.
13.0 0.
13. 0 0.
13.O 0.
13.0 '1.
13.0 0.
3.O O.
3.O O.
3.0 0.
:. o o.
3.0 0.
3.0 0.
3.0 0.
3.0 0.

\
13.0 0.
13.7 0.
13.0 0.
IT. 7 0.
13. O 0.
13.7 O.
13.0 0.
13.7 0.
13. 0 0.

490
476
462
447
432
417
4O2
307
372
357
342
327
311
294
276
258

688
661
633
605
377
S50
522
49S
467
439
412
384
357
329

000
000
OOO
OOO
OOO
OOO
ooo
000
000

MAXIMUM AND MINIMUM HEADS
NO. MAX IMUfl

4.0
5.0
5. O
6. 7

204. 4
204. 4
402.6
13.7
1O.O

11 1 N 1 MUM
4.0
3. 1
3. 1
3. 9

l~.f.Z
1 3V . 3
300. 6
1 3 . 0
10.O

*•• END OF THIS SIMULATION »«•
TABLE IV. (Continued)
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Fig.7. Small network showing dimensions, elevations,
and external demands.

Fitf.8. As Fig.7 with initial steady pressures and flows.
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75

45

HMD
(wires)
15

•15
e

f 1 A./ n/"' • yi " AA/V *
V

10 20
ELflPSO TIKE ( 1 seconds)

KEY: A - HEAD CHANCE FOUOHINC A FUKF TRIP

Fig.9. Pressure-time history at Node 9 in Fig.8 following
a pump trip.

*** CHANCING rLOHBHIES

.4

FLOHMTE

19
ELAPSED TIME ( 1 seconds)

KEV: A - FLOW AT NODE NO. 32
B - FLOW AI NODE NO. 40

Fig.10. Changing flows from-to reservoirs A and B in the
network of Figs.7 and 8.
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^H

I

••I

1288 -

888 .

SPEED
(rev/mi)
488 -

6
8

*** PIMP B1NMUN «*

~\\
\\

18 29
ELAPSED IIHE ( 1 seconds)

A

KEY: A - POT SPEED (MY/Niii)

Fig.II. Speed change for the pump following loss of power
at one second into the analysis.

n

II

I
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analysis following loss of power to the pump driving motor
is investigated.

Initial steady conditions are shown on Fig. 8. The
outcome of a transient analysis using the SURGE-2
program^! is illustrated in Figs. 9-11 and Table V. In this
example a one second delay was used to confirm initial
steady conditions being maintained by the transient flow
equations.

Many aspects of the results can be displayed
graphically - the user has the option to select those of
particular interest. The fluctuating pressure heads, of
which Fig.9 is but one example, enable the maximum and
minimum values at particular locations to be readily
observed. Fig. 10 illustrates the extent to which the
reservoirs A and B take over the supply to the system once
the pump has tripped out. Initially water was flowing
through node 32 into reservoir B (see Figs.8,10), but flow
reversal occurs some 3-4 seconds into the analysis with new
steady state conditions ultimately being realised after about
25 seconds.

CONCLUDING REMARKS

Many more sets of graphic and tabular data could have been
included, however it should now be apparent that
microcomputers provide a powerful tool capable of being
used to assist in the investigation of transient flows in
pipelines and networks. It is still necessary for the user to
have an understanding of the basic concepts of fluid
transients and of practical methods and strategies for their
alleviation. Without this background there is the risk of
CAD being an abbreviation for Computer Aided Disaster.
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vftRinui.E INPIII

PUMP sTftRT (it- or,- SHUT DOWN nccuKtn nr POSITION NIL i
TKONG I EN r Cl IfiRfiC Ft KIS T ICS

IIME RiUIU
O 1
1 1
PUMP IMP SPECIFIED

• ••« SUMMiMCi' IJf- Itlllltll UOHDI rillll'3 «•••

CONNECT NUDES Ht.flN IIEftO HEfiD ELEVflTION
„, „-. | ,u o B1 fl2 LOBS DIFFERENCE
2 3 1.19 -10
4 5 1.19 =>9
7 -JO 1 . 1 V 69

