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ABSTRACT

The analytical approaches adopted in this thesls are a
combination of: 1) Dimensional reasoning adopted as a tool
to establish the dimensionless parameters representative of
transient characteristics, and the functlonal relationshipd
between them; il) Numerical model simulations carried out to
quantify the relevance of these governing parameters; and
1i1) Physical modelling data used for identifying causes of
energy losses which are unaccounted for numerically.

A new method of Interpreting transient phenomena, the Energy
Balance Concept, 1is developed 1in this research. The
instantaneous elastic energy of the entlre pipe system is
determined by integrating the past history of transients.

The most ‘Important transient properties In transient pipe
flows are investigated. These are: 1) where and when rigid
water body movement can be assumed; 11) how the friction
affects maximum surge energy; and iii) determination of the
optimal type of flow closure. .

Some concepts currently adopted in unsteady friction
theories of transient flows need to be reconsidered. Most
Important among these are: 1) the use of Newton's second law
of motion to analyse .flow closure; ii) the use of friction
dissipation to describe the decay of transients; and iii)

the use of an unsteady friction factor normally considered .

to be the sclé cause of unaccounted energy losses.

Conclusions from this research are: i) elastic properties
actually dominate the pipe hydraulics in transient flow
conditions; 1ii) non-frictional and frictional enerqgy
transfer are the prime mechanisms responsible for the decay
& transients; and iii) energy dissipation . not related to
the friction factor may actuwally account for anomalous
losses. '

Frictlon models are selected and appropriately defined for
thelir applications to various hydraulic conditions. Models
recommended for general practice are: i) steady friction;
11 quasi steady friction; and 1ii) time-dependent friction.

The present analysis covers a comprehensive range. of

practlical hydraulic conditlions. A set of hypothetical flow
characterlistics is thus developed and adopted for this
purpose. These are used to generate realistic unsteady flow
conditions associated with common surge control devices.

The analysis of surge control devices is conducted In
parallel to the above research, providihg Information
valuable for further scientific regearch and for . .endineering
applications. .
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NOTATION »

A) DIMENSIONAL

Symbol Description
Surge wave speed
Pipe dilameter !
Internal system energy
Elastic energy of pipe system
w Flow energy outflux
Gravitational acceleration
Pressure head in line
he Joukowsky Head, h. = av/g
Hhav inertial head, hav = }/g * dv/dt
he Friction head at source }
Nmxs Maximum surge pressure at source
ha Static head at source
h+ Kinetic head, h. = v3/2g
k Pipe roughness
{ Pipe length
m Transient property
Flow rate
do Steady flow rate L '
t Time following the surge initiation
te Duration for a surge wave travelllng from the
source to the pipe-end, t. ="{/a
ta Duration of unsteady flow closure
v Flow velocity T
p Densf%y of fluid N
Y Specific weight of fluid
v Kinetic viscosity of fluid
T shear stress
W Osclllating frequency of flow, w = 4 Vv

B) DIMENSIONLESS

Symbol

B

Em \
Ee
me
mel
Emn:
Eq
E:E
Erx
Eio0a

Ew

Ewm

ts

Description .

'Internal energy of pipe system

Transient (Elastic) energy of pipe system _
(Steady) friction energy Es = 0.5 He

Maximum transient energy .

Maximum surge energy h
Maximum counter-surge energy

Flow closure energy, Eq = Ewz(Tzxi) - Ewa(Tg)
Flow energy reversal, Exe® Ewz(Tzz) - Ewz(Tmsez)

" peak decaying energy at time T

Peak decaying enerqgy at time T = 107
Flow energy netflux, Ew = Bur - Bws
Flow energy outflux at the pipe end
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Ewﬂ
EDe
EDx

ERmxz
ER1aa
ERaoa
ERq.ﬁS
ERq:D
ERqu
ET=
ETzs
ETen
ETqe
ET:;;#E
ETq:I:D
ETuga
ETugn

" ET:

fu
Hmn
He
Ho
Ha"
Hox
me

mel

Flow energy Influx at the source of pipe
Friction dissipation, in a form of heat loss ~
Non-friction dissipation, in a form of heat loss
which has the same magnitude of ETuagd '
Steady counter-surge reduction,ERmxa
Steady peak decaying reduction,ERioa 1-Eic1/Emxa
Altern peak decaying reduction,ERxgi1"= 1-Eiocx/Emsxz
Quasi surge redection, ERqgrs= ETqgra/Emwes(f)

Quasi decay redection, ERgen= [Ex(f£)-Ex(fq)l/Ex{f)
Unsteady decay redection,ERugn=1-Eiox{fu)/Ercs(fg)
Friction transfer in a form of mechanical process
Friction surge transfer, ETea=Bw{Hz)-Ew(0), T<Tmxa
Friction decay transfer, ETzp=Eq(Texx)~Exx/2,T)>Tmma

l_me:/mel

I n n

Quasi friction transfer,ETqe = ETe(f) - ETe(fg)
Quasi surge transfer, ETqss = ETsze(fa) - ETea(f)
Quasi decay transfer, ETqgep = ETen(fq) - ETen(f)
Unsteady friction transfer, Eug= ET=z(fgq) - ET=(fu)
Unsteady surge transfer, ETugse= ETszs(fu) - ETesa(f)
Unsteady decay transfer, ETuan= ETen({fu) - ETen(f)

Non-frictign transfer,Eww(Tza{T<{Te1)~Ews(Tea<T<{Tq)
Darcy-Weisbach friction factor

Quasi-steady friction factor

Unsteady friction factor -

Translent pressure, Hm = hm/he "

Frictlon head, He = he/hm

Pressure head at source (e.g.valve, pump and tank)
Pressure head at air chamber (at absolute datum)
Head loss for steady flow passing through orlfice
Maximum transient pressure at the source :
Maximum surge pressure at source

Static pressure head at source

Kinetic head, H+ .= hv/hm :

Ratio of differential orifice o

Pipe length

. Positive integer
" Transient property

Flow rate

Flow rate at the pipe-end

Steady flow rate
Flow rate at the source

Flow Reynolds Number

hape factor of flow closure

Optimal shape factor of maximum surge energy
Upper bound of additive periodic fluctuation,S.=2*
Lower bound of additive fluctuation, s, = 1.7
Time of transient, following surge initiation
Speciflic time Instant during the transient period.
Time of quasli flow interception, when Qe(f)=Qu(fg)
Duration for a surge wave travelling along line
Time of pipe-end flow closure, when Qz{Tga)=0

Time of flow Interception, when Qz(T=za) = Qo(T=zs)
Mechanical travel time of devices

Time at maximum transient energy to occuur .
Time at maximum surge energy to occur

XtV



XV .

Tmaca " Time at maxlmum counter-surge energy to occur
Tq Time of flow closure, Tq = tq/tc

Ta Period of surge fluctuation, Tes = 4

W Welghting function in Zielke's equatlon

X - Location in pipe system

Z Time variable in Zielke's equation

C) ABBREVIATION

Symbol Description

A * B A multiply B

o( ) order' of magnitude
F(X,Y,..) Function of parameters X,Y,
Ch. X Chapter X

Sec. X.Y¥ Section X.Y

Sub. X.Y.Z Subsection X.Y.Z

H.G.L. Hydraulic Grade Line

D) TERMINOLOGY

Term ' Source
= . B
Flow opening Sec. 1.2
Flow closing Sec. 1.2
Transient flow Sec. 2.1
Non-transient £flow Sec. 2.1
Mass Oscillaticn Sub. 2,1.1
Plpe flow System Sub. 2.1.2
"Uni-directional flow Sub. 2.1.2
Bl-directional flow Sub. 2.1.2
Instantaneous flow closure Sub. 5.2.3
Normal flow closure Sub. 5.2.4
Energy Balance Concept . Sub. 5.2.5
Perlodic flow fluctuation Sec. 5.3
Flow seperation Sub. 8.2.2
Boundary layer loss Sub. 8.2.2



1.0 INTRODUCTION )

1.1 General Problems of Hydraulic Transients

The treatment of unsteady flows in plpes, commonly termed
waterhammer or hydraulic transignts, i1s one o0f the: most
important and difficult subjects of pipellne analysis and
design. In municipal systems, for example, uncontrolled
pressure surges can cause alr entrainment or back~-siphoning
, of contaminated ground water into a water supply system.
Other problems include vapor or alr cavities 1in the
hydraulic system which can be a nuisance or can cause
significant damage, and pipe failure by collapse due to low

or high internal pressure, or to periodic shocks induced by °
‘surge.
(

Historically, the study of hydraulic transients ls generally'
consldered to have begun with the works of Joukowsky (1898)
and Allievi (1902). Since then, a great deal of effort has
been devoted to this subject, and as 3 consequence there are
a number of approaches available which allow engineers to
design large and complex closed conduit systems with var ious
cgonfigurations and types of protective devices. These
approaches include the experience and expertise galned from
past theoretical developments, experimental tests and desigh
practice. The recent application of high~speed computer
numerical simulation has certalinly provided a powerful tool
for the analysis.of waterhammer. However, at the same time
there are still a number of fundamental aspects of hydraulic
transient analysis which are not yet well understood or
established. Further work 1s needed 1in several areas,
including:

1) Enerqy 1losses related to frictlon and non-frictlon

(e.g. change of flow momentum);

11) local losses ggsoclated with the pipe configuration
(e.g. Joints and bends);
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111) the impacts of cavity -exlistence and collapse;

iv) the hydraulic respbnses in a branching or looping
network system; and

vy the effect from non-elastic properties (e.g. soll
backfilling and pipe fixation).

-

The present analysis attempts primarily to clarify one
aspect of these research areas which has been consldered to’
-——ba of  basic importance 1in hydraulic transient analysis.
This is: -

"Energy losses in transient pipe flows, case (i)."

The nature of this transient phenomenon i outlined 1in
detall In Chapter 3 following a review of the relevant basic
principles and literature.

1.2 Sources of Surge Initiation

When a change iIs made to flow at some point in a pipe
gystem, transi¢nts arise. As a result of this.change, surge
waves travel hrough the piping system away from the point
of initiation. Following the cessation of the initlating
change, fluctuating pressure surges continue until
complegfly damped. '

Such changes can appear -in many_ ways, but for convenience
can be grouped into the followinﬁr conditions:

1)'Upstream‘flow closing --- which initiates a decrease
\ of flow and a negative pressure surge at the upstream
end of the system; ' :

11) Upstream flow opening --- which causes a positive
pPressure surge upon the increase of flow;
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111) Downstream flow closing =--- which causeés a

positive  pressure ,surge at the downstream end of the
system; and ) ' - -

iv) Downstream £low opening --- which results in an
initial negative pressure surge.

If, for example, an upstream pump is suddenly shut off, case
{1) occurs. After a pump trip-out, the only energy which
remains tqQ promote flow 1into the discharge 1line is the
kinetic enerqgy of the « rotating motor and pump, and of the
‘water contained in the pump. This energy is usually small
compared to that required to maintain flow in the discharée
line, and a rapid reduction in pump speed follows. This in
turn reduces flow in the discharge line, and a water hammer
wave of low pressure 1s formed. - The subnormal pressure- wave
moves rapldly away from the pump until it reaches a terminal
point such as a reservoir or a manhole, at which time a wave
reflection occurs. The wave reflection returns 1In the
direction of the pump, =rebounds again, and contlnues to
oscillate until friction log}stsi:/the . system nullify the
enexgy potential of the pr e wave. As this 1is
happening, flow cbntinues to decrease at the pump locatlon.®
If no backflow copndition is available to check flows, there

is a tendency for . _flows to pass backward through the pump,

which may then act as’'a turbine as - long as the terminal
reservoir provides adequate water to the pump.

Hydro power -turbines (1ocatéd at the downstream end of &
conduit, case (ii1)), act in manner generally similar to a
pump placed in the upstream end of the system except that
the sign of the pressﬁfe'surge wave is opposite.

This inherent similarity In different conditions of surge
- initiation iIs wused in the present research to reduce the
amount of analytical effort and minimize redundant analyses
associated with fthe above four condltions of surge
initiatlion. Although thls thesis focuses on situations
related to the upstream €£low closing (case (i)) in a pipe

system (illdstrated in Fig. 1.1), results of the present

a
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analysis can also be used for the other three cases of flow
closing or opening by adjustment of the sign and/or the

magnitude 6f the transient flow and pressuré along the

system.

1.3 Protéctive Devices for Water Hammer

Water hammer induced by Iincreases of pipe flow can be
eliminated or minimized by relatiﬁely ‘simple surge
pfotectlon methods (Fok, 1985), For instance, over-pressure
or alr venting problems can usually be removed by a slow and
pro@ress{be‘valve opening, or by sequentlial pump start-up.
Normal operating sequences of system performance are
designed to refléct this surge control measure.

In contrast, wuncontrolled emergency conditlons (e.g. shaft
fallure in '«a pump or rbine) require a well-conducted
waterhammer analysis, and a reliable protective system in
-place before the event. '

The most commonly employed measures-to control water hammer

can be grouped into the following four categories, sketched

in Figure 1.1: |
1) valve operation --- this 1s implemented by the
Iinstallation of varlous types of surge relief valves,
Generally thls measure controls the surge conditions by
pre-set valve closing characteristics. Subsequently,
the rise of counter-surge pressure is also restricted
withinp a tolerable limit.

1i1) Kinetic energy in the pumping system --- this may

be achieved by employing oversized pump motors and
.flywheels to increase kinetic'enérgy stored in rotating
. partsy and thereby buffer a rapid flow closure. .

ili) Surge tank --- this measure controls transients by
qonverting stored potential energy in an elevated water
body into kinetic energy, which forces supplemehtary

-



flows into the plbing system during perlodé of rapid
flow wvariation.

iv) air chamber --- this control device functions in a
manner simllar to that of the surge tank, except that
the potential energy ls stored as ‘compressed air.

These four protective devices differ significantly in terms
of physical appearance, characteristics, rellability,
complexity, flexibility, cost of construction, and operation
and maintenance. However, these devices have common baslis
in that “all four attempt to achleve waterhammer protection
by reducing the rate of flow change, hence minimizing the
impact of transients. This common characteristic of
unstead ow movement is used in thls thesls to minimize
the cofiplexity of the transient analysis. The hypothetical
categorNization of arbitrary flow closure 1s made in 'this
research (Sec. 4.3} to provide a forum for a systematic and
comprehensive transient analysis representing various surge
initiations and protective devices.

A literature review of energy losses 1In ungt
is conducted in the next chapter, covering\various

ypes of
surge initiation and control devices. : - '

T ¢ !
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2.0 LITERATURE REVIEW .
It is well known that flow through pipe systems is subject
to energy loss due to the exlistence of fluld frictior. In
fact, frictlion 1s generally considergd to be the primary
reason for the decay of wunsteady low. Conversely, -the

quantity of friction 1loss s st:oany 'affected byq'éhe
unsteadiness in the flow.

The phenomenon‘ of friction 1loss in unsteady pipe flows has
been studlied very'extensively during this century. Ample
analytical and experimental work has been conducted and
documented. Some of this-work, reflecting various aspects

of unsteady friction losses in closed conduit systems, is
presented below.

2.1 Types of Unsteady Flow - _ v

e

Analyses~ef ;séteady pipe flows are <classified 1in this

thesis into two:
' .1) Non-transient flow -~ in :;}Eh the water column

moves as a rigid body; and

1i) transient flow - in which the elastic propertles of
pipe and water dominate the flow motion. '

Each type of unsteady flow can then be further subdivided as
discussed below.

2.1-1 Non-transient (inelastic) flow

Research dealing with this type of flow is commonly
consldered as. a subject of physSics as opposed to applled
engineering, but it provides ssome basic concepts and
theoretical background for later work in transient
conditions. Two sub-types exist:

-
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————= 1) U-tube osclllating flow - where the total £low

column In a condult oscillates freely due to alternate
conversion Qﬁ ‘energy between. potential and kinetic
form; N

i1) Pulsatipg £flow - where oscillétory motion in a
conduit is sustained by an external periodic source of
enerqgy;

2.1.2 Translent (elastic) flow

I

This type of unsteady flow 1s more closely related to
general englneering practice, and are central to the present
re§earch. General transient flows are normally conveyed by
a pipe system, where the water levels at both the source and
the pipe-end ére‘constant during the transient condition.

'Two sub-types of transient flow further exist:

.

i1i) Uni-directional flow - where the - transient
condition at the source location is not oséillatory,
and results from a ‘once only' ainitiating event or
source; and

1v) E?i-directional " flow - where an initiating
disturbance results in subsequent periodic transient
flow motion which travels back and forth (in two
opposite directions) along the length of the conduit.

These two transient flows can exist in the same pipe system.
For“example, the case of uni-directional flow exists during
the period .of flow closure, while the bi=directional flow
Initiates upon the cessation of unsteady flow at the source.

2.1.3 Discussion of unsteady flow types

Generally, non-trapsient and transient flows can be
distinguished by the relative extent of effects from the
pipe and from the fluid elasticity. 1In the former flow type
(U-tube and pulsating flows), the whole water column moves

and can be approximated as being rigid. In the latter flow
[

. A
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type (uni-directional 'and bi-directional flows),' the

transient flow moves back and forth through the plpe system
in a form of wave.

The above method of unsteady flow classiflcation is unique

‘among current. works. Alternatives could be proposed;

howeve;J_these cateqgorles of unsteady flow have been defined
to guide the review of 1literature and the subsequent
analysis of water hammer in this thesis, and proved to work
well. It is noted that further subdivisions between lamlnar
and turbulent conditions could be imposed in any of the

above flows, depending on its flow regime.

Avallable literature, principal proper%ies, and practical -
applications representing each individual type of unsteady
flow will be discussed in thils chapter. Table 2.1 groups

the references cited and serves to guide the following
discussion.

2.2 Unsteady Non-transient (inelastic) Flow

Generally, unsteady friction theories (f.) for U-tube and
pulsating flows have been well developed and documented.
These have been frequently reviewed by other researchers,

2.2.1 Non-transient U-tube flow

The transient condition at the initlal stage of the U-tube
flow is generally disregarded because of 1its short time
span. Hence the unsteady flow motlon can be represented as
a rigid water column (Wylie aﬂd Streeter 1978, page'205).
In such a case, Newton's second law of motlon is adequate to
describe the unsteady flow characteristics.

2.2.1.1 U-tube laminar flow

A number of workers have examined unsteady flows 1in the
U-tube environment for laminar conditlons. Among the flrst
of these were Richardson and Tyler (1929), who investigated
the transverse velocity profile, from experiments on
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oscillating U-tube flows.. They observed that the max L mum
flow velocity does not remaln in the center of the pipe
cross sectlon but instead (s close to the .wall. This

tendency increases signlflcantly with the frequency (w) of

periodic flow motion.

Sexl (1930) derived a theoretically exact solution of the
Navier Stokes equations which explaln this distortion of
velocity profile. Thls ,was accomplished by assuming a sine
wave varlation of the pressure gradient along the pipeline.
Uchida (1956) later extended this theory by superpositioning
periodic osclllations on an average pipe flow, which is
represented by a sum of sine waves. Practical application
of this concept was achleved by Lambossy (1952), who
established an empirical relation between the wall shear
stress and the slnusoidal wvarying mean veloclty (v) and
acceleration (dv/dt).

Safwat and Polder (1973) conducted physical experiments on
U-tube flow oscillation for laminar flow and for a critical
zone approaching turbulent flow. They concluded that the
acceleration or deceleration (dv/dt) of £flow movement
governs the unsteady friction factor (fu)e even for small
frequencies of oscillation. | '

Co

The current application of ‘parallel flow theory' was flrst

proposed by Jayasingh and Leutheusser (1972) who suggested a

closed-form solution for an arbitrary pressure disturbance
in a U-tube.

2.2.1.2 U-tube turbulent flow

Turbulent flow in U-tubes has not received as much attention
as laminar flow. Hino et al (1977) suggested a frictional
resistance law for an “bscillatofy pipe flow with. smooth
boundaries. For a turbulent flow the unsteady friction
factor (fu) was found to be governed by the flow velocity
(v) and the flow frequency {w) in the system.

L
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2.2.1.3 Unsteady friction concept

11

{s found that the unsteady friction factor (f.) is describ

_ lon of the flowwelocity (v) and the acceleratlon
{(dv/dt) of oscillation frequency (w):

.In all of the literature related to the U-tube tygg flow, Qj_
d

F (v, dv/dt) 2.1
or

F (v, w). 2.2

should be noted that for non-translent (lnelastic) flow
conditions both the frequency (w) and deceleration (dv/dt)
of the unsf‘ady flow reflects the same characterlistics, l.e. "
the 1nert1aiof unsteady flow movement.

The concept of flow oscillation is equivalent to .a free
vibration where the energy lis belng disslpated In a form of
friction loss during the whole perlod of unsteady £flow
condition. This also implies that the change of veloclity
profile across the pipe section can affect greatly the shear
forces associated with the conduit wall, and consequently
the entire unsteady hydraulic phenomenon.

2.2.1.4 U-tube flow application

Sarpkaya (1969) performed a merical experiment and
concluded that the adoption of an unsteady frictlon factor
(£.) iIn a sipg}e surge tank peratlon can result in the
prediction of g'slgnificant decrease in 'damping effects.
The pipe hydraulics in this surge ‘tank system could be
treated partly as a case of the U-tube problem (l.e. one-
armed U-tube oscillation).

—_

- .
His £inding, however, can be gquestioned as it is

contradicted by results obtalned from many other sources
(see for example Safwat and Polder, 1973}.
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2.2.2 Non-transient pq}satlng flow

The forced wvibratlon in the pulsating case balances energy
disslipated by friction losseslxith external energy which is
continuously Linput Into the system™“during the entire
‘unsteady flow condition. In the U-tube case, this external
energy supply is not present,.

2.2.2.1 pulsating'laminar £low

Laminar flow in pulsating systems was considered by Phillips
and Chiang (1973), who developed.a' practical mathematical
-model of laminar pulsatile £flow on the basis of Newton's
equation of motion.

The méjor contribution in this area, however, was made by
Ohmi et al (1976-8l) who presented a series of papers on
pulsatile laminar flow. Based on results of extensive
laboratory work, they classified this unsteady flow pattern
into three types, as follows: ¥ '

L}

1) quasi steady if W™ < 1.75;

{

i1) intermediate if %;15 < W* < 785; and
1114 inertia domimant if w~ > 785.
where W™ = 1.57 (d2/v) * w.

Here W* 1is dimensionless frequency and w 1is dimensional
frequency of * pulgatlile flow. - The terms d and v refer to
pipe diameter and fluid kinetic viscosity, respectively.

2.2.2.2 Pulsating turbulent flow

Schultz-Grunow (1960) conducted physical experiments on
pulsatile flows in uniform (constant diameter) and non-
uniform (variable diameter) pipe. He observed a similarity
between the veloclity distribution of decelerated flow (dv/dt
< 0) in a uniform pipe and steady : flow (dv/dt = 0) in a

B L
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divergent pipe (increasing diameter), This similarity can
also be found between accelerating flow (dvs/dt > 0) in a
uniform ”pipe and steady flow in a convergent pipe
(decreasing diameter}. Results of these laboratory tests
are unequivocal evidence of the distortion of velocity
proflle (or wall shear) by the unsteadiness of flow.

Kita.et al (1980) presented a Reynolds shear. stress model
which can be used to determine the cross-sectlonal velocity
profile and unsteady frictlion factor for turbulent pulsatlle
flows. 1In this case, the periodically oscillating flows are

. superimposed on an average pipe flow. During the performance

of laboratory work, they .observed that the quasi-steady
model (f£q) underestimates the friction losses during the

accelerating flow, and that oﬁposite results can be found
for the decelerating floT.

Baird et al (1971), Gerrard (1971), Mizushina et al (1973,
1975), Kataoka et al (1975), Maruyama et al (1976), and
Ramaprian and@ Tu (1980) investigated the effect of unsteady
friction factor by extensive labotatqry experiments,
Results of these works support the conclusion that the
adoption of a quaéi-steady friction factor (fq) 1is not
adequate for the analysis of this unsteady flow phenomena;
an unsteady friction model (fu) iji:equired.

Ohmi et al (1976 - 1981) also conducted comprehensive and
systematic physical experimental work on turbulent (as well
as laminar) pulsating flows. Their observatlions on the
relatlonship .. hetween the. quasi-steady (£f4) and actual
unsteady friction (fu) factors essentially agree with thése
of Kita et al (1980). Ohmi et al also defined three
turbulent flow regions as glven below:

i) Quasi-steady if R.™ < 0.021;
11) Intermediate 1£f 0.021 < R." < 2.25; and

111) Inertla domlnant 1If R&* > 2.25.

13
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\where Rw™ = W / (fg * R). Here the term ‘R.™' ls Chmi's
frequency Reynolds Number and ‘R' 1is . the average flow
Reynolds Number. I '
The above llterature supports the concept that pulsating
pipe flow possesses all the principal properties discussed
for U-tube oscillating f£low, differing only 1in that the
former 1is a consequence of forced rather than free
oscillation. )

2.2.2.3 Pulsating flow application

The literature reviewed suggests that the ﬁhyslcal relevance
of pulsating flow assumptions 1is restricted to certain
mechanical (e.q. piston pumps) or biological (e.g;
clrculatory) systems. Applications of_ pulsatile flow
methods in normal piping systems (e.g. water and oii) are
nelther suggested nor supported by the literature.

2.2.3 Discussion of non-transient (inelastic) flow

The above literature review suggests that the following
concepts are valid in unsteady non-transient flow systems:

i) The water column moves as a rigid body in the closed
conduit, hence, the édoptlon of Newton's second law of
motion (to be presented in Eq. 8.2) 1ls sufficlent for
the analysis of unsteady flow behavior.

11) Energy 1Iin a mass oscillation 1s being dissipated
during both the unsteady £flow movement by a form_ of
heat transfer. This energy loss 1is termed friction
dissipation (EDe).

ii1) The distortion of velocity profile across the pipe
has in fact been observed during the rapid unsteady
flow motion, suggesting a potential increment of
frictional losses. This 1s defined as the unsteady
friction (£f.) loss.
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iv) The effect-of flow inertia dominates the distortion
of the veloclty profile, In which the unsteady friction:
(fu) loss increases very rapldly with the frequency (w)
or the deceleration (dv/dt) of the flow movement.

v) The quasi-steady friction factor, (f<), 1is not
adequate to explain unsteady frictlon phenomena. In
addition to the parameter of veloclty (v), the effect
of Inertia (w or dv/dt) should be considered, as
illustrated in Eq. 2.1 and 2.2 respectively.

Despite the wvalldity of these concepts * for non-transient
(inelastic) flOWS, it 1s questionable whether they will also
be relevant to translent (elastic) flows, which differ from
the U-tube ox pulsating f£low phenomena.

2.3 Unsteady Translent (elastic) Flow

In the £following review, the principal characteristics and
practical applications of transient flow systems are
discussed in a general manner (gymmarized in Table 2.1). A
critical review and detalled analysls will be made in
Chapter 8 of each speciflc non-transient friction theory.
The new concepts and the theoretical background of these
concepts will be introduced as this thesis dévelops, in
Chapters 4 to 7. :

2.3.1 Research and practice in transient flow

Conflicting conclusions have bheen made about the effect of
unsteady friction (fu) In a translent pipe flow system and
some of these concluslons are documented in Table 2.2,
Three poimts should be noted:

i) The concepts listed'arelfundamental but relevant to
the research of unsteady friction loss;

, 11) each conclusion, represented as an authorlan's
\opinion in the table, has actually been made by a
‘group of authors and researchers; and



111) there is no specific trend of research dlrection
regarding to these concluslons in terms of time and
location. : n
Among many cénflicting findings, two are most 1mportant and
are dlscussed below: ' :

1) Non-translent vs. translent flow =--- The theories
developed for non-translent flows are frequently extended to
transient plpe flow systems. This has led to the general
belief that the existence of friction can reduce transient
pressure in a translent pipe flow system {Stephenson, 1984,
Wylie and Streeter, 1978). Conclusions opposite to this
have been made by Ruus (1977, 1981 and 1985). The lack of
understanding of the frictional phenomenon (with steady
friction factor) 1In transient £flows greatly increases the
difficulty of further analysis in the unsteadiness of
friction factor. '

2) Research vs. application --- Current engineering practice
evident in the literature has predominantly adopted the
simplifying assumption of a constant friction factor (f) in
transient simulations (see discussion 1in Shuy and Apelt,
1983). However, even the quasi-steady frictlon factor (fq)
ls considered Inadequate by many researxrchers (e.g. Dally et
al 1956, Carstens and Roller 1959, Denisov 1972, Popov 1974
and Shuy( and Apelt 1983). These researchers have strongly
suggested that unsteady friction models (fu.) are more
relliable and accurate.

One of the main -tasks In this research is to resolve the
above conflicts.

2.3.2 Transient uni-directional flow
2.3.2.1 Uni-directional 'laminar flow

During a. review of available 1literature, no publication
could be found on the subject of unsteady friction losses

16



during the flow closing ox openlng,pérlod In uni-dlirectional
lamlnar flow. This translent flow condition can however be
found in some 'gmall diameter oll pipelines or machlnery fEuel
systems.

2.3.2.2 Uni-directional turbulent flow

Ample analysis of turbulent flows has been conducted in uni-
directional systems. Some of these are discussed below.

1) First order derivative momentum modél (dv/dt} ---

The momentum theory was considered by Daily et al (1956) to
investigate the effect of unsteady friction losses. Based
on comparisons between the data measured from laboratory
. tests and from computations based on Newton's basic equatlon
of motlon, they found unsteady frictlon to be slightly
greater than that obtained from the corresponding quasi-
steady friction factor during the accelerating-phase of flow
‘variatlon (i.e. fu > £q for dv/dt > 0). Conversely, they
found that 1if flow 1Is decelerated, the friction 1loss |in
unsteady flow would be much less than in the quasl-steady
condition (i.e. fu << fg for dv/dt < 0). The authors of the
above paper concluded that the wall shear stress can be
expressed by the instantaneous flow conditlons, as expressed
by Eq. 2.1 (i.e. velocity v and acceleration dv/dt).

Carstens and Roller (1959) extended this momen%&g/grictlon
concept and used a power law velocity distfibution to
establish a practical equation for the determinatlion of the
unsteady friction factor.

Considerable doubt has been expressed about this finding

(Zielke 1966, and, Shuy and Apelt 1983), because the

equation was dertved from laboratory data exhibiting a large
amount of scatter. Also, conflicting results were obtained
under the same experimental conditions-(e.g. Zielke, 1966).




2) Second order derkyatlve momentum model (d2v/4dt2?) ---

Denisov {1972) and Popos (1974) perforﬁed a serles of

— ———physical experiments 1In a} short pipe. They concluded. that
the unsteady friction factbr can also be influenced by the
_rate of change of acceleration (e.g.  d2v/gt2). They

observed the ratio of unsteady to gquasi-steady friction
factor (fu/fq) to be as large as 100, far greater than that
found by Dally et al (1956). In the development of this
* second derlvative. momentum theory, Newton's second law of
motion was also adopted, since the water column was
consldered to be rigid. '

The existence of such a large ratio (fu/f4) strongly
suggests inadequacy in the existing theory. The current
practlce of adopting the constant friction medel (£f) and the
concept from this second derivative momentum model (fu.)} of
Denisov and Popov cannot be recoficiled.

3

2.3.2.3 Applications to uni-directional flows
1) Suxrge tank simulation ---

Despite the 1lack of periodicity Iin the pipe flow,~it is

~-- possible to relate the uni-~-directional flow to the first
half of the period of mass oscillation in a surge tank
system. | '

Sarpkaya (1959) adopted the expression from Carstens and
Roller (1959) in the numerical simulation of a simple surge
tank installation. He claimed that the maximum rise or drop
of water level in the tank can be underestimated by as much
as 20 % if the effect of unsteadiness on friction loss is
disregarded. He also found that the period of flow
oscillation in the plipe system“ differed significantly
between a constant (f) and an unsteady friction (fu.) system.
The conclusion made by Sarpkaya (1959) has frequently been
used by some researchers as a bench mark for the evaluation .
0f unsteady friction losses in transient flows (Rugg 1977,
1981 and 1984).
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‘Compared with thé experlmental data obtained from the U-tube
mass osclllation, it has been found that the unsteady

19

friction factor affects both magnitude and phase angle of .

the oscillation duxing the first-half osclllation period
much less than 20 %y even ' for a lamlnar flow {Safwat and
Polder 1973). ~ Therefiore, it is not llkely that a deviation
of 20% could appear in highly turbulent .surge tank
Installations, which act as one-armed U-tube osciilators.

The case of surge tank simulation will be further discussed
in Chapter 8. '

2) Vvalve and pump ---
k4 f \
Shuy and Apelt (1983} conducted a serles of numerical model
tests on valve andgfpump installations, and provided an
excellent review ofi available 1literature. Flve friction
models were 1ncorpo§;ted into the method of characterlistics
t

model to simulate he transient phenomenon, These £five

models Included: fﬂ/

o
1) Steady friction factor;
ii) quasi-steady friction factor;

1i1) unsteady friction model 1in non-transient U-tube
flow (Hino et al, 1976-1977);

iv) first derivative momentum model in unl~-directional -

flow (Daily et &1°1956); and .
€
v) time-dependent friction model in bi-directional flow
(Zielke 1966). :
The last three are the current unsteady firiction models
under different types of unsteady flows.

No slignificant deviation of transients wa# observed from
comparing these five frictlon model simulations. Az a
result of this, Shuy and Apelt (1983) concluded that there

~.

\
!
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ig an urgent need for a new unsteady friction model to allow
f general analysls of transients in turbulent pipe flow.

Howgver, before a new model could be put forward, the
following concerns should be addressed in thelr research:

i} Concepts inherited from non-transient flows ---
Hino's (1976-1977) -work was carried out with U-tubes.
Here the frequency parémeter (w) reflects the flow
inertia characteristics 1In a U-tube flow oscillation.
This is: l '

o

w=0.25 v/} -
t
where the parameters ‘v' and ‘]" are the flow veloclity
and fluid fength in the tube.

In a valve or pump system, the frequency (w') of surge
wave reflects the elastic properties in a transient
pipe f¥§§ as:

]
w!' = 0.25 a/ 1{5
where the parameter, ‘a', is the é;rge wave veloclty.

In their analysis, Shuy and Apelt (1983) simply assuﬁed

the equality of these two frequencles. As a result of

this assumption, an error should be expected in their

analysls of transient phenomena during the'flaw closing
» bperiod.

1i) Inelastlc bebavior assumed in transient £low —--

The momentum friction model was based on the assumption

of rigid water column movement in the pipe. Hence, it

raises a problem as to whether or not Carstens and

Rollex's equation 1is appropriate in uii-directional

flow simulations, in which the water coluzikfm a plping
- '

system is not rigid. oK
\’Ya g '..Q Y



111} COncebt inherited from bi-directlonal flow ---
Zielke's time-dependent friction theory was developed
from the bl-directional flow (during the test with an
instantaneous flow closure). Its eligibllity 1in the
uni-directional flow has not been confirmed, by the
theoretical or by the laboratory treatment.

2.3.2.4 Discussion of uni-directional flow

Literature reviewed im thls subsection suggests the need to

clarify the following transient behaviors. In uni-dlrectional

flow:
Y

1) Elasticity .--- Qne of the most important transient
racteristics. evident 1in the 1literature of uni-
\\\\\Jgﬁiectional flows 1s the existence of elasticity, which
is time-variable and spatial in the piping system,
during the flow closing or opening period. The evident

need exists to deflne under what condltions the rigid

water column movement can be taken as an adequate
approximation of unsteady flpw condition.