21 22 0.66 68
23 24 0.4O oS
10 2-.V ".09 -x.
26 27 o.s.1' :.v
29 28 0.23 6S
3.4 :.i o.;-.; '".•
35 36 ". J-J 70
30 37 O. lit 6S
.19 33 0.33 6t-
30 32 0.0:1 65

1 69. 7 O
7 69. -2 "
2 6H . 3 O
.1 65.0 B
0 59 . S S
O 59.5 0
t, 5 1 . B 7
0 51.9 9
L 65.0 4
6 67.0 7
0 (i.'.t) 7

70.6 7
0 65.0 0

5 0
5 0
9 -O
2 -4
•j -0
5 -5
7 -0
0 S
9 -O
V -5
; -10
7 -10
ii 0

1
O
o
9
0
o
0
0
1
1
1
o
<J

.*•*»« FLOwr.AIt' AMD PRESSURE KPSULIG ••••«*
TIME H- 2 C- 2 H- 2O H- 27 H- 36 Q- 32 D- 4O
0
u
0
0
I
]
I
I
I
2
2
2
2
2
3

200 7O. 3 I. I VI 60.3 5
490 7O.3 I. 1 91 60. 3 S
600 TO. 3 1.19) 68. ' ',
000 7O. :- 1.191 iU. 3 $
000 7O. 3 1.191 0.3 :'.
200 ::.:. o i . i "i n. . r,
400 39.5 I. 040 B. -. 5
600 .30.9 • .'-)9:.l ?.-> 5
0-:>0 24 . fj • . 9/.9 4.1 '~j
OOO 19.0 i .r>&7 4. .1 5
200 16. 0 < . 964 7.3 '.j
TOO 13.1 < . 9M 1 . 0 4
600 1O. 7 ' .91.9 1 . 4 32
OOt' n . 13 • . 9SA 9.2 3 !
OOO 7 . " < . vr/3 7. V IV

II A/
0 6 .'
H 67
13 67
9 67
!3 67
B 67
8 67
[1 67
I? 67
0 67
7 i/
1 21
4 -2
2 - 1"

F3 -O
B -0
8 -0
P -0
8 -0
O -0
i; -o
B -0
9 -0
U -0
I) -0
1 -0
a -<:•
1 -O
1 - o

O!J 1 0
O01 0
OBI 0
OB 1 0
OS 1 0
oa i o
•'.'0 1 0
00 1 0
081 0
08 1 0
00 1 0
Of 1 0
08 1 0
067 0
O33 O

090
09O
09O
090
09O
O9O
O9O
090
O90
O"9
090
1 16
145
170
195

J . 2ot.' 6. '.-• '.
3.400 '.).2 V
3. 600 5. 3 «:
3. OOO 4.O
4 . OOO 3 . 9
4 . VOO 3 . 0
4.400 3.0 i
4 . 6' ".' 4 . : . !
1.800 5 . 7
Ti.OOO 7.V v
5.2'>0 (!.''• V
:-,. 4 O1'1 0. <r' ».
5. 600 9.1
C.SOO ".6 ..
6. OOO 9.5 V
6 . 200 " . M

951 9
947 7
923 4
925 0
944 --I
9VO 6
963 1-,
896 25
O30 31
-̂ -.9 ;*o
699 27
662 25
62 1 2 1
".!?2 1 9
•ioS i 4
rr." 9

1 1 3. 0 -3. 9
i, i:;. 1 r.1. 7
4 2O. 7 2.B
5 :.;.:.• 9.0
! 40.0 4.9
4 0 1 . 6 9.9

39. si 9.r;
•i ':•.'.. ;.o.i

3 ."6.'i 60.0
3 36.4 il.9
0 16.6 S9.6
d I.5.V 56.4
B 5«.o /?'.». 4
0 40.-, 51.5
6 32. 4 35. 0
1 26.0 20.9

0 1 0 O

O46 0
06 1 0
074 O
079 0
on o
OB 1 0
'.'05 0
.:••=,.. o
OV2 0
1 ' .".' o
093 0
09H 0
094 0
1 06 O