11) Friction loss --- Another aspect of uni-directional
£lows which arlses as an important issue ls that of the
effectiveness of the frictlon loss litself (with a
constant factor) during the flow closing period. 1In a
transient condition where a steady friction (factor)
loss is found to be non-effective, further analysis of
unsteady friction (factor) is redundant.

i1ii) Flow 1inertia --- Yet another issue is related to
the effect of the flow inertia (w or dv/dt) on unsteady
friction factor (fu). The above mentioned authors

(Daily et al 1956, Carstens and Roller 1959, Denisov

1972, and Popov 1974) devoted much effort to retain or

even to extend the relationship established from the U-

tube or pulsating type flows, in £flow closing or
- opening conditions.

//

21
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Current research adopts the rigld flow concept and
attributes all the deviation obtained from laboratory works
(Iin the analysis of uni-directional flows) as a result of
_inaccuracy in the modeling of unsteady friction (factor).

Analysis in thls research 1is designed to evaluate the
relevance of these tradltional concepts used 1in translent
pipe flows. '

2.3.3 Bl-directlional flow

Bi-directional flow Is restricted to the transient flow
movement along. the pipe, after the closure of source flow.

2.3.3.1 Bil-directional laminar flow

Laminar £low conditions in a bi-directional pipe flow system
have been investigated by a number of authors. Brown
f1962), D'Souza and Oldenburger (1964), Brown and Nelson
(1965), Rouleau and Young (1965) and Holmboe and Rouleau
(1967) adopted the ‘linear transfer' technique to analyze
transient flow and pressure at two specific locations in a
plpe. They concluded that the wall shear stress is a
function of flow veibcity (v) and frequency {(w). This
transfer technlque 1is usually tedious and not practical for
the analysis of pipe systems, should any of the common surge
protection devices be instaffed. - Also, this technigue was’
not designed for a detalled analysis, where the transient
flow, pressure and friction factor are time—dependent and
spatially varled.

Zlelke (1966) wutllized the frequency-dependent property of
the above linear transfer concept, and developed a time-
dependent unsteady friction model which can be convenlently
solved by the method of characteristics. The model relates
the wall shear stress to the instantaneous mean velocity and
to previous changes in velocity. Laboratory tests with
instantaneous flow closure were undertaken. All measured
energy losses which were more than those predicted by the
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quasi-steady friction model .were attributed to the effect of
an unsteady friction facto; (fu).

In Zlelke's work, the predicted transient pressure. was found
to be closely correlated with that observed from the
.‘experiment,'during the whole duration of the test. However,

no attempt was undertaken by Zlelke to interpriet the real
physical meaning of this time-dependent friction &@ctor (fa)
during the transient condition. A question now arises
whether the decay of translents 1Is governed by the
unsteadiness of .- friction loss, .or in fact it is 1lnduced by
other energy losses assoclated with transient flow but
explained by unsteady friction. This is a key lssue to be
resolved in this research (Ch. 8). -

~

2.3.3.2 Bi-directional turbulent flow

Turbulent flow in periodic systems was considered by Wood
and Funk (1970), who derived a ‘viscous model' for translent
flows. They classify the plpe flow into laminar boundary
layer and 1in plug , flows. All the wviscous 1losses were
assumed to occur in the laminar layer, and 1its velocity
distribution is expressed as a function of varlable pressure

gradient and core velocity. Subsequently, Funk and Wood
(1974) extended their earlier  work to determine the
attenuation of pressure fluctuations. Some gqood agreement

was observed ,between experimental data and the predictions
of viscous theory. This was also found by Sauer (1969%9). As
usual, however, the existence of friction was assumed to be
the sole” cause of any enerqgy loss observed,. The qgquasl-
steady friction factor had to be increased up to four fold,
depending on the initial Reynolds Number. The increment of
the friction - factor is homogeneously applied in the entire
system, during the whole transient decaying period,
Consequently, the ‘major drawback of this theory lies with
non-local and non-instantaneous correction of £friction
factor during the transient period. As such, it has not
been possible to simulate the real friction variation whlch
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is necessary to have a better understanding of unsteady flow
phenomena.

Zielke (1966) suggested that the time-dependent component of
hls unsteady friction model be extended to use ln turbulent
flow, though the model was originally developed for laminar

f1ow conditions., Trikha _(1975)'modified Zielke's equation
for a —more convenient and practical application with the
method of characteristics. However, Trikha's simplified

24

version falls in the application for many plpe systems which

have relatively high turbulent flow regimes. Hirose (1971)
suggested another simplification of Zlelke's model for the
use in turbulent flow conditions. In that study, some
effort was given to Interpret the phenomena behind Zielke's
unsteady friction model development, and its wuse in
turbulent flow ogonditions. However, no physical model test
was undertaken by Hirose to verify his modified version of
the numerical model. .

2.3.3.3 Application of bi-directional flow

Shuy and Apelt (1983) extended their transient simulation to
the cases of bi-directional flows. No significant
difference of transient decay was found by the comparison of
results from the five friction models described above. They
" blamed the falilure of the tests on the lack of good unsteady
friction models. -

It Is questionable, however, whether the failure of the
transient response on various unsteady friction models was
due to lack of an accurate and practical model (as claimed
by these two authors), or whether there would in fact be no
~impact on tiansientg from the wunsteadiness of friction
losses in those pipe hydraulic conditions, or insuffigient
time of transient simulation. * This guestion will be
answered towards the end of this thesis (Ch. 8).

)
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2.3.3.4 Discussion of bi-directional flow

A review of avallable unsteady frictlion theorles on bi-
directional flows suggests that:

1) After ' the end of valve closure, the elasticlty of
plpe wall and water becomes the most important
parameter in analysis of bl-directional ,flows. This
implies that the friction factor, if varying, should be
a function of time and space.

ii) The quasi-steady friction model 1s generally
considered not adeguate  for the analysls of bi-
directional flows,.

iii1) An unsteady friction model should be used to
account for the anomalous energy losses.

iv) The time-dependent model (Zielke, 1966) appears to
be superior to other current unsteady friction models
"(e.g. the linear transfer and viscous friction models),
by considering the range of hydraulic conditions, the
discretization of pipe system and the theory of the
model. | The time-dependent model possesses non-local
and unsteady characteristics, and .can be dlirectly

applied in both laminar and turbulent flow regimes.

Discussions of unsteady friction 1loss 1n bil-directional
flows also suggest future research to assess the effect from

other potential sources of energy losses; apart from
friction.

2.4 Conclusions

General conclusions of the above 1literature revjew Iin
unsteady friction losses are summarized In this section.

1) Theories 1in non-transient (inelastic) £flows --- It
appears that sufficlent works have been conducted to
establish the behavior of U-tube and pulsating flows, {n

LS



particular In lamlnar £flow condltions. The well known
frictlion theorles established from these non-transient flows
include: ' ' '
1) 1t 1is concluded that the universal Newton's secbnd
law of motion can adequately be applied in the U-tube
oscillating ang pulsatile flow.
ii) It is also concluded that fZiction dissipation
(ED=) is the dominant source of energy losses.

it1) 1t has been confirmed that the well-known
fundamental assumption, namely that the unsteadiness of
friction factor (fu) increases rapidly with the rate (w
or dv/dt) of flow variation is correct.
e .

iv) Finally, all past works unmistakenly agree that the
quagi-steady friction factor (f«) 1Is not adequate to
exp{iin the unsteady friction phenomena. The unsteady
fri
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on model (fun) is recommended In literature and_

ghould be made a function of velocity and deceleration
(or frequency).

One of the needs of present research is to assess whether
these well established non-transient frictional concepts cah
or should be used for the cases of transient flows (e.g.
water or oil pipe systems).

2) Problems in transient (elastic) £flow analysis ---
Although it 1is recognized that friction effécts in general
are of fundamental importance in hydraulie transient
problems, there 1is no consensus as to how friction effects
should be assessed. Inconsistent conclusions have been
made, apd\cpnfusion remains. For example,

)
J
7

1), The effect of energy loss in a steady €£riction .

(factor) system has not been well investigated for
translents, particularly 1in uni-directional £flows. A
school of works concludes that the existence of
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friction will reduce the transient pressure while
another suggests the opposite effect.

ii) A -similar conflict also arises as to whether the
effect of unsteady frlctlon factor (fu) on the decay of
transients is positive or negative. Two opposite
conclusions have frequently been  found from the
available llterature.

111) Finally the conflict continues with respect tq_;he
selection of a friction model which should be applied

to the analysis of general translients. There |is
literature supportive to the position that unsteady
friction models need not be used. At the same time,

there are those who maintain that qross errors will
result 1f approprlate unsteady friction effects are not
accounted for. At present, common practlice uses the

most elementary assumption, namely a constant friction
factor.

The solution of these problems becomes ve important, prior

- to the development of an unstea&Yﬁ~fr tion model for
transient flow condltlons

~ »
3} Utilization of current 1laboratory works -—--}The bulk of
the available 1literature relies on laboratory’ work as a

basis for 1its concluslons. Two concluslons follow from
this:

1) Physlcal data for wvaljdation of new theory |is
already in existence; and

ii) pata are there but their physical phenomena cannot
be properly explained. -

The primary need at this polnt 1Is a consolidation and re-
1nterpr§tation of the current theoretical background of
hydraulic transients.



4) potentlal of numerical investigations --- One approach to
the analysis adopted in this study 1is to carrxy out a

28

systematic and comprehensive assessment based on numerical .

modeling techniques. Despite a preponderance of physically
based work, there is ample Justificatlion in the 1fterature
for a numerical approach. Numerous othexr workers have
relied on numerical results in the past, and such an
approach 1s considered to be acceptable.

It should be noted that a uniform and systemétit approach to
representation of unsteady flow and pipe charagteristics has
not yet been devised. If a comprehensive analysis of the
transient phenomenon is to be made, such a representation is
required. Lack of such an analysis is held to be one factor
cdntributing to conflicts in interpretation and analysis in
the past.

5) Works of friction model development --- Among other
things, this review has led to the following recommendatlions
for the future research in friction model development:

1) First, there is a need to establish under what
conditlions, 1f any, constant, quasi-steady, or other
- unsteady friction effects can be used;

11) Secondly, there is a need to provide an unsteady
friction modelJ if required, to account for the energy
losses 1in the transient conditions; and

fii) Finally, the current unsteady friction theorles,
1f possible, should then be selected and recommended

for the analysis in transient flow conditions.

6} Works 1in transient phenomena --- Prior to any further

development of unsteady friction models, an evident and"

urgent need 1s to have a better understanding of transient
phenomena. Apart from many other things, the analysis of
the following two conditions should come first: '



i} The existence of the elaétic property in pipe
systems and its mechanical transfer behavior affecting
transient simulations; and

i1) the existence of varlous sources of energy losses,
including those in frictional or 1in non-frictional
forms.
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Table 2.2 Conflicts of Frictlional Theorles

l) Present Practice and Reseérch

P

Steady "f" used in current = or Unsteady "Eu" is popular
engineering practice In current research
By many engineers By many researchers

2) Responses from Stead? Frictlon loss

Friction reduces translent or Friction induces transient

By Stephenson, S.A. 1966 . By Ruus, Canada 1984

3) Relevance of Unsteady Friction "£.,"

"fu" 1s not important or © "fu" 1s very important
By Papatakis, USA 1984 : By Denisov, USSR 1972

4) Responses from Unsteady Friction "f£.,"
"f." increases transient or "f." decreases transient
By Dally, USA 1956 By Brown,' USA 1969

-

5) Method of Analysis

Adopted elastic flow motion or Adopted rigid flow motion
By Wylie, USA 1978 - By Carstens, USA 1959

o

6) Basic Assumption

Forward velocity profile or " Backward veloclity proflle
By By Popov, USSR 1974 By Wood, USA 19790

7} Status of Research

"f£," theory has been solved or New "fu" theory i3 needed
By Zielke, Germany 1966 By Apelt, Australia 1983
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3.0 RESEARCH OBJECTIVES AND' SCOPE

~7

-

3.1 Statemgnt of Objectives

The foreéoing literature review Nas identified the area of
energy loss in current transient simulation and analysls as
a potential research area. The principal objective of this
research 1s defined as follows: '

l) To resolve what conditions deflne the need for
constant, guasl-steady, and unsteadx,friction {factor)
loss %?sumptions in hydréﬁlic transient analysis. e

'In,short, to rationalize and consolidate some aspects of
energy losses in waterhammer analysis.

In order to accomplish this principal objective, the
following secondary objectives also need to be defined:

2) To appropriately interpret what are: the physical
phenomena governing transient flows. This may require
4 hew analytical approach.

9, '
3) To £1ind out what parameters induce energy losses in
unsteady flows, so0 as to perimit characterization of
typlcal physical problems in la systematic manner.

4) To deflne where and how the friction 1loss (with
constant factor) affects the transient behavior. ———
5) To determine (or develop, if necessary) an\unsteady
friction model suitable fox the analysis of general
transient conditions.

6) To systematically characterize the behavior
specific representative water hammer 1nit1ation[ﬁ\nd
protective devices wusing the the parameters defined in
objectives 2 - 5.. o )

32
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of the analysis, these quantities are varled to {include
£luid conditions ‘representative of wviscous flulds such as

33

/
Lo,
S
This last objective evidently requlres determinatlon of what
water hammer protective devices exist, and what "physical
ranges of conditions adequately define hydradlic systems .
encountered in engineering practice. //P '
3.2 Scope of Research
" The following, physical conditlons and/ boundaries in the
closed conduit have been incorporatéd intd..the present
thesis: | — 4
/ 9% f
£
: ' : ///
+3.2.1 Hydraulic system
1) Fluid and flow Properties --- Fluld density and viscosity
can be taken to be those of water at standard temperature
and pressure. However to extend the possible range of use

1ight oil. 'The upper bound of flow velocity in the pipe has

been taken to be the ordeﬁLof'lo m/s.

2) Plpe materlal ~--- RepreSentative pipe materials ‘are taken
to be cast iron, steel, concrete or plastic. These are the
primary materials in engineering use today. Aslide from

dimensions, the only difference between these materials’lLasﬁh\\

in the elastic modulus.and hydraulic roughness.

3) Pipe geometry --- Piﬁé’diameter and lengths cover-a rénge
which would be associated, with projects ranging from local
municipal (diameter of about 0.1 m) to major transmission
lines (diameter of about 5 m) conduits, of varying length.

wall thicknesses have been chosen consistent wilth common

practice for the materials, overall dimensions and pressure
conditions considered.

4) Surge wave veloclty --- A derived quantity, namely the
surge wave veloclty, is 1implicit In the above ranges of
parameters. Undet two extreme conditions in  general
engineering'bractice,_ the surge ve sSpeed has a range
encompassed by 150 ‘to 1500 m/s. .
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'3.2.3. Means d‘banalysis

*

5) Frictional conditlon --- Another derived quantity, the
stéady state @ friction 1loss has begﬁ taken over a
conservative range of 0 to 500 m, which’also ls consistent
wlth the values impllied by the above parameter ranges.

6) System conflguratdon --- The system 1is taken to be
bounded by constant surface elevation reservoir at both
ends. Single and uniform pipes are assumed.

3.2.2 Surge souxce and‘contrbl
7) Surge initiation --- In all cases, the surge is taken to
be 1Initiated by flow decrease or shut-down at the upstream

end of the system.~

B) Surge control --- Four common surge control devices,
namely, vadlve, pump, surge tank and air chamber have been

_ considered. -

9) Friction models --- Constant, quasi-steady and various
unsteady friction models reviewed in‘the literature have

" been adopted.

10) Flow regimes --- Laminar and wvarious turbulent flow
conditions are considered In the investigation of the effect
of above friction model applications.

A wide and comprehensive analysis can be considered in the
present research, by the adoption of above conditions.

- A}
3.2.4 Basic assumptions and constraints
The following assumptions have been considered 1in the
present research and represent some specific constraints in
the scope of this "thesis.

34



fi) Elasticity of pipe system - .The surge wave velbcity
‘a' 1s constant throughout the whole duration of translents:
- This assumptioﬁ is reasonable since the plastic deformation
of a pipeline (e.g. due to soll backfilling, pipe materlal

- and anchorage) 1is usually _too;small to affect the elastlic
behavior during the transient period.

12) Impacts "of vapor pressure --- The existence of vapor

35

pressure is suppressed. This restriction is imposed because.

of its complicating implication. In vapor forming

cond;tions, multi-phase flow exists, and fluid boundaries
are variable.

13) Local losses (junctions and bends etc.) --- Local losses
are restricted to a condition where at most one local loss
point, acting 1like an orifice, exists only at the surge
initiation point. The local losses along the pipe system

are usually relatively small and do not adverselygaffect the

transient simulation. '

. :
14) Pipe network system --- Hydraulic impacts induced by the
branching or looping system of a plpe network have not been
considered. Normally, the hydraulics of the main 1llne

dominates both Steady and unsteady condltions of a network
system.

Although the present work is intended to be as general as is
reasonably possible, it is felt that analysis incorporating
these last three conditions (condition 12, 13 and 14) would
be too wide in scope.
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The analytical approach adopted In this research conslsts of
@ number of techniques. The three most important are
discussed In some length in this chapter. These are:

4.0 -METHODOLOGY

1) Dimensional reasoning, applied to the development of
a systematic basls for the description of transient
cause and effect,

A 11) Selection of a model, used to widen the scope of
the transient simulation 1involved in this research,
and '

36

111) Deflnitlon of varlables, utllized to represent

arbitrary transient £low conditlons.

In the coursgfﬁi_ this thesis methods for the determination.

of practical friction ranges and techniques foy the
quantification of Important transient propefties are also
dlscussed, and these are documented in Appendix A.

4.1 Dimensional Analysis as part of Analytical Approach

Dimensional analysls has beehh employed in this work as a
basic technique to resolve and integrate the results
obtained dpring the course of this research. The technique
involved is well documented (e.g. Blxkhoff 1955, Sedov 1959,
Langhaar 1962 and Yalin 1971). It has been applied in many
fields of sclentific research' and some  functional
relationships established in 'this work: might ' have been
previously derived by other means. However, the application
of dimensional . reasoning in a systematic analysis of
transient behavior has only recently been introduced (Fok
1978 and 1980).

©



dimensional property, m, of steady flow 1Iin a _non-

frictional pipe system can be expressed by the
following functional relation:

m=F(}, d, p, v, g) . 4.1

where | = length;

dlameter;
density; )

flow veloclty; and

gravitatibnal acceleration.

d
2
v
g

By choosing g, g and 4 as repeated varlables and using
th Buckingham Pi theorem the flve dimensional
independent parameters in"Eq. 4.1 are reduced to two
equivalent dimensionless qroups:

M = F(}l/d, ho/d) = . 4.1a

“where |/d reflects length of the pipe system (}); and
he/d = (v2/29)/d is the kinetic head per unit
plpe diameter, which incorporates flow
velocity (v). .

In a plpe system, the pipe length characteristic (d/})
in Eq. 4.1a is not relevant, and the second variable
(hv/d) does not represent a meaningful physical
property. Hence, these two parameters should be
combined, because the property ‘M' will then only be
governed by Kkinetlic head 1In a steady frictlonless
piping system, as expressed below:

M = F( ho/] ) 4.1b
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4.1.1 Governing parameters in dimenslonal analysls \\M\
4.1.1.1 Steady state flow (governing parameters)
i) Non-frictional condition of steady flow --- Any



where h./] 1is the klnetic energy head per unit length
of pipe. |

i1) Frictional condition of steady flow --- Two
parameters ‘- related to frictional propertles, 1i.e.
effective pipe roughness (k) and the kinetic viscosity
of the fluid (v) are introduced here. The functional
relation (Eq. 4.l1la) is then extended to:

M = F(4/d, h./d, k/d, R) 4.2a

where k/d iIs the relative plpe roughness, reflecting
: the parameter (k); and
R = vd/4 1s the Reynolds Number, incorporating
the viscosity (). v :

The two dimensionless frictlonal parameters (R and k/d)
are normally replaced by a single frictional parameter
(fq), which can be determined from the Moody Diagram
(Moody, 1944). This friction factor is:

f = F(k/4d, R) 4.2b
where the relevance of the pipe relative roughness
(k/d) disappears for a smooth pipe.

With the aid of Eg.4.2b, the four parameters in a
frictional system (Eg. 4.2a) can be combined into a
single parameter, as expressed bhelow:

M

F(f/d, h./d, F(k/d, R))
F(isd, hysd, f£)
F{ he/} ) 4.2c

where he/l = {[E * (J/d) * (vZ3/29)] / | }, representing
the friction head per unit pipe length.

In a pipe system, the friction head is normally the
predominant factor governing the steady hydraulics,

38



39

because the effect of the kinetic energy becomes
insignificant, (i.e. hy << he}.

4.1.1.2 Unsteady state flow (for governinq parameters)

1) Non-frictional system --~- 1In additlon to the five

parameters in Egq. 4.1, the property 'm' of unsteady
flows is governed by five more parameters: '

m = F(}], 4,

where d2v/4dt?® =

tg =
a:
X =
t =

P, v, g, d3v/dt*, tq, a, x, t) 4.3

rate of flow velocity change at source

and 'S' is the order of derivative;
time of flow closure;

surge wave speed;

location Iin the system; and

time uvf translent.

Certain combinations of parameters may be derived which
are sulitable for experimental planning. Among these,

he

av/qg,

is the Joukowsky head, which is the

absolute maximum of transient pressure;

te

1/a, is the surge wave travel time.

Choosing the same basic quantities as in the steady

flows (p, g and

d), a dimensionless functional relation

can be expressed as:

M = F(d/1,

Hv, 5, Tq, v/a, X, T) 4. 3a

where 5 = the shape of flow closure, reflecting rate
of flow change at source (d®v/d4dt®);
Tq = tg/ta, is termed the time of flow closure,
reflecting time span of flow change (tgq);
d/] = reflects the pipe length (});

Hv = hv/hc.‘

, reflects the_kinetic energy (h.);

v/a = reflects the surge wave veloclty (a);

X = x/tl
T = t/t.,

reflects the locatlion (x); and
reflects the time of translent (t).
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In a transient pipe flow sysﬁem, the roles of the three

A parameters, d/1, H. and v/a in Eq. 4.3alare 1rre1evant
and they can be wusually lgnored. Hence, the above

equation becomes:

M =F(S, Tq, X, T) : 4.4
\ :

i{

11) Steady frictlon (factor) system --- Aas dlscussed
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previously for the steady flow condition (Eq. 4.2c),m

the kinetic head (H.) should be replaced by the
friction'head (Hsz) In a frictlonal system. Hence, the
property, M, in a .steady frictional pipe system |is
governed by: g )

M = F(He, 5, Ta, X, T) 4.5

where He 1s determined £from a steady friction factor,
which remains constant during the transient period.
i11) Quasi-steady friction (factor) system --- Aas is
well known, the friction factor actually varies with
the flow regime conditlon. In this case the quasli-
friction factor (£q) should be included 1in the
investigation. This is expressed as:

M = F{Hg, S, Ta, X, T, fa)

The pipe roughness (k/d) of Eq. 4.2b remains constant
duriﬁg the translent period and hence can be neglected.
On the other hand, the unsteady Reynolds number,
R(T>0), follows the unique ‘hydraulically smooth' line
and hence its characteristics can also be dgtermined at
the Initial steady condition, i.e. R(T=0). Therefore,
any transient property of a quasi-friction system can
be determined as: '

M = F(He, S, Ta, X, T, R) 4.6
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All the dimensionless parameters inslde Egs. 4.4 to 4.6 can

be pre-détermined from inlitial steady state condltlons,

prior to the initlation of translients.
iv) Unsteady friction (factor) system --- _In the
literature review (Ch. 2) it was suggested that the
translient property 'M' may also be governed by the
existence of unsteadiness in the friction factor (fu).
The functional relationship of an . unsteady friction
system can be expressed as:

M =F(He, S, Ta, X, T, R, fu) 4.7

The unsteady friction factor (fu) of Eq. 4.7 becomes part of
transient properties and hence cannot be pre-determined from
the initial steady state conditions. Investigation of the
‘application of this unsteady - friction factor (f.) in
transient flow conditions is one of the primary objectives
in this research,

The followlng paragraphs discuss some potential problems
affecting the analysis of the unsteady friction factor from
the view point of dimensional reasoning.

4.1.1.3 Relevance of unsteady friction factor (fu.)

Traditional analyses attribute all anomalous losses to the

distortion of the shear stress distribution. Current
unsteady friction theories have been developed on this
basis. Two major concerns are addressed here regarding the

adoption of this traditional analytical method.

1} Elasticity --- Review of avallable literature leads
to a common belief that the unsteady friction factor
(£.) Is governed by the ﬁ}ow velocity (v) and the flow
deceleration rate (d®%v/dt*®), 1in which the friction
tactor is equivalent to Eq. 2.1. Thils can be expressed
as:

fu = F(v, 4%v/4t?) . 4.8



Rewritten in a dimensionless term, this becomes:
fu = F(R, S§) . 4,8a

where R=Reynolds Number, reflecting Elow’velocity (v)
S=Shape factor, reflecting deceleration (d2v/dt®)

Inserting Eg. 4.8a into Eg. 4.6,

M

1

F(He, S, Ta, X, T, R, F(R, S))

]

Here, Eq. 4.8a and 4.6 are ldentical. This means that
the translent property 'M' can be determined by the the
rate of flow deceleration (d9v/dt®), regardless of
which friction model is applied. .

One of the major concerns addressed in this research is
how to determine wﬁether' a quasi-steady (fq), or
unsteady (fu) frictional relationship )preva
transient conditions.

11) Non-frictional 1losses --- Another maj
addressed in this thesis is the ation of other
potential losses unrelated to e unsteadiness of the
friction factor (fq4). This comr€ern is not addressed in
the avallable 1literature. hould the non-frictional
losses indeed exist but re overlooked, the effect of
another uncertaln parapeter in Eq. 4.7, 1i.e. the
unsteady friction factgr (fu), may be unrealistically
increased. This wil be discussed in detail later in
Chapter 8.

concern

For simplicity and consistency, the unsteady friction factor
(fu) 1s retained in thig thesis as a governing parameter,
and the term ‘unsteady friction system' is adopted to keep
it distinct £from other friction terms, even though the
unsteadiness of the friction factor (fu.} may or may not be
relevant,

42

F(Hﬂ, S’ Tq’ x’ T’ R) 4-8&
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4.1.1.4 Discussion of functional relations

The.relatlonshlips expressed in Eqgs. 4.4 - 4.7 attempt to
. provide a clear approach to the analysis of transients,
covering the non-friction condition (He=0), the constant

friction factor (f), the quasi-steady frictlon factor (fgq)
and the unsteady friction factor (fu).

e
T
S

4.1.2 Transient properties (M) in dimensional analysis
4.1.2.1 Pressure as a transient property

The most common practice in physical or numerical

‘experiments for transient evaluatlon 1s based on the
measurement of pressure head variation Ha(X,T), lIn which one
(e.g. X = 0) or several points (e.q. X =0, 0.25, 0.5 and
0.75) along the pipe are analyzed.

4,1.2.2 Energy as a transiéﬁgfgioperty

A new me%fivd is introduced In this research for quantifying
transient pressure in the system. The transient energy,
Em(T),~at ~a specific time T, 1is defined herein as the
integration of the transient pressure head Hm(X,T) along the
entlre length (f.e. L = 1) of the system as shown below:

1 ‘
Em{T) = J Hm(X,T) dX ' 4.9
0

The adoption of thlis new term has three advantages: -

1) 1t reflects the transient prﬁperties (1.e. elastic
energy) of the whole pipe system, 1instead of the
traditional limited point-specliflc pressure condlition;

11} it allows a new concept of analysis to incorporate
all forms of enerqgy exchange mechanlismsg, e.qg.
mechanical transfer and energy dlissipation. This new
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concept of energy balance will be introduced in Ch. 5
and adopted throughout-ghés thesis; and

LY

1i1) it simpliflies the functlonal relationship in
equations 4.4 to 4.7 by eliminating the distance
parameter, X.
4 )
'COnsequently, the above four functional equations (Egs. 4.4
- 4.7) adopted for analyslis of transient phenomena can now
be sfhplified as shown below:

Ex{(T) = F(S, Tg, T) : 4.4a
Em(T) = F(He, S, Tq, T) 4.5a
Ex(T) = F(He, S, Ta, T, R) \{) 4.6a
,_Eml(T) = F(He, S, Ta, T, R,‘fu) Vs o 4.7a

L)

where Em(Ti refers to the elastic energy of the entlre pipe
system at time T.

4.1.2.3 Maximum energy as a transient property

The maximum value of a transient |is normally the most
important observation for general englneering practlice. The
-maximum transient energy (BEmx) 1s defined herdun.as:

+ l .

where Tmsx 13 the time of occurrence of maximum transient
enerqy {Emx}.
/

Maximum translent energy (Ems) in this thesis consists of:

1) maximum surge energy (BEmxa) - maximum transient
eénergy occurred during the flow closing period;
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i1y maximum counter-surge energy (me:) - max i mum

transient.energy occurred during the first transient
flow reversal; and : '

_ ' »
111) peak decaying energy (Ex) - the peak .value of
transient enexrgy in the viclinity of time, T, which
occurs after the counter-surge period (i.e. T > Tmxza).

The parameters Tmx, Tmxi ahd Tmxz are times of occurrence
corresponding to maximum transient (Emu)p maxlmum surge
(Emxz) and maximum counter -surge (Emxz2) energy respectively.

}'\

The functional relat¥onships concerning maximum transient -

energy can now be further simplified for the non-frictional,

steady, quasi-steady and unsteady friction (factor) system
respectively as below:

Emx = F(S, Taq) . 4.4b
Emx = F(He, S, Ta) 4.5b
Emx = F(He, S, Ta, R) , | 4.6b
Emx = F(Hz, S, Ta, R,‘. fu) . 4.7b

where the Emx refers to events of maximum surge (Emsx),
maximum counter-surge (Ewmx=z) and peak decaying (BEr) energy.

4.1.3 Surge control devices in dimensional analysis

In conducting this work, it was found that the
characteristics of the four common control devices could
also be conveniently represented by similar relations as
'expressed in the above functional relationship equations.
For simplicity, only the cdses involving the use of the
steady friction factor (£) are provided 'in the following
discussions. However, where  a quasli-steady or an unsteady
friction model 1is required, the Reynolds Number (R) or the
unsteady friction factor (f.) may also need to be 1ncluded.
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4.1.3.1 vValve as a surge control device

In a valve operation a new parameter, valve head (Ho),
reflecting the local oriflce loss through the valve, must be
added. The terms 8 and Tg of flow closure now become the
_shape and time of valve closure. The  functional
relationship of maximum transient conditions can be
expressed for valve closure in a frictional system as:

M = F(Hﬂ’ S( Tq' HQ) 4.11
4.1.3.2 Common characterlstics of Pump, tank and chamber

The functlonal relatlons of the other three devices are
complicated by the fact that the shape factor (S) and time
(Tq) of flow closure cannot be pre-determined £rom the
steady state conditions. These two param;ters themselves
become part of transient properties (M), in which they have
to be determined from other dependént variables. However,
the new term device head (Ho) of each specific device is
usually known for the steady state condition.

Another new term Twm, mechanical travel time 1s also required
which will be defined for each individual device below. In
general, the mechanical travel time (Tm) is very complex in
nature as well as strictly device-specific. Its magnitude

is governed by a number of pipe hydraulic (e.g. steady flow .

Qo and head Ho)} and various device (e.g. types and sizes)
characteristics, in which it can also be determined prior to
the Initiation of transients.

In a case that the device is equipped wiFh a check valve to
prevent flow reversal, its damping behavior is similar to
that of a valve operation. Otherwise, the whole body of
water can travel back and forth along the pilpeline as in the
case where the chec%)valve is non-existence.
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4.1.3.2 Pump as a surge control device

- The pump head (H?) 1s the helight between the suction level.
and the hydraulic grade at pump. Thé mechanlcal travel time
of a pump system can be estimated as:

T

0.514 [(WR? * NR)/(g * TR)] / t. 4.12

where WR?Z

I

inertia of pump and motor;

NR = pump speed;
TR = pump torque; and -
‘t: = 1/a

Accordingly, the functional relationship of any transient
property 'M' is expressed as:

M = F(He, Hop Tm, T) , 4.12a

In the case that only the critical transient events are
required, the "translent property 'M' conslsts of the
magnitudes. (Emx) as well as the time occurrences {(Tmx) Of
the maximum transient energy.

4#.1.3.3 Alr chamber as a surge control device

The chamber head (Ho"), commonly adopted in the current
practice, 1is the sum of normal device head (Ho) anZ/
atmospheric pressure. The mechanical travel time (Tm) of a
air chamber system can be considered as an indlcator of the
time requlred to discharge the total air out of the chamber
at a rate of steady flow. The value of this ‘Tm' can also
be pre-determined as expressed below:

T = (Co/Qe) / te 4.13

initial air volume inside the chamber;

steady flow rate of the pipe system; and
B &

17a .

where co

de
te

it

~ - -
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' In normal mpractlcé for a two-way alr chamber, the transient

characterlstics of an ailr chamber system may be further
complicated by  the Tinstallation of an orifice. An
additlional parameter (Hoxr = hox/hc) Is needed to account for
the head loss (has) when the steady flow (go) passes through
the orifice. The differential crifice n also
represented by an additional term -+KZ:T:d’reflecting th
ratio of head losses between the Incoming and outgoing flows
with the same rate.

In the case of a two-way air chamber system, the functional
Eelationship of an air chamber can be expressed as:.

M = F(He, Ho®, Tm, Hox, Kox, T} 4.13a

»

In the case of a one-way air chamber system, the above
equation can be simplified as:.

M = F(He, Ho™, Tm, T) . 4.13b

4.1.3.4 Surge tank as a’surge control device
' AN

-

Current engineering practices adopt the rigid water -column
concept to'investigate the unsteady flow behavior of a surge
tank system (Parmaklan 1963, page 128 - 129 and Fok 1980).
In reality, the elastic properties of the system may play a
significant role in surge tank simulation, particularly in
the case of an orifice installation. A new mechanical
travel time {Twm} 1s introduced 1in this research, as
expieésed below: '

Twm = 0.5 [(1/9)%-2 * (d~/d)] / t. 4.14
] = pipe lengthy
d" = diameter of surge tank;

d = diameter of pipe; and
te = l/a -

Accordingly, the functional relatlonship for two-way surge
Egnk transient characteristics can be expressed as:

Toang
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M = F(Hz, Tem, Hox, Kox, T .- 4.14a

A one way tank is common in some low head water and sanltary
forcemains (Stephenson. 1972 and Fok 1980). The diEEerche
of water level at the tank and the H.G.L. at the tank is
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commonly deflned as the tank head (Ho). The relatlon is °

then expressed as:
M = F(He, Ho, Tem, T) | | 4.14b

It should be noted that the surge tank functions in a very

similar manner to that of an alr chamber. The difference

between these two devices 1s that the energy 1is stored in
\\ . the elevated water body, instead of the compressed air.

4.1.4 Discussion of dimensional analy?ys

Dimensional analysis has been used 1in this section to

develop sets of functional relations between transient
. ; L

properties and thelr governing parameters.