227
261
2B8
306
323
73
45
59
78
85
80
71
65
65
75
395

TABLE V. (Continued) U
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INPUT DATA FILE NAME ^lcr.1
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OUTPUT DATA FILE NAME =lcslout

TOTAL SIMULATION T IME - 20 TIME IrlCRCMfc

.... SUMMARY OF PIPE SYSTEM DA 1 A « » « •

NUMPCRS OF SI-ECIFIC I T E M S
LINE SEGMENTS = 13 COMPONENTS ••• 1
JUNCTIONS = M &YF-ASS LINE.1^ " '.<
BIDE ORIFICES = O RK'I.IFr VfiLVKS •• 0
CHECK VALVES ^ 1 VARIABLE IMF II IS- 1

LINE SEGMENT PA I A

POSITION TRAVEL C/UA IN IT IAL
OF ENDS INCREMENTS FLUWKAlt

2 3 1 203.00 1.19
4 5 1 203.00 1.19
7 20 2 203.00 1.1''

21 22 5 5JO.OO '.'.6'
23 24 2 8O9.OO 0.43
10 25 I 1176.00 ".07
26 27 2 1136.00 0. I.7
29 28 3 11 76. 00 V. '.'"
71 31 1 009. 00 0.32
35 36 3 1136.0,, ".71
7O 37 4 1476.0,'.. 0 .18
19 33 7 52'.'. OO 0.57
30 32 2 1136.00 0. OO

PUMP CHARACTERISTICS PROVIDED FOR HIE
PUMP CHARACTERISTICS FILE NA!1E - 99

REFERENCE FLOU - 1.2 I'l-'T
REFERENCE SI EEO - I OOO I Ml
REFERENCE TOROUE - 8222. •> EI-F

rm
ir - . i •. ĵ B

' ^^K

'̂ B
•

mSEGMEN T |H
RESISTANCE IK

O. 74 ^f
0.34 .̂ B

,9:05 W
24.22 JK
56.79 ^H

1"

6
6
6
7
7

7
7
U.

12
K:
l 7
i :j ^
13
13
1 4
M.
14.
1 4
14.

9,

ils.'uo ,JB

PUMP LLirjAlEO A I POSITIONS 1 - JJBI
91 • 3HEPFNCL I«-AI> --= 6O >.'13K
IIIH. SI-EUD - IOOO '. Z^B
IC1ENCY = .82 , jflBK

MOMENT OF INERTIA OF R O T A T I N G PARIS - 1000 ~ .̂ ^^K
SPECIFIC croju FUR THIS PUMP - ;-*.

U
8

9
9
9
V

* • '̂ ^^^B-i

40O (>.0
600 P. 1
600 8. 7
000 8.1
2OO H.2
4OO '1 . 9
600 8. 1
800 'I. 7
(.t'yj B. i
600
BOO
OOO
200
400
600
BOO
000
200
4OO
',OI >

800
000

o.u
0.8
0.8
0.9
'.'. 9
O.B
0. 0
0.0
"•'. 7
0.7
' ' . '.'l

O.b
'.'. i

1
400 10.6
600 O.6
000 0. 6

:oo o. 7
40,:, o. i
60O 0.8
BOO O.9
ooo 10.8

O.SAI
'.». ri?6
o.r>/-i
".>. :.i=i
o.:56^
O.S7*
o . 5r»s
'"' . !i ' "»
'.'.^19

M. ISO

0 . 1 1)
O . 1 :: Z
O. J '»
'">. ''' v 7
'.' . '.' 76

O.O70
O.O9J
U . 1 1 0
'.'. 1 '!•'•

" . i i ;•

-O.C'ld,
--'!», '>'J6

-«.'. 1 1^
-O. IO7

?
f<
7
y

9
5
(J

11
19

Itj
IH
ItJ
1 7
I A
1 3
9
6
-
•1.
it.

i;--.
2-;i.

. I

1 6
17
li

I'j
1 "-
12.