1) Gﬁverning parameters --- The development from the above
dimensional analysis provides a 1list of potential relevant

parameters governing the translent characteristiecs in a
closed conduit. These include:

{) Flow closing characteristics, such as § and Tq;
11) Frictional conditlons, such @s Hs, R, and fu;

iv) Time and location of transieﬁt, as represented by T
and X respectively. W

2) Transient properties --- Two sets of functional
relatlonships have been established for:

-

,’/

1) Time history ~-~ Egs. 4.4 - 4.7 (part a) can be used
for the analysis of transient enexgy history, 1.e.
Em(T) vs. T; and



11) Maximum events --- Egs. 4.4 - 4.7 (part b) can be
used for the investlgatlon of maximum traniiiifgfnergy
achieved, l.e. Emxi, Emxz and Er, '

) Frictlonal 'system --- Four functional relationships have
een established for directing the present research in

different frictional systems. These include:

) Non-frictional system (Eq. 474);

11) Steady friction (factor) system (Eq. 4.5);

[

iil) Quasi-steady friction (Eactor)'system (Eq. 4.6);
iv) Unsteady.friction (factor) system (Eq. 4.7).
1) Ehergy losses --- The effect oﬁ"unsteadfness in the

frictio factor (fu) -may be greatly exaggerated by the
omissionl of the following two energy parameters:
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1) fElastlic energy as a result of the £flow velocity"

ch&énge; and

11) energy losses associated with transient flows, but
unrelated to the unsteadiness of friction factor.

5) Practical applicationsy--- The functional relations have
beed_sstablished in Egs. 4.1l - 4.14, for valve, pump, alr
chamber and surge tank respectively.

Detailed analyﬁical work to investigate the £functional
relationships on these four common-surge control measures
are not dlscussed in this theslis, but will be presented in a
series of related technical reports to be publisheqd

separately. Highlights of these works are appended In
Appendix C.

‘ : . ) ~
The complexlty and varlabllity of - these control device
characterlstics indicate a need to define unsteady flow
' R -

n
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variables (l.e. S and Tq) to dei&xlbe the tréﬁ%lent
phenomena in a consistent and uni%brm mannex. The

characteristics of these two variables are ldentified ana
are discussed later in thls chapter. '

4.2 Model Simulation as part of the Analytical Approach

4.2.1 Selection of modeling technique

In formulating the above non—dlmensionea relationships by
the wuse ' of the Buckingham Pi theorem, there 1is no
reguirement to validate the relevance of the governing
parameters inside those functional relaﬁlonship‘equatlons.
It 1s tactlcally assumed that any lrrelevant dimensionless
parameter can be discarded, whlle the relevant ones will be
quantified by further analysis. In thls respect, two
general categories 'Gf transient simulation are possible to
investigate the functional relaﬁionships develdped from the
dimensional analysis. One alternative 1is to carry out
physical model tests in the laboratory or field; the other,
i1s to undertake simulations using numerical models.

4.2.1.1 Relevance of modeling

To provide 1insight into the most appropriate approach to
investigate the transient behavior in the present research,
the following paragraphs discuss some of the advantages and
disadvantages of the two alternative approaches:

i) The physical model approach, often termed ‘black-
box', can be used to determine the relevance cf each
governing parameter, whlle the physics of the system
and fluid-flow behavior need not be well addressed.
For example, the current laboratory works 1In uni-
directional transient £¥0ws were based on "the rigid
water column movement without the knowledge of its
validity. The results thus obtained may be mlstakenly
attributed to the hydraulic respongses from the
existence of friction, 1nstead cof the real governing
factor, i.e. the existence of elasticity in the system
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i1) The numerical model  approach, often applying the
method of 'characteristics' technique, takes, the
existence of the surqe wave Into consideration, thus
ensurling incorporation of the pipe and fluid elasticity
in the system. On the other hand, 1t is very rare and
sometimes impractical to develop a numerical model
which can examine all the dynamic and thermodynamic
equations governing transient phenomena encountered in
pipe flow systems. For example, the énergy losses
associated with the periodic transient flow movement
(traditionally claimed as a result of the unsteadiness
of the friction factor, £f.) have not been accounted for
in the current numerical model. A physical model is
often required to determine these losses. |

In order to utilize the advantages of these two models, the
most proper analytical approa&h to sclentific applications
of general transient flows should incorporate both numerical
and physicél modeling analyslis.

4.2.1.2 Choicg of modeling priority

To undertake a thorough numerical model analysi% of energy
losses in transient conditions 1is time consuming and
laboriousR‘ To conduct a physical model analysis with the
same wlde scope is even worse. To carry out both modeling
analyses was considered prohibitive.

On this basis, it was decided that an numerical modeling
simulatlion as supported by physical modeling data borrowed
(with courtesy) from available sources provided an
acceptable analytical procedure for this study.

The wide scope of work proposed in this thesis (Sec. 3.2)
does specify furthgr the need for such a choice of modeling
techniques as discussed below:

1) The primary advantage of numerical model simulatlions
lies In the abllity to assess a wider range of
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parameters under a wider range of hydraulic conditions
with less effort than physical approaches require.
Obviously, to physlically assess the range of conditions
considered in th@s work would rgqu;re many man-years of
effort. Relying on physical experliments would
therefore require a significant compromise on the range
of conditions tested, or an inordinate level of efgort;

I1) BExcept for some simple cases such as an
instantaneous flow closure, the application of physical
model tests to ggneral translent flows 1s excéedinqu
difficult. Further, scale effects, the speed of
translent response and limitations in the accuracy OE

measurements make the Interpretation of model results
uncertain; '
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i11) subsequent testing of numerical Tresults agalnst )
field observations 1is still possible, The ultlmate

validity of theorles based on numerical techniques can
still be subsequently verified; and

lv) Use of a numerical model based on accepted theory
makes it possible to draw conclusions regarding the
consequence of exlisting fundamental theory, which |is
inherently impossible with data obtalned from a single
modeling approach.

Since the thrust of thls research 1s towards an effective
interpretation and consolidation, and possibly an extension
of existing fundamental theary, a numerical model becomes
the clear method of 'choice for this research. It therefore
remalns te obtain a particular numerical model for use in
this work. The establishment of such a numerical model |s
dlscussed in the next subsection.

4.2.2 Development of the numerical model

Part (a) of Table 4.1 outlines the key features and
principal characteristics of the present numerical model

.
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(otthammer, 1987), and thls table serves as a gulde to the
discusslisons of Subs. 4.2.2 and 4.2.3. :

4.2.2.1 Method of characteristics for model development

As indlicated by the authors (Wylle and Streeter, 1978) and
many ploneers (Chaudhry 1979, Wwaters 1979), . the method of
characteristics has =a'ﬁUmbe: of advantages In water hammer
analyslis. For this wofk; the primary advantage lies 1in the
essentially analytic nature  of the method of
characteristics; with careful choice  of boundary and other
hydraulic conditions, numerical approximations are
essentially eliminated, and the model 1is an accurate
reflection of the fundamental differential equation
describing water hammer.

The framework of the’' present numerical model has been
written specially for the scope of work lntended for thls
theslis. Thus, the baslis of the model used in this work is
that of a strong and well validated algorithm (established
by Wylle and Streeter 1978), while the overall model is a
new and effective development particular to this research -
but applicable to a variety of | physical cases (Otthammer,
1987).

The theoretical background of the model structure 1is
described below. Some specific modeling treatments related
to unsteady friction losses are also presented herein.

4.2.2.2 Equatlions governing h{draulic transients

Y
Transient phenomena 1in a plp; system is commonly considered
as a one-dimensional £low condition. The dependent
variables consist of the pressure head (h) and the mean
sectional velocity (v}, and the independent variables
include the time (t) and location (x) along the pipe.

Three fundamental equations are commonly adopted to describe
the transient flow behavior in a pipeline. These are:
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1) The equation of motion, .

g*dh/dx +<E:;v/6x + dv/8t + fxv*ivi/(2d) = 0 4.15

where, g = gravitational accélergtion;
, @ = pipe diameter; and
v = flow velocity.

ii) the equation of continuity,
Gp/6t + p*dv/8x + v*3p/dx = 0 . 4,16
where, p = the fluld density, and
111) The equation of state £
8p/p = Sp/K ' 4.17
where, K = the bulk modulus of the fluid.
The elasticity of a pipe system is related to both the fluld
and pipe wall. Hence, the surge wave speed ‘a', which is

currently used to represent this transient property, can be
estimated as:

a = { (K/o) / [1 + (K/Ex)*(d/ex)*ca] } ©-8 4.18

£
=3
]
N
m
-~
22}
[l
i

modulus of pipe elasticity
thickness of pipe wall o -
pipe anchorage constraint (0.8 < ci < 1).

m
P
1l

0
H
|

4.2.2.3 Egquations used fof method of characteristics

The characteristlics method adopted In the present numerical
model solves the above equations, by converting them into
differential equations as follows:

[ (g/a)*(ah/dt) + dv/dt + (£72d)*v|v| + (g/a)*v = 0
{
{ along dx/dt = v + a 4.19%a
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{-(g/a)*(dh/dt) + dv/dt + (f/2d)*v|v|“+ (g/a)*v = 0
{ | .
{ along dx/dt = v - a 4.19b

The above characteristlc relations can be approximated by
finite difference expressions and then integrated
numerically with use of the digital computer.

4.2.2.4 Numerical treatment of friction

The friction term, (f/2d)*v|v|, which plays a very lmportant
role in the present research, has been directly incorporated
into the eguatlons of characteristics method. Some
numerical treatments related to this friction term are
discussed below: ’

1) Stability --- It has been reported that some
inagcuracy in transient simulations can be induced due
to the non-stable integration of the friction term
(Wylle and Streeter 1978, and Wylie 1984). A stability
criterion has been developed for the discretization of
high frictlional systems, in which the first-order model
is acceptable if the ‘Frictlon Stability Numbexr' (FS=},
s less than 1 (Wylie and Streeter 1978, page 52).
This means that:

FSe = (f*dt*v})/(44) < 1 4.20
where, ‘dt' is the duration of each time step.

This criterion has been taken into consideration during
the model set-up in the present research. The maximum
value of Friction Stability Number is less than unity,
even for the upper bound of friction head used in this
work (FSe = 0.25 < 1, at He = 10). The piping system
Is discretized into 20 segments for the analysis
throughout this research.
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i1) Drder --- The second-order iteratlon of the
frictlon term, which was developed by Wylle and
Streetier (1978, page 53 and 65); has also been used in
this ti
models. \ It has been found that less than 5 % error may
be fnduce\ by the wuse of a flrst-order model in the
above ment#pned upper bound of frictlion head and system
discretization conditions. The constant friction model
(£) was used in this test. '

The second-order model with the use of other friction
factors (fq or £u) has not been well established, and
consequently its application for other quasl and
unsteady friction models is not possible at thls time.

Based on the above ratlonale, the first order friction
iteration is adopted ini{the present analyslis.

111) Linearity --- It has been recommended by some
researchers (Shuy and Apelt/, 1983) that the non-linear
iterative solution 1is a neCessary procedure to improve
the accuracy of the present first-prder model. This
non-linear solution treats the frictlon term as an
average of both the begiprfing and the end conditions of
each time step, while the normal linear solution only
considers the beginning condition. In contrast to Shuy
and Apelt's prediction, no significant difference was
found in this research from sensitivity testing on the
linearity within the system friction and discretization
conditions as described above (less than 1 % error).

In view of the Iinsensitivity of the order and linearity of
the model application within the broad range of frictional
conditions, and the consistency regquired for the use of
various friction models, the 1linear flrst-order friction
lteration, which Is the most fundamental modeling technique
of friction treatment, has been used throughout the present
research.
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sis for the sehsltivity test on the order of .
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4.2.3 Friction losses in transient flow simulation

Three methods of treating the friction (factor) have been
Incorporated into the Method of Characteristics model used
In this study. This allows for the computation of
transients lIn the categorized flows under a‘wide range of
hydraulic conditions. These are:

1) constant ( £ ),
11) quasi-steady (-fq ), and
iit) unsteady ( fu ).
4.2.3.1 Constént friction factor 1in friction predictian

Current engineeking practlice ~commonly uses a constant

friction factor in the Snalysis.of hydraulic transients.

This factor, denoted ‘£', (commonly known as Darcy-Weisbach
friction'factor) can be obtalned from the initial stead%
flow condition. . It actually represents a special case of
the quasi-steady factor, and does not need speclial

discussion. ‘ -

4.2.3,2 Quasi-steady friction factor in friction prediction

This friction model uses varlable frictlon factors chosen at .
each point along the system such that friction for an

instantaneous value of flow velocity matches friction for

fully developed steady flows with the same cross-sectional

average velocity. As such, 1t Is virtually an unsteady

method, although based on steady state friction conditions.

The quasi-steady friction factor, f4, can be obtained
directly from the Moody diagram. For an efficient computer’
application, explicit forms have to be developed. These
explicit relations are presented below.
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1) Laminar flow - For Reynolds Number (R) below 2000,
the friction factor can be determlned from the
following theorxetical equation:
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fqu= 64 / R ' ' 4.21

11} Turbulent flow -- For Reynolds Number R > 3000,
Wood's empirical equation (1966) is selected 1In the
present study as shown below:

£q = by + bz R-®? . 4.22

where, ba = 0.094 (k/d)°®-222 + 0,53 .(k/d); : (
" ba = 88 (k/d)°-4+"; and
ba = 1.62 (k/d)o-134

o

In a hydraulically smooth condq£ion, the relative plpe
roughness k/d = 10-° .~

1i1) critical Zone --- For a flow with. 2600 < R < %000,
» characteristics related to the friction losses have not
been well defined. For simplicity in numerical model

application, the quasi-steady friction factor £4 has
been assumed to decrease linearly with Reynolds Number

(R).
4.2.3{2 Unsteady friction factor in friction prediction
There have been numerous unsteady friction models (£a)
available in 1literature. Those capable of Incorporation

into the present numerical model are:

1) Uni-direction flow ---

i) First derivative momentum -model --— Dally (1956)
first proposed this momentum friction model and later
extended by Carstens and Roller's (1959). Its

functional relationship can be expressed as:

fu = F{v, dv/4t) _ 4.23
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11) Second derivative momentum model --- Denisov (1972)
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and Popov (1974) proposed this momentum friction model

whlch is in a form:
fu = F(v, dv/dt, d=v/dt=) _ 4,24
2) Bi-directional flow ---

111) Time-dependent model --- Zielke (1966) introduced
this unsteady friction model for the decay of transient
energy. The relation between the unsteady friction
factor and its relevant parameters can be expressed as:

1
fu = F( v, dv(t)/dt )
ta
where the second compenent 1is the summation of past
historical changes of transient flow.

iv) Alternative time-dependent models --- Hirose (1971)
and Trikha (1975) modified =Zielke's time—depen@eﬁt
friction model, to obtain a simplified version. ‘

All these unsteady friction models have been tested and most
rejected as not useful 1in thils work. The third one

~ (Z2lelke’'s time-dependent model) 1s found to be useful, but

for a different theoretical bﬁsis. More detailed
discussions of these current unsteady friction models will
be conducted as they arise (Ch. 8).

4.2.3.4 Surge control devices simulation

Common surge control devices have been incorporated into the
present numerical model. These 1include valv pump, alr
chamber and surge- tank devices. In the present analysis,
only one single device located at the upstream end of the
pipe system is considered. : ¢

e

« , 4.25
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Though not considered In the present research,, the ‘model
conslsts of the followlng functigns related to the devices:

i) Multiple devices can be combined for translent
protection; ’

11) Devices can be located anywhere along the line; and

1ii) Vapor pressure, network hydraulics and local
losses can also be simulated in this model. '

4.2.3.5 Speclal features and formats

The present model contalns the normal input and output forms
as found in general practice. Ftrthermore, it possesses
some features and formats specially established  for this
research. These include: '

i) non-dimensional input and output formats,

11) translent enerqgy by integrating the pfessure along
the line, and

1i1) the balance characteristlics of inflow éndrbutflow

to the plpe system, reflecting the real physical
phenomenon of the pipe elasticity.

Following the development of the numerical model some
physical model tests were carried out for its validation.
This work is included in the next subsection.

4.2.4 Establishment of physical model data

As indicated 1in part (b) of Table 4.1, a large gquantity of
physlical data and findings obtalned from avallable published
(e.g. papers and thesis) and unpublished (notebooks and
reports) sources have been used in this research forethe
validation and interpretation of present numerical modeling
approach. These are descrlibed below. . '

+



62

L

P bl
4.2.4.1-Physical tests used for numerical model validation

The theoretical background and application of the numertcal
model has been verified 'by-numerous‘ authors and engineers
for Qarious' surge éqntrol measures under many- diffetrent
hydrauIIC‘condltion${ ‘These lInclude field works conducted
by Wylie and Streeter (1878), Parmakian (1953}, Chaudhry
(1379) and Stephenson (1981 and 1984). ' '

. ' _
In additlon, a considerable amount of fleld testing has. been
performed by the writer, prior to this research. These
include thd on-site testing of pump trip-out’ and valve
cgg!ure‘ (Proctor and Redfern Ltd,. 1979), surge tank

stallation (Maclaren Ltd, 1976), and alr .chamber
aperatlonal control "(Eok et al, 1978). " The experience and
expertise galned from these phyélcal7ver1fications are made
use of in the present research, for the effective
application of the numerical model,

1}

&

4.2.4.2 Physical test% used for analyzing friction losses
. ¥ .
Previous physi€al modgling work related to "the pres@ht
‘énalysis of unstéady friction (£f.) includes:
1) Uniform closure in ,turbulent uni- dlreétlonal flow
o (Daily et al 1956 and Carstens and’Roll?x 1959), .
11) Non-uniform opening in turbulent un%—directienal'
flow (Denisov 1972 and Popov 1974); ' '

ifi) Damping In laminar bi-directlonal flow (Zielke,

- ”1966}; and - -
- ‘ " s . R : -:-
e LV amping in turbulent. bi-directional ~ flow {Sauea
1969) . ' : . " - It
-~ . . .

oy . ~

Physical model tests related to other frictional systems are
not rkquired, since the well validated numerical model can
accuraﬁfly predict the transieQN,thégior in the case where
the. steady or the quq;l steady friction factor Eiejell

v
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with the numerical model developed and verlifled by the
physical tests, the issue 1is how to best 1lnterpret the
transient‘characteristics, which are simulated from the
numerical model, and supplemented by the available physical
model tests. The next subsection is intended to shed some
insights on alternative interpretatlion methods.

4,2.5 Cholce of interpreting method X

During the course of this research,'it has been found that
some conflicts existed and " some problems <remaln unsolved.
Two of the most important among these are:

1) Frictional effect --- As concluded from. thé
literature review, conflicting _and opposite results
about the  existence, of friction. (He) and  its
unsteadiness (fu) on transient simulations have been
frequently reported. Consequently, the fundamental
questlion regarding the, necesslity 0of an unsteady
friction model remains debatable.

The prolonged existence of these differences caused the
writer to pause, and thef review the overall analytical
approach of which the Interpretation method 'is part

prior to further advancement of his research in this

area.

11) Unsteadiness of friction’ --- The\ dual modeling
approach can identify anomalous losses unaccounted in
. the numerical model, a. question still remalning 1is
whether these unaccounted losses result from the effect

of the wunsteady friction facto w), or from other
sources unrelated to it. his problem has been
previously addressed 1in ﬁhe‘/ﬁection of dimensional

reasoning.

As,iﬁy well known, Epart from friction energy losses
also exlst wherever and whenever the  flow- veloclty
changes with locatlon. and time. , The method of

-



characteristics (Wylie and. Streeter 1978) has not
included this energy loss phenomenon. In order to
assess the potential impact due to the neglect of this
energy loss, all the flow movement with respect to time
and \location® has to be investigated which 1is a
prohibitive task. An alternative interpretation method
is required. ' '
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These two wunsolved questions generate some serious concerns

as to whethe¥ the traditional line enerqgy (pressure)
response method of interpretation 1s adequate. An alternate
method is sought in this research, as discussed below.

Fluld wpsé . balance --- In a plpe system, elastic
behavior origlnates from the compression 0r expansion
of the pipe system. This also implies that the elastic
energy existing 'in the system can suitably be measured
by the balanced characteristics of fluld mass influx
and outflux within the pipe system. -
\
This mass balance characteristic is adopteéd in the §§esent
research as an alternative intgrpretatipﬁ method, /in an
attempt to more effectively analyze'therhysicallphenomenon
in a pipe system. :

4,2.6 Discussion of model simulation

A numerical model, Otthammer, (Fok, 1987) has been developed

- 1n this thesis. The model “adopts the well established

method of characteristics as its theoretical background. In
addition, it has been specially designed for the purpgse of
both scienpifié research and practical applications.

The works from previous physical model tests can be used for
the validation of the present numerical -model, as well as
for the subsequent transient analysis related to unsteady
- friction losses. - ) I -
Its application will be carried out 14ter in thls thesis,
for a wlde scope of transient. flow simuiations 1néfhding

*

L3
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'3

non-frictional, frictional and unsteady frictlon (factor)
systems.

The concept of mass balance in the system ls suggested for
transient Interpretation as an alternative to the current
pressure response method.

4.3 Development of Hypothetical Flow Closure

4.3.1 General characteristlcs of flow closure

During the £flow closing at the upstream end o%f the system,
the common unsteady flow characteristics of surge control
measures c¢an be reflected from:

pl

1) Flow direction --- This can be oﬁe—ﬁay or two-way
flow movement at the source of- the system. " The
research in thls thesis focuses on the analysis of one-
way flow motion for reasons of simplicity and

consistency.

However, impacts of the two-way flow system on the
translent. damping have been analyzed in some detail and
results are J;eported in the corresponding design
nomographs, as highlighted in Appendix C.

11) Time of flow closure ( Ta ) --- This parameter, Tu,
represents the slow or fast flow closure for various
devices.

-

It showld be noted that the time of ‘%low‘c13§ure'of .

commnﬁ surge control devices <cannot be pre-determined
J/’aﬁging steady dtate conditions, except for the case of

valve operation. - ?

iii) éhape_ of flow closure ( S ) --- The shape of flow
closure at the upstream end of the system.dan rarely be
pr§4determ}néd. 1t can be a con@}nuous or a-step-~wise
flow varjation with uniform, Increasling-or decreasing
deceleration. In this research, only the shape of ‘
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continuous flow 'réSponse 1s consldered as it exists in
the majJority of transient conditions.

The step-wise flow closure can be found in some rapid
pump trip-out conditions which would generally require
other surge protections in addition to lts own kinetic
enerxgy. Furthermore, the relatively large quantity of
elastic energy induced by this step-wise flow closure
reduces the significance of the frictional effect in
the pipe system.

Depending on the steady state hydraulic conditions, and on

the type and size of surge pfotective devices 1installed,

some forms of common characteristics of flow variations at

the upstream end of the system can be established related to

the time and the shape of flow closure. It should be noted

that the same flow variatlion characteristics at the source

initiates ldentical transient effects over the whole plping’
system.

The common nature of flow wvariations and Inherent
similarities of .transient responses ﬁéE_these devices are
made use of in the present work. Prior to the analyslis of
each individual control measure, the impacts of transients
should be first evaluated from the categorized unsteady-flow
simulations, which represent the general characteristics of
these four common devices. The transient analysls of flow
closure simulations within the scope of this study is
therefore in principle applicable in a wider range of
hydraulic conditions for various surge protectlon devices
than would otherwise be the case.

The present systematic discretization of unsteady flows at.
, source to repregent various surge control measures in
general transient conditlions is a unique method in current
research practice. ﬁ ‘
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4.3.2 Classification of flow variation at source

Governing conditions for flow closure can be divided into —

four groups representing commonly observed physical

behavior, based on progressive changes in flow velocity (as.
shown in Flig. 4.1): '

i) Increasing deceleration;
11) decreasing deceleration;
1i1) unlform deceleratlion; or
iv) Instantaneous closure.
4.3.2.1 Increasing deceleration of flow closure

The flow pattern with increasing deceleration can be
expressed in a dimensionless form, such as:

Q=1-~ (T/Ta)® 4.28

where, Q

q/qe, the portion of the steady flow rate;

T = t/t., In terms of wave travel time (te);

Ta = tq/tc{ time required to stop flow movement; and

S = shape of flow closure, which is greater than 1.
The absolute value of deceleration ([dQ/dT| = 5§ * T8=2) |g

increasing with time (T) as the exponent of time (S-1), .is
posltive for § > 1.

4.3.2.2 Decreasing deceleration of flow closure

Flow with decreasingz/éeceleration is most convenlently
restructured as: -

Q=(1-"T/Tq )™° . 4,27

The shape factor (S) should be less than -1 when applying
this equation. The use of these two different forms in flow
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closures (Eq. 4.26 and Eq. 4.27) has the following
advantages:

with respect to the increasing deceleration in
Eq. 4.26, about the diagonal line (uniform clogGre in
Fig. 4.1). For example, at the time T the
flows at source are Q(§=2)= 0.4375 and Q(sS=-2) = 0,0625
which are symmetrical about Q(S=1) = 0.25.

ii) As a consequence of the symmetry properties of the
flow closing functions, the transient behavior induced
from both types of deceleration (possessing the same
absolute value of shape factor +5 vs -S) can directly
be wused for the comparison of their elastic and
frictional effects on the piping system. This will be
demonstrated 1in later chapters of this thesis. '

1i1) The Efunctions related to the percentage of area
closing of all common valve operations (a total of
seven) can be represented by either one of the flow

deceleration equatlons. Fox example, Eq. 4.26 with
S = 2 corresponds with the needle valve closlng, while
Eq. 4.27 with § = -1.85 represents butterfly valve

operatlon. Actually, when the valve head (Ho) is
sufficlent{y high, the flow passiﬁg-through the valve
follows exactly the same pattern of a specified shape
factor (S) during the whole flow closing period.

It should be noted that different shapes other than the
expressidhs'of Egs. 4.26 and 4.27 are possible in general
practice and these can be conveniently incorporated into the
present numericaiﬁ model (Otthammer, 1987). The relations
expressed in Egs. ¥.26 and 4.27 are considered adequate to
represent the gen;Sal flow closing characteristics, and
hence adopted in this research.



69

4.3.2.3 Uniform deceleration of a flow closure

The case of uniform closure can be obtained when the shape

factor Is wunity (l.e. S = +1.0 or -1.0 from Eq. 4.26 and
4.27 respectively). '

4.3.2.4 Instantaneous flow closure )

When the shape (factor) of flow closure approaches elthex
plus or minus infinity, it becomes an instantaneous flow
closure, 1ndependent of the time of flow closure (Tq).

4.3.3 Raﬁée of flow closing parameters

The ianges of the' two flow closing parameters (S and Tg)

commonly adopted in general practice were also adopted in
this research. ‘

.4.3.3.1 Range of Shape factor (S)

Under normal flow closing conditions, the value of the shape
factor seldom extends beyond the the range of -10 < s < 10,
In the case of the shape factor exceeding this range, the
general characteristics of the transient can be interpolated
from the analysis of results between the instantaneous flow
closure (S => +® or -«) and the boundary condition: (S = +10
or -10)., This range of the flow shape factor (-10 < S < 10)
will be adopted for the evaluation of maximum transient

. events in this research. -

4.3.3.2 Time of flow closure (Tq)

Time of flow closure (Tg) 1s normally used to reflect é fast
or a slow unsteady flow movement during the £low closing

period. The time of flow closure adopted _in the present
research varies from an instantaneous closure (Tg = 0) to a
relatively slow flow movement (Ti = 100). The transient

energy Induced by flow closures with Tq > 100 is usually so
small that they are beyond the means of practical

‘applications.
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4.3.4 Dilscussion of hypothetical flows

Categorized unsteady flows at’ the source of the system can
be used to répresent various surge control device
simulations 1In general transient flows. The progressive
flow closure at the source can be conveniently represented
as Increasing and decreasing deceleragion as shown in Egs.
4.26 and-4.27.

The investigation of these systematical flow variations in
this thesis provides a better understanding of transient
flow phenomena, meanwhile it also leads to a more efficient
and accurate solution of transient analysis for garioqs
protective measures.

4.4 Conclusions
4.4.1 Analytical approach

i
The analytical approach adopted in this thesis combines the
following methodologies, as shown in Part (a) of Fig. 4.2:

1) Dimensional reasoning --- Dimensional analysis has been
employed to ldentify the relevant parameters governing
transient phenomena wunder various hydraulic conditions. The
functional relations (Egs. 4.4 - 4.7) thus established are
used as a guide for research direction. '

2} Numerical modeling --- A numerical model (Otthammer,
1987) has been set up to carry out a comprehensive analysis
of transients. Based on method of characteristics, this
model minimizes numerical error. The development of this
numerical model in this thesis fulfills two purposes:

i} to be specially designed for ‘the present research on
energy losses in transient flow conditions, and

70



311) to be applicable to general engineering practice
for those common surge ‘' control measures under a range
. 0f hydraulic conditions.

. The present analytical approach adopfs the numerlical model
simulation for transient analysis, and Is supplemented by

the physical modeling test where it is required. \

Il N N
3) Physical modeling ~--- Findings and data obtained from
avallable laboratory works have been used to verify the
numerical model. These are also used presently to identify
the existence of other potential energy losses, which may
not be properly accounted by 'a numerical model simulation.

This latter procedure, however, 1is only carried out to
supplement the numerical modeling analysis in the unsteady
frictlon system, after the effect of quasi-steady frictlon
factor (fq) has been investigated.

4) Measurement of pressure ~-- The current technique of data
gathering (i.e. the measurements of instantaneous pressures
at the source of surge initiation) is not-an efficlent means
of evaluating hydraulic pressure responses in the pipe
system. Instead, the integration of the instantaneous
pressure envelope along the whole pipéline is more efficlent

to represent the pressure response, and hence it is adopted
in this research. :

5) Energy balance --- The concept of mass balance is adopted
in thils research to interpret the transient phenomena, as an
alternative method of the traditional pressure response.

The effectiveness of this new interpretation approach will
be demonstrated in this theslis.

6) Unsteady flow characteristics ~--- Prior to the analysis
of each 1ndividual surge contrgtxdevice, the unsteady flow
characteristics at s the source of surge linitiation can be
categorized into the shape (S) and the time:  (Tq) of flow
variation. Together the trénsient analyses of these
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categorlzed flows represent the Ilmpact of common 3urge
protectlive device simulations in the piplng system.

>

4.4,2 Present research

The present research .incorporates the above analytlical
methodologlies into the following - four hydraulic systems as
shown In part (b) of Fig. 4.2: :

1), Non-frictional  propertles (Ch. 5) --- The present
analysis begins with the most elemenfary hydfaulic system,
which 1ls  a non-frictional bipeline under categorized flow
patterns. This initial stage of analysls provides a
comprehensive review and evaluation of the elastic
properties of the hydraulic system, in which the surge wave
1s the dominant parameter, in the absence of friction.

2) steady friction (factor) properties (Ch. 6) --- The
research then proceeds to explore the effect of the constant
friction (factor) loss on surge analysis for uni-directional
and bi~-dilrectional flow systems. In this second stage, the
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transient propertles 1in constant friction (factor) systems:

have been carefully examined in conjunction with the
elasticity in the pipe system fo various specified flow
closure patterns.

3) Quasl-steady friction (factor)»properties (Ch. 7) --- The
effect of a quasi-steady tion factor (fu) application
can be evaluated for different unsteady flow motions, flow
regimes and different critical transient conditions. fThe
results of this analysis provide some insights into the
effect of an elementary system related to the unsteady
friction factor.

4) Unsteady friction (factor) properties: (Ch. 8) -~—- The
effect of the unsteady friction factor (f.) cannot be
realistically analyzed without the data and findings
provided from avalilable physical model tests, to supplement
the numerical modeling analysis.



5) Surge control devices --- Once the physlical phenomena
governing the unsteady flows have been well defined and
analyzed, transient behavior 1Iin pipelines wlth various
protective devices are simulated corresponding to wvarious
frictional conditions. In this thesls only those analytical
results of common surge control device, relevant to the
clarity or to the practical illustrations, are lncluded.

\ .
Highlights of-parallel; research documenting deslign tools for
engineering practice yavehbeen appended in Appendix C.

4.4.3 Future research

6) Future works relevant to both sclentific research and
practical application need to be undertaken in thel-near
future. These Include: 1) the effect of a vapor pocket and
lts collapsing, ' 1i) local energy losses affecting transient
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simulation, iii) hydraulic responses in a network systeh,_

and 1lv) external effect from soll backfilling and pipe
fixation.
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Table 4.1 Médelinq as a Tool for Translient Analysis.

A) Numerical Model (Otthammer, 1987)
1} Method of characteristics S—- 1) Law of Continuity
(basic equatlions used) i1) Newton's Law of Motion
iil) Equation of State

2) Hypothetical source lnflows---. i) increasing deceleratlion

(unsteady flow simplified) 11) Decreasing deceleration
. 1i1) Uniform deceleration  (
h iv) Instant closure -

3) Control devices simulated (a single device at source) -~-
1) valve - seven common types

11) Pump - with and without check valve

i1i) ‘Alr chamber - one or two way flows
iv) Surge tank - one or two way\E10WS'

—

!

4) Flow regimes at steady state --- 1) Lamilnar £flow
(water & oll systems covered) ii) Turbulent flow
A BT
5) Friction models considered --- 1) Steady "f" .
/Tqiifént models used) 11) Quasi-steady "fg" .
1ii) Unsteady "f." contains

;momentum; linear transfer;
viscous; and time-dependent

6) Numerical Treatments --- 1) Order of iteration
(sensitiveness tested) 11) Linear 1lterative solution
iii) sStability in discretization

7) Data preparation and tabulation --- i) Scientific

(suitable for) 1i) Engineering
8) Verification of numérlcal model --- 1) Laboratoryhtéggfd
(adequately done) : ii) Field measuremant ’
B) Physical Model (past research) : ;;7
1) Sources of data gathering --- i) Published data

(fxrom available literature) 1ii) Un-published data S

2) Data avallable for the research (expenses reduced) ---
1) Laminar and turbulent flow '
11) Uniform and non-uniform flow closure
-~ iii) Maximum and decaying transients

s

¢

I
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4 5

.3 : .
TIME T/T,

Q=(l?-%')-s FOR S < -I

Fig. 4T_;Characteristics of Flow Closure.
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) 5';0( ANaLYSIS OF. TRANSIENTS IN A NON-FRICTIONAL SYSTEM /—\
In theJ previous dimensional analysls a set of fgnqtionai',
equations (Egs. 4.4 = 4.7) were . derived- for various
hydraullc condiEionsJ . A numerical 'model- approach was
established to verify and ubsequently quantify the

“relevance of each non~dimensionga parameter. .

- .One concept intr:iéceq_;ghwpgis research ~is related to the_
balance of feow ;gy during the tr;nsiqug?eriod, This
chapter defines this energy balance concept and shows how it
can be ilncorporated with the traditional int@grated pressure
respopse methqod for an, effect transient analysis In

non-frictional systems.
n \ !

5.1 Scope of Analysis

- ~ - .
The transient 4&nalysis in this chapter focuses on the
categorized unsteady flow closing characteristics which are
governed by the shape (S) and time (T<) of flow closures.

s .

'5.1.1 Illustratlions of the mass balance concept o
Transient histories of typicafiflow closure are selected_%or
discussion. These include: )

Shape factor Types.of flow

8) regrgsegted . Shown in Fiqu?e

@ ' Instantlveous closure 5.1

, 1 ' Uniform deceleration 5.2
~- =2 Decreasing deceleration 5.3 )

2 Increasing deceleration 5.4

The magnitude and time of maxlmum Eréﬁslent energy in these
four figures have been summarized in Table 5.1. 1In addition

- |
~ '
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- ‘to these the glow movement at the source and at the pipe-end

with 8 = 1.5 and 5 are plotted for analyzing the e¢ffects of
- -surge fluctuations (Fig. 5.5).
: ) a

g

-

Three events of \flow A closurxe, Tq = 2, 4 and 6, are
investigated for each shape of decelerating flows (Figs. 5.2

: - 5.5). %

5.1.2 Types of transient response

A . !
A comprehensive anal sis is also conducted by integrating

N . maximum pressure enweiopes along the pipe system- to
determine the maximum surge (Emxa) and counter-surge (Bmwxz)
~€nergles. This covers a wlde 1range of flow shape factor,
-10 < § < +10, and time of flow closure, 0 < Tq < 100.
The'broposed investigation of the detailed historical events
'(Em(T) or Q(T) in Sub. 5.1.1) and the wide-ranged maximum
energy (Emae in Sub. - 5:1.2) should adequately explain
relevant transient phenomena in a non-frictional system. '

5.2 Energy“Relations in Transient Flow

This section introduces and defines. the _new concept of
energy balance in transient flow conditlons. -

5.2.1 Internal energy in a pipe system

For an energy budget consideration, the control volume
defingd for a closed conduit system covers the whole
pipeline, excluding only the points of source and pipe-end
(as shown 1in Fig. 5.1a). In the absence of frictlon, the
internal enetdy; (E) remains constant in this non-frictlional
system during the steady or translent condition. This means

it is possible /to define the internal energy relative to
some suitable dgtum as: s

E(T}y =0 - 5.1

R

where T is 7ﬁé time during thevtrangient.