5
1
9
i >
6
O
V
9

L'

0
0
2;

-
(•(

H

B
ff
s
1
7
«i

V
B

•t

6

n

!'•>. l
I /* . V-
I t J .O
'j*1... "i
"6. 7
: ;'. 1
I"?. .••
l'v. '"'
2^. A

"•j. i'i
7- 1 . 7
- " < '. ''
23. 'J
lh. i
15. '/
1 1.'. 8
15.*,
^•1 . '.'
I:.?. 7
iv. ;

I '? . ii

11.*!'
1 >. 0
16.0
IV. 3
2*<. 9
:.-6.a
"-'':'. i
lv. 6
18. 7

11.1
6. 7
9.r.

16. 1
'-" 1 . «'•
:.'7. 9
.'•O. 1
T.H. ;
1-1. i
S".. 1
11. :.
V-* ' . 6
IB. 1
it;, i
l ',' . 7
19. 7
23. 0

1 7.5
. o -,

I'l . 1
".-V7 . a

21. 1
2'...fj
21. 0
20.0
-•-! . 5
36 . 7
~d . 4

26. 1

0. 12?
O. 115
O. 165
0. 1 78
0.191
0. 2O 7
".216
0 . 228
0.1'37

0^ 357

[i ^55
0.361
0.373
0 . 386
0 .399
'.'. 4O3
0. 4 1 il
0.417
0. 422
0.425
'.'. 434

1
0. 490
O. 493
0.196
0.498
0.495
O.497
0.491
0. 492
-'.-. 491

0.420
0 . 4 4 3
0.472
0. 493
'j . 506
O.51 1
0.512
0.517
O.53I
'.655
1.656
'.657
>. 658
'. 66,!'

O.671
0.686
0.698
O. 7OB
0 . 7 1 5
0.722
0.726
0. 729

0. 782
0.780
0. X91
O.7K9
0.783
O.777
O.772
O.770
0.775

K ONEN i ci I i cr< I r> v I cs

OGITION MUMPERS - 1 2
--2?. 78176 IS" 175.7834 1>-L)9. 071 /' I
niTiAi. FLOURnir - 1.19 jt-mi/u. ne

JUNCTION INFORMATION

JUNCTION NUMl'tK
LOCATION OF L.f-"Gf3

19

I I I I T l f t l .
HEAD

69.7
ft'/ . V
6B. '."

lECJ-NEi FLOW ( O U T ) = 1.0OOG47t;

.3

24 3 '.".9.::
.... CONTINUITY M i\t,O'Jll Jllll. DDLS ll'JI

27 2 51 . t'j
.... CONTINUITY AT AtujVL JUM. IJOFS MOT LlltCI - N E T ('LUW (nilT)

29 3 6S . fl
33 3 '0.6

.... CONTINUITY AI ,-,DOVF_ JUM. DI1KS Mill Clllifl -Nil I FLUW (OUT)* - 1 . OOOOO
36 2 i-'.U

.... CONTINUITY M| AE<OVE JUN. Dili- i> Mt!l CHLH. -Nt.'l !-l.OI-J ( O U T > = .4
32 0 65.0
40 0 !-'.S."

SUMMrtlVV OF TIAXIMUM AIM' N I N 1 III IM TU.'nl.'
COMJ-ONENT NU. NA*!M!II1 1 1 1 f.J 1 Ml ll-l

1 H>.o 1M..;.
2 70. '

iV. 7
5 69.2

19 60.3

24 59.S
27 59.7
-•'' 65.0

37 70.6
-'•» 67.0

••• Etll) OF THIS SIMULAI IOIJ

•• HOT FILE llc-jploi.) HAS ttrt-1 CKLoTH.I) Ul l l l Tilt

"I:M NO. SFECIFIC M:SUI.T
.' HEAD AT F-CiS. II 2/
•_ HEAD AT F'OS. B 3.':

FLOW A T ros. ;| --^
" FLOW A T f-IjS. II iu
" r-UMF SPEED AT !US. II 1

FOLLOWING DATA:

THERE IS A CHtCK VALVE AT FtiSlVlUri 1
TIME DELAY FUK VAI.V1L ••-- 1 - CV KESIjTAMCE = .OO1

TABLE V. Sample of the tabular output from a surge analys
of a network

TABLE V. (Continued)
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