The datum de
pipe-end plus
head is usua
pressure (Hm)
presentations

It is possib
of the pipe
that the pre
analysis.

5.2.2 Steady

l Under steady-

through the

supplied by
mass balance

t
q:(t
Jo
where ge(t) =
The balanced
consistent w
motion.
5.2.3 Instan

5.2.3.1° Flow

1) Definition
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fined in thls research 1is the water level at

the initial velocity head' -(Hv). Since this
lly very small compared h the transient
. At ls ignored in the numerical or ‘graphlical
throughout this thesis.

le to redefine the control vodume and the datum

system in many other ways. wever, it is felIt -

sent definition 1is most convenient for this

-state conditions in the pipeT
]

state conditions, the rate wof £low passing
pipe—end (gm) and the rate of £low being
the upstream source (ga) are the same. Hence,
in the’gipe system system 1ls retained as:

[t
) dT - J Qg(t) dT = 0 . 5.2
lo

qﬂ(t) = th-

characteristics of £low mass in Eq. 5.2 is
ith the 1inelastic behavior of steady flow

-

-

taneous flow closure in the pipe

enerqgy for' instantaneous closure

t

with an linstantaneous and complete cut-off of the source

flow (i.e. g
the same as

imbalance cha
instantaneous

a(t>0) = 0}, the pipe-end flow (ge(t)) Is still
the. steady flow (d4=), which =zreflects the

racteristic of the flow energy. In this
closure condition, the netflow g(t) = ag=(t).

~
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At time ti < to = l/é,’thg Sufge'que has ngt yet reached

the pipe-end so that the mass imbalance."can be explessed as:
. o .- . u...____:_' N~ = 4

.%\\‘kg,: o

ta Y s
p q(t) dt = p * go * ta o 5.3
0 .

v
[

where q(t) = g=(t) = go and ti < te.

. . - ‘_\

As a result of plpé wall and_WaFer expansion, an energy
. netflux (e.) stored ih the plpe system at t = ta is:

ta
ew{0<t<ts) =K j g(t) dt = K * (ga * ta) . 5.4
0 ,

The imbalance flow energy characteristics indicated by thls
equation shows the existence of elasticity 1in the pipe
system. ) ‘*

The enérgy netflux can be expressed in a dimensionless form
as: ' )

= Ewm(T13 - Ewa(Ta)}

{ Ew(Tx) = _
{ {
{ T2 Ta
3 { = Qe(T) dT - } Qa(T) dT
{ Jo s 0
{ . 5.5
{ (T2 ..
{ = Q(T) 4T
{ J0
where:
“ew(te) = K * go * tc, the unit energy quantity;
Ta = ti/te, the time; and .

Q(T) = g/ge, the transient flow.

Eww(T) = outflux, reflecting the outflow Qu(T)

Ewn(T) =

influx, reflecting the inflow Qa(T).

A



surge initiation,ﬁi.e. Bw(0 < T < Ta).

. |
)
For simplicity, -only one. boundary condition ({e.g. T2) ls
written inside the bracket of the energy term, e.g. Ew(Ta),

indicating that the time domain begins from the time of
- -

2) Illustration --- o ~—

An ex;;;Té of non-frictional system is selected below to
evaluate the physical behavior of transient flow, prior to
the introduction of energy balance concept.

»

= 1000 m for pipe lenth;

i) Given: |
A =1 m?® for cross-sectlonal area;
p = 1000 kg/m® for water' density;
y = 10* Newton/m3:for water specific weight;
- = de= 1 m?/s for flow rate;
vo= 1 m/s for £f£low veloclity;
a = 1000 m/s for surge wave veloclty;
K =p * a? = 10° kg/m-s® foxr the combined j
water and pipe wall bulk modulus;
g = 10 m/s for gravitaEEpnal acceleration;
ltc.= 1l sec. for a wave travel time.
' 11) Mass -and energy Iimbalance --- At time the surge
wave arrives the pipe-end (i.e. t = t.),-.the mass
imbalance reaches 1ts maximum. Based on Egq. 5.3, the

water mass In the plpe Hs 1000 kg less than the initial
steady state at t ='1 sec. This is estimated as:

0 * go * tc = 1000 kg/m?® * 1 m?/s * 1 s = 1000 kg
nwhgre de ¥ tc = 1 m? is the equivalént expanded volume.

Then the netflux at t = tc = 1 second is:

ewlte) 1l m?® * 10? kg/m-s*2
10° kg-m/sZ*-m N -

10® Joules

81 .



. 5.2.3.2 Elastic energy for lnstantaneous closure

' .
1) Definition --- , ‘ . .

Following an 1instantaneous flow closure, a pressure head

equivalent to Joukowsky head (he = av/g) is first induced at
the upstream source. .

The high pressure front then progresses toward the
downstream end of thé pilpe system. At time't = ti < t., the
plpe length sustaining the pressure of hm(x,t) = -he is that
0 < x < Xx2. This relation can be expressed Qgﬁbelow:

1
[

{ hm(x < xa) -he, ané. .
{ — . . 5.6
{ hm(x > x.'l.) " )

W

[}
o

where xa < ].

= +

Consequently, the translent (eléstic) energy of the system
is expressed as:

!

{ "1 .

{ emfFs) = r * A % ham(x, ti) dx

{ f ‘ J O

{ 5 5.7
{‘-' Px1 1

{ =7 * A% ] ha(x,ta)dx + r * A * j hm(X, ta)dx
{ J0 Xa

The pressure hm(x, ta) 13 governed by Eq. 5.6 and the

constraint that ti < t. for the appllcation of the above
equation.

The transient (elastlic) enexrgy can be rewritten 1in a
non-dimensional forxm as: -

- 4

Em(TJ.) = Hm(x,T:.) dx 5.8



J

where the -unit energy. quantity, em(t.) =<r * he * ] 1is
represented by the rectangular pressure enclosed in the
entire system (Fig. 5.1).

&£

2) Illugtration --- |
b ' R

i) leen:' The same conditions of\the previous pipe
-system are held in this example. - '

11) Enexrgy : At t = tc = 1 sec, the whole pipe line is
under a negative pressure of:

+

hm(te) = - av/g

~ (1000 m/s * 1 m/s) / 10 m/s?
- 100 m

¢

Accordingly, the transgyent (elastic) energy? in Ehe\
N

system can be estimated as: - .«

'r * he *'A *
- 10* N/m? *¥ 100 m * 1 m?® * 1000 m
- 102 Joules

em(te)

. N

10 N/m? {s the pressure ln line; and
1000 m® is the pipe capacity.

where r. * ha
A * ]

5.2.3.3 Enérgy balance during the surge period

Following the traditional sign conventlon, the surge energy
is considergg to be negative, while the magnitude of netflux
igs termed positive during the (first) surge period, which is
defined for 0 < T < Twmea. For a non=frictional system with
an instantaneous flow closure, Tmxa = 1.

Based on the Law of Energy Conservation, the internal energj
inside the control volume should remain constant at all
times if no energy dissipation occurs. The energy relation
In a non-frictlional system:. can then be comblned from
EqQS. 5.6 and 5.7 as follows:



{ E(T2) = Ew(T1) + Ewm(Ta) ) (

) |

i Ta 1 .

;/f“‘ = [ Q(T) dT + j Hm(X, Ta) dX 5.9
0 0 . ' RS

. .

where Q(T) =-Qn =1 and Ta < 1.

Thé above relationship has also been confirmed from the

previous two 1llustrations. In a non-frictional’ system,
Eg. 5.9 also implies that:

L4

{ Em{T1) = - BEw(Tx), or

t “ \\

{ M T, * 5.9a
{ Ha(X, Ti) dX = - Q{T) 4T i

£ Jo 0

{ g

The transient energy (Ewm) of Eq. 5.9a 1s related to the
instantaneous characteristics (at T=T.) of pressure response
along the ‘whole line (0 < X < 1), and can be directly
determined from the pressure envelope.

Oon the other hand, the flow energy (E.) reflects the elastic
properties of the pipe system ' by- . the imbalance

84

characteristics of the water mass. This can be estimated by'

tracing the flow movement backward in time(i.e. 0 < T < Ta).

1

The relationshlp (Eq. 5.9a) Dbetween these two'energy terms
forms the background of the concept of energy balance for an
instantaneous flow closure during the surge period.

The maximum surge energy and the maximum energy outflux can
then be recognized as:

1' =,
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. "1 |

{ Emwa = EplTmxa) # |7 Hm(X, Tmwa)dX = -1; and

{ Jo

{ | 5.10

{ T

{ Emea = Ew(Tmw1) = Q(T) dT = 1

{ le .

Qo = 1 for He = 0 and Taq = 0.

where Tmxa = 1 and Q{T)

5.2.3.4 Energy balance durlng counter-surge period
Transient pressure and flow varlatlions dﬁring the counter-—
surge period behave in-a similar manner as those during the
surge perlod. These translent properties are not discussed
in detall here but can be referred to in many text books
(Wylie and Streeter 1978, Parmakian 1963, Stephenson 1983).
However, usthg the same logic the relations developed during
the first sur3e period (Egs. 5.5 - 5.10) should also be
applied to the subsequent counter-surge period, which s
defined as Tmma ¢ T.< Tmxa. The signs of the terms in
Egs. 5.9 and 5.10 should then be reversed for the counter-
surge condition. ‘

Accordingly, for an instantaneous_ flow closure the maximum -
counter-surge energy and the maximum magnitude of (negative)
energy outflux are:

{ Pl
{ Emxz = Em(Tmea) = | Hm(X, Tmsz) dX = 1; and
{ Jo '
{ 5.11
{ T ene 2 ,
{ Emxz = Ew(Tmsxa) = Q(T) dT = -1
{ : Jo
_where Tmez = 3, Q(1) =1 and Q(1 < T < 3) = -1, for He = 0

A

and Ty = 0.
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“For simplicity, the comparison— of transient properties at
different times (e.g. Emwxa VS. Emxz) are referenced to thelr
absolute magnitudes in this development. ~

s

5.2.4. Normal. flow closure in the pipe -

.With respect to a normal flow closure the energy budget
inside the control 'volume of the system at time Ta > 0 can
- be expressed as: '

E(Ta) = Em(Ta) + Ew(Ta)
' = Em(Ta) + [Ewe(Ti) - Bwa(Ta)l 5.12

=0 N
where the netflux Ew(T) = outflux EWQ?T) - lﬁflux EBwa(T).

For 4 normai_flow closure the elastlic energy (Em)-at Ta. is:

1.
. Em(T1) = Hm(X, Ta) dX ' 5.13
0
. W, ‘
where thé transféht pressure Hm(X, Ta) varles continuously
with the distance (X) along the pipeline. This is different -
from the step-wise pressure front moving towards the

pipe~-end since this also ‘exlsts in an instantaneous flow
closure (Eq. 5.6).

The energy influx (Ewa) and outflux (Ewx) by Eq. 5.12 can
then be expressed as:

{ .- [Ta

{ Ewn(T:.)\" = Qe (T) 4T; and .

{ Jo

{ 5.14
£ T 2, -

{ Ewm(Ti) = Qm(T) dT

{ JO
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»

where the source inflow Qa(T) and the plpe-end outflow Qw(T)
are not the same, and the netflow (Qx - Qa) vprles with time
(T) In a progressive manner during the transient period.
This is different from an abrupt £llow— reduction in an-
instantaneous flow closure. e

Rear;anglng Eq. 5.12, the lnstantaneous elastlc energy (Em)
1s equal to the energy netflux across the control surféce

boundaries. This implies that: *
¢
{ Em(T2) = - { Ewe(Ta) - Ewa(Ta) 1}
{ ) 5.15
{ Ta . ¢ Ta-
{ = [ Qe(T) 4T . - Qe (T) 4T
{ -0 ‘ 0 : -

where Ta is measured from the time of surge initlatlon.
5.2.5 Discussion of the concept of energy balance

The relationship expressed iIn Egq. 5.15 can thus be used to
integrate the past Itransient events into the pregént

- translient condition. This relationship in the eguation o
forms the basls of the present Energy Balance Concept for a

normal flow closinq condition. | _ .

This alternative tool £for Iinterpretation has been used
extensively to tackle the transient problems throughout this®
research. To begin with, the concept is adopted In this
chabter to treat one o0f the fundamental mechanisms of
transient pipe flow, namely the mechanical energy transfer
in the absence of frictional energy losses.

5.3 Periodic Fluctuation in a Normal Flow Closure
5.3.1 General trends of periodicity

A continuous uni-directlional source flow (Qe) has ‘been )
adopted in this research, 1In which the ‘periodlicity'
conditlon does not exist at-the source during the normal

” - ('\

{
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flow closing.. However, #he non-exlstence of periodiclty ‘
does not exist In the rest of the pipeline., Instead, two

. »
trgnds of perfodic.fluctuation exist: D)

1) Locatlon =-- The magnlitude .of ¢the fluctuatlons
increase toward the downstream end "of the piEE. In the
present applica;ion of the Energy Balance Concept, only
the source ,\(ﬁ?) and the pipe-end (Qx) flow are
lpresénted, reflecting ‘the two most extreme conditions
for periodic fluctuations.

11) Time --- The accumulgtéd effect of past wave
reflection may be either constructive (e.g. § = -2, as
shown in Fig. 5.3a) or destructive—({e.g. § = 2, as

" shown in Flg. 5.4a). This wlll increase the magnitude
of the perlodic fluctuatlons, durlng the source flow
closing period (l.e. T < Taq). These two distinct
transient properties require separate analyses for the
differknt types of flow closure,.

.0n the other hand, periodic surge fluctuations domlnate

the transient characteristics after the closure of
d

source flow for any type of flow closure (i.e. T > Tal.

In any event, the flows in the pipe system are unsteady and
spatially varied. - Discussiens in this section first focus
on the periodicikty for each type of typical uni-directional
flow (i.e. T < Tq). Three types of uni-directional flow
have been . selected for the analysis of periodlc
fluctuations. : -

The effect on the bi-directional transient flows (i.e. T>Taq)
will then be investigated subsequently.

b
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5.3.2 Uniform deceleration in the flow closure

5.3.2.1 Ma¥mum surge energy for flow with s = 1 .
! »

'As shown in Fig. 5.2c, maximum surge energy (Emxa) always

occurs at Twmxa = 2, dlsregarding the time of £16w closure.

For example, for the present case of § =1 a He = 0,

1) mel(Tq=2) = Em(T=2) = ‘_0-5;
11} Emsxs(Tq=4) = Em{T=2) = -0.25; and
111) meL(qus) = Em(T=2) = -0.166.

5.3.2.2 Perlodiclty for flow with § =1

aAs shown 1in Flg. 5.2a, the plpe-end f£flow (Q=) alg@g;
intercepts the source flow (Qa) at Tes = 2. The term Tza is
defined in this research as the time of flow Interception.

For Tq > 2, the two flows re-intercept with exdctly the /Same
hydraulic conditlions at an interval equal to the 'perjod of
surqge fluctuation (Ts). This is here defined as four/ times
the surge wave travel along the pipeline. Therefore:

' Ta = 4 * T, = 4 5.16

where the wave travel time Tq; = 1, as previously defined.

For example, for the case of Tq = 6, § = 1 and He = 0, the
perlodic fluctuations are characterized by an alternate
fluctuation with a constant absolute value:

Bw(2) = ~BEw(2<T<4) = Ew(4<T<6) = 0,166 .

| .
Within the period of £fluctuation (Ts) the effect of the
periodic fluctuations is negliglble, as shown below

Ew{2<{T<6) = Ew(2<T<4) + Ew(4<T<K6) = 0

R

DY

i
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The maximum surge energy therefore remalns unaffected’

Emxs = Em(2) = Em{(6}) = -0,166
This reoccurrence of same perliodlc surge fluctuations can be
expressed in the form of functlonal relatlion as:

for me:. < Tq < N‘*‘I‘a + mel.'

Emsca = Em{Tmx1) = Bm{Tmex + N*Tg) ' 5.17
1\

where N is a positive integer. )
The periodic fluctuations with the same ihtensity suggests

the dominance of periodicity 1in a non-frictional uniform
flow closure. ) " : ’

5.3.2.3 Non-friction.transfer at T < Tmxa

. \ . )

The term non-friction transfer (ETa) ls. defined 1In this

thesis as the flow energy summed up after the time of first
, flow intexception (i.e T > Tma). It is used to evaluate the

effect of perlodic fluctuations durlng the flow closing-

period. The non-friction transfer can be expressed as
below: :
{ ETa = EBwn(Tze<T<Tza) - Ewa(T=a{T<Tq)
{ 5.18
{ Twa . * [Ta ' -
{ = j Q=(T) dT - Qa(T) dT
{ Tea Tma -

where!the time of pipe-end flow closure (Txi) may or may not
equal to the time of flow closure (@q). This is shown  in

the next illustrative example.

i

Y
For the case of § = 1 and He = 0, the characteristics
related to non-frictlon transfer are summarized below and

are“also shown in Flg. 5.2a:

a—



1) for Tq = 2, ETa = 0 and Tma = 2 = Tq;
11) for Tq = 4, ET« = -0.25 and T=ax = 3 < Tg; and
lii) fOI Tq = 6, ET- = 0 and TEJ. = 6 = Tq-
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It should be noted that the zero lor negative non-friction

transfer (ETu) does not igcrease the maximum surge energy

as.: k
Emxa = Em(Tml) _= E_rr_\(Tmll)- ) | - )

The term Bg, deflned 1in thls thesis as thé flow closure
energy, 1s the energy remalning iIn the plpe system in a
unl-directional flow - which affects the flow reversal
mechanism in a bi-directional transient flow. This can be
numifically estimated. as:

Eq = Ewm(Tm:.) - Ewl(Tq) 5.19

where the magnitude of Eq can be graphically presented as
the net flow energy above the Q ;\Q axis (Figs. 5.2 - 5.4).

In this upiformly decelerating flow the maximum surge energy
occurs at -the time of flow Interception (Tzs). This s
smaller than the time of pipe-end flow closure or the time
of flow <closure (i.e. Tmxa = Tma < Tea < Ta). Relation of
Eq. 5.19 can then be rearranged .as:-

Eq = Ewm(TEJ.) - Ewﬂ(Tq) r/‘\\
=(EBwx({Txa) + Bwe(T2e<T<{Tr2)] - [Ewa{Tza) + Ewa{Txa<{T<Ta}]
=[Ewn:(TE£J - Ewa(Tmn_) ] + [Ewa:(Tn:a{T(Tml.) - Ews(Tﬂ:s(T(Tq) ]

WhEEE -me:l. > Eq as ET: < 0 .
The exlstence of perlodic f£fluctuations does not therefore

affect the maximum surge enerqgy in this . uniformly
decelerating flow. '
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5.3.2.4 Non-frlctyon transfer at Tgu; < T < Twxa

For the present case of unlform[\élow closure the counter-
surge perlod covers the whole duration of non-frictlon
transfer (l.e. Tmxa = Tma ¢ Txa < Ta € Tmxz). Hence, the
exlstence of non-friction transfet (ETa) should affect the
translent behavlor durlng the counter-surge perlod. A term
energy reversal (Exm) is defined as:

Exzx = Bue{Tmi) - Bws(Tmxz) 5.21

It should be noted that the first half of the energy’
reversal (i.e. 0.5 Exm) must refill-the system in order to
recover the original non-elastic condition from the earller
flow_closure energy (Eg) as: : /

Eq = = 0.5 Ecm 5.22a

Only the second half reverse flow energy will contribute to
the real counter-surge energy in the system. This means:

i
Emta = - 0.5 Bex 5.22b

The two groups can be subclassifled to represent two extreme
conditions during the counter-surge perlod in a uniform
decelerating flow:

1) For Tq = N * Ta —— As shown In Flg. 5.2a, for Tq=4,
the flow closure energy (Eq) 1ls zero. Consequently no
counter-surge‘energy is expected to appear 1in the
system. Using energy balance considerations, ¢this
means that: ’

For He = 0, S = 1 and Tq = N * Ta,

- 0.5 Exm ’ ' 5.23

| "
,‘

It

Emxz

=0 . . -



11) For ?4' = N*Tg +[é/--- Aé shown in Fig. 2a, for
Ta = 6, the non-frictfion transfer ETa = 0 and the flow

- closure energy Egq = Ew(Tmxa) = 0.166. Hence, the
energy reversal ° * )

. Bem = - 2 BEq = - 2 *°0.166 = ~ 0.33
?he maxiﬁum counte;~surge enerqgy becomes
Emsez = - 0.5 Exw = 0.166
This felatlonship can ,be expressed as:

C .

For He = 0, S = 1 and Tq = N*Ta + 2

93

Emxz = - 0.5 Exx 5.24

= Eq . J

- - me.‘.l.

The existence’ of the non-friction transier (ET.fiéuggests
that even In the absence of frilction the mechanical nergy
transfer may still act as an efficient damper of the elastic
energy in a transient pipe flow.

5.3.2.5 Effect of bi—dirgctional transient flow (Ex)

he end of counter-surge period (T > Tmxa), the non-
friction ansfer 1s non-existing (i.e. ETa(T>Tmxz) = 0)
Hencé, the bsequent f£low energy reversal ‘is aiways twice
that 'of the flowclosure energy at the end of counter-surge
period, I[e.g. Ex«=z 2{TTmxz2+2) = 2 Eg(Tmwz)l. This
implies the existence a non-decaying tgénsient property
after the counter-surge pe '

od
“Em(Tmu2+2) = Em(mez+f{/=.-..= |ET| 5.25

Emxz = EA
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5.3.3 Decreaslqg'deceleratlon in a f£low closure

5.3.3.1 Maximum surge enerqgy for the flow closure

Maximum surge energy (Emxai} always dccurs befofe\the round
trip wave travel time (i.e. Tmwxa < 2, as shown in Fig.5.3c).

In the present case of S = -2 and He 5 O,

1) for Tq

I

2, mel

1l

—0-65 and mel =1.5 < 2;

11) for Tq = 4, Emxaz = -0.38 and Tmwex =1.7 < 2; and

1ii) foxr Tq

6,‘mel = _0-29 and mel =l-8 < 2.

5.3.3.2 Periodicity for flow-with § < -1

As shown in Fig. 5.3a, the source and pipe-end flows (Qa and
Qe) intercept at Tzea < 2. This is the same as the tite of

maximum surge energy (i.e. Tmza = Tmxx). - For Tq > 2,
periodic surge fluctuations also appear after the flow
interception (Twxe) with a period of 'Ta. For the case of
Tq = 6, S = -2 and He = O: '

i) Ew{Teas) = 0.29;
ii) Ew(Tes < T < Tuat+2) = -0.39 > Ew(Tma); and
i1i) Ew{Tzat2 ¢ T < Tmxs+4) = 0.26

where Tea = 1.7.

oa,
These alternating £luctuations are significant and may even
be greater than the maximum flow energy, Ew(Tza). In

general, they dominate the entire period of flow closure for
the case of decreasing decelerating flow,.

5.3.3.3 Non—-friction transfer a3t T < Tmx=x

For the present case of § = -2 and Hs = 0 the non-friction
transfer is:



1) for Ta 2, ETa = -0.02 and Tzi

u
il

106 < Tq; -

1]

]

~0.13 and Twa

- 11) for Tg 4, ETw 2.2 < Taq; and

t11) for Tq = 6, ETa = -0.13, and Tmx = Tg = 6.

hY
The neéative non-friction transfer 1is non-additive to the
increase of maximum surge energy since Ewmxi = -E(Txs).
‘ ¢
5.3.3.4 Non-friction transfer at T > Tmaa

Combining Egs. 5.20 and 5.22, the maximum counter-surge
energy can be determined from the flow closure energy as:

Emxa = Eaq 5.26
Ew(Txa) + ETw
= "'me.!. + ETH

so Emxz < -Emx2, Since ETx < 0.

Applying Eq. 5.26 to the present case of § = -2 and He = 0,
the maximum counter-surge energy is (Flg. 5.3a):

i) for Tq = 2, Emxz = 0.65 - 0.02
11)\\¥pr Ta = 4, Emwa = 0.38 - 0.13

6, Emx2 = 0.29 - 0.13 = 0.16.

"
1]

0.63;

0.25; and

iii) for Tq

The relationship of Eq. 5.26 indicates that the maximum
surge enerqgy 1is generally greater than that of the maximum
counter-surqge energy for flows with decreasing deceleration.
The non-frictlon transfer (ETa)} has damped out a significant
part of the transient energy during the counter-surge perlod
(.. Tmaxz = Tmag < T < Twmxz)-.

.

T
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5.3.4 Increasing deceleration ln the ‘flow closure
5.3.4.1 Maximum surge energy for flow with s > 1
As shown in Fig. 65.4a and 5.4c the maximum suége enerxgy

(Bmsea ) oOCcurs...at or after the tlime of £low closure (l.e.
Troxa » Tgl. For the case of S = 2 and He = 0:

i) fOI Tq 2, mel = _0-63 al’ld mel

i

2.4 > Taqj.

11) £Or Ta = 4, Emea = =0.25 and Tmws = 4 = Tq; and
111) for Tq = 6, Bmya = "0.16 and Toxi = 6.2 > Tq-
It should be noted that £for the present case, § = 2

represents only one of the typical £flow closures "with
increasing deceleration (S > 1). Further sub-classification

is carried out below 1in assocliation with the analysis of
flow periodicity. ) )

5.3.4.2 Periodicity for flow with § > 1 -

Three groups of periodic surge fluctuations are subdivided.
These are: '

i) Fluctuation-free;

11) Fluctuation with positive addition; and,
iii) Fluctuation with alternating addition.

The key criterion for the above <classiflcations 1is the
effect of surge flugtuatlion on the potentlial increase of
maximum surge energy during the flow closing period. The
boundary (S=) between the first two groups (1 and ii) is
only introduced feor the sake of simplicity since both
provide positive. addition to the elastic energy during the
flow closing period. The division (S.) between the last two
groups [(it) and (iii)] can however be theoretically
derived. This development will be presented in Appendix

3
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A.3. For the dilscussion of the present thesls, S. = 2°
(e.g. for § = 2 and Ta < 6, 2 < Sx < 5, 1ln Filgs.5.5c and d)
and éy = 1.7 (as derived in A.3) are adopted.

_———

1) Fluctdétion-free (S > Bx = 27) —-=-

As shown in Fig. 5.5d, duringvthe course of flow closing the
rate of pipe—end flow outflux 1s always greater than the
source flow influx (i.e. Qm > Qa). ‘
. N

I1f the shape factor is sufficiently high, the effect of the
periodic surge £fluctuation (e.g. § = 5) will entirely
dlsappear. For this case the source and'pipe—end flows do
not intercept during the flow closing perlod. Here the
surge energy Iincreases rapidly with time and reaches its
maximum after the end of flow closure (This impllies that:
Teaxx = Twa = Tma > Tal.

For a sufflciently'}ong time of flow closure, £flows at
source (Qa) and pipe-end -(Qx) will be parallel (but not
collinear) 1n the sense that their rates of deceleration are
equal (i.e. dQs/dT = dQw/dT)., T

2) Positlve additive fluctuatian (Sy=1.7 € & £ Ba=2%) ——=

As shown iIn Flg. 5.5c or Fig. 5.4a (e.g. § = 2), the rate of
flow outflux 1is greater - than or equal to the influx‘at the
source (i.e."Qs > or = Qa).

General characteristics of thils additive fluctuation can be
shown by an example of Tq = 6, S = 2 and Hg = 0 (Fig. 5.4a).
Typical transient properties are identified as:

i) The peak rate " of flow difference (Qe(T)-Qs(T))
occurs at the mid-point between unit periods of surge
fluctuation (lL.e. T = N*Te + 2). For example:

Qe(T) - Qa(T) = 0.06 and 0.04 ¥ T)= 2 and 6.

97
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11) Difference of two flow ls negllgible. near the time

instant at the unity of surge #£luctuating period
(T = N*Ta) as:

Qn(T) - Qa(T) = 0 for T = 4,

1i1) The effect of perlodic fluctuation is positive and
decreasing during the flow closlng period:

-

--- Bw(4) = 0.12; and

——= BEw(4 < T < 6.2) = 0.04
f

where the two flows (Qe and Qx) do not Ilntercept until
the end of flow closure.

These properties of additive fluctuation 'lmply that the.

surge energy will increase with time and reach its maximum

at or after the time&of complete flow closure.
iv) A periodic change of slope on the curve of
transient energy Em(T) vs. time T may occur. For thls
example (Fig. 5.4c) the transient energy (Em lncreases
rapidly with time until approaching T=3. The increment
of transient energy at 3 < T < 5 is then immaterial
prior to the another rapid rise of Em at 5 < T < 6.2.

v) The. dominance of netflux Ew(4) over the subsequent
periodic fluctuations, Ew(d4 < T < 6.2) suggests that
the periodic fluctuation effect 1is diminishing during

<" the flow closing period but with positive additive
fluctuation.

3) Alternate addltive fluctuations {1 < § < S5,=1.7) ---

The general characteristics of this alternate additlve flow
can be discussed with the example of Tq =6, § = 1.5 and -~

He = 0 (Fig. 5.5b}. Three perlodic properties are also
identifled: L
o

a—
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, :

1) The peak rate of flow dlfference (Q=(T) -~ Qal(T))
occurs within the interval -0.5 Te. For-exanple:

Qe(T) - Qa(T) = -0.10 and 0.07 for T = 3.5 and 5.5

11) Two flows (Qa and Qx) Ilntercept as an Interval of

0.5 Ta as: ' - ’7

Qe{T) - Qa(T)}) = 0 for Txa = 2.5 and 4.5.
15@) Half of these periodlc fluctuating events are
negatively additive, which results in an alternating -
increasge in flow energy, as shown in Fig. 5.5b. Two
further ‘cases can be separated for discussion:

Case a) Tqg = N*Tsq + 2 --- For example: Tq = 6,

Ew(Tems) = Ew(2.5) = 0.14
— \

Ew(Tza < T < Tma+2) = Ew(2.5 < T < 4.5) =-0.06
Ew{Tza+2 < T < Tza) = Ew(4.5 < T < 6.2) = 0.07
where Tes < Tq < Tma = ?Trl.
Case b) T;"; NJQZ --~ For example: Tq = 4,
Ew(Tga) = Ew(2.5)} = 0.22
‘Ew(Tms ¢ T < Tea) = Bu(2.5 < T < 3.8) = -0.06

where Toma = Tmxz < Toa < Tg.

The properties of these two conditions indicate the
potential destructive efféct of wave reflection on
‘egither the surge ernergy (Case a) or the counter-surge
energy (Case b).
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5;3.4.3 Non-friction transfer at T < Tmxa

-

Three flows wlth different types of perlodic fluctuatlion are
discussed herein:

. 1) Fluctuation-free (S > Sa=2") ---

As shown in Flg. 5.5d, the two flows (Qe and Qax) do not
intercept during the flow closing period. For thils case,

Teox:i = Tea = Tmai > Tg. The non-frliction transfer (ETa) s
negligible. “ -

2) Positlive additive fluctuation (Sy=1.7 < 8 < 8x=2") ---

In the case of § = 2, Tq = 6 and He = 0,

,o—

ETz = 0, and

me].

Bw(Tzx1) = Ew(Txa) = 0.16

4

where Tma Tél = Tmxx = 6.2 > Tq.

Both flows with £fluctuation free a positive additive
fluctvation contain ETa = 0, which  enxures /hat the surge

enerqgy |is increasing wuntil the end of £flow closure.
However, the effect of periodic fluctuations exists in the
latter flow (2), while 1t is negligible in the former flow
(1). . B

3) Alternate additive fluctuatlon (1 < S < 84=1.7) ---

Two cases are discussea in a separate manner (Flg. 5.5b):
Case 1) Tg = N*Tg + 2 =—-.The non-friction transfer ls
positive: though small, resulting a slow increment of

surge energy toward the end of flow closing period. In
the previous example of Tq = 6,
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) ETa = Ew(Txa < T < Twxa) ‘ '
« = Ew(2.5 < T < 6.2) '
- = - 0.06 + 0.07°
©=0.01 >0

fEmuL = EQ1T28),+ ETa
0.14 + 0.01
0.15

— -

' \
where Tega = 2.5 < Tq < Tex = Tmxa =.'6.2. -

7 .
Case i11) Tq = N*Tg --- The non-friction transfer (ETa)
is negative, wlth result that the maximum surge energy

_occurs before “the time of flow closure. For the case

of Tq = 4,
ETx = Ewzx(Twa < T < T;l) - Ewa(Tma < T < Ta)
= ~-0.06 <O
Emsear = - Ew(Tn:ﬂ) = - 0.22

where Tma = Tmaxa = 2.7 £ Tga = 3.8 < Tq.

0

5.3.4.4 Non-friction transient transfer at T > Tmxa - -

Threé flows with different types QF increasing deceleration
are dlscussed accordingly: ' ' '

1) Fluctuation—ﬁree (S > Sx=2%) --—- —_— e
~ Slnce there 1is no fluctuation during the £flow closing
period, ETa = 0 Or Eq = Ew(Tma) = -Emxx. This implies that
Eq. 5.24 is valid for this condition.
For the case of § = 5 and Tq = 4:

ETe = 0, and

v
Emxa = = Emwx1 = 0-63
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2) Positive addlitive (Sy=1.7 < § < Sx=2%) ---

For thls case the perlodlc fluctuations occur prior to the
counter—suige period because 'the non-friction transfer
ETa = 0. The relation gliven by Eg. 5.24 is also vallid for
this condition.

A

For the case of 8§ = 2 and Tq = 6:

ETa = 0.04 > 0, and

Emxz = — Emxa = 0.16.
3) Alternate addltive (1 < S5 < 8,=1.7}) =--- Two cases are
discussed below:
"
Case 1) Tq = N * Ta + 2 -—— The non-friction transfer

ETa > 0, which lmplies that Eq. 5.24 is wvalld for this
sltuation. For the case of § = 1.5 and Tq = 6:

- ETa = 0.01 > 0, and j - : ¢

Bimsxez = =Bmsa = 0.15

Case 11} Tq = N * Tg --- The non-friction tfan
ET= < 0. This confirms the validity of Egq. .5.26
"applied to this condition. For -the case of S = 1.5 and
Ta = 4, :

H

11

5.3.5 Discussion of periodic fluctuation

It has béen demonstrated 1n thils section that the physlical
phenomena of transient flows can be appropriately
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\

intetpreted by a method -incorpopéging the gnergy Balance

It can be concluded that the existence of perlodic
fluctuations governs transient behavior during and after the
flow closure. R
A

Subsequent to the detailed analysis of transient flow events
to a limited number of typlcal cases the present findings
will be Incorporated into the ilnterpretation of wide rangea
flow closing conditions. This 1Is undertaken in the next
section. » "

5.4 Analysis of Maximum Trans{if;>Energy

W -
The maximum transient enerqgy *(Emx) was obtained from the
numerical model, and r&&ults are summarized in Ff@T“SfG and
5.7 for the cases '0of maximum surge (Emxa} /and maximum

~counter-surge (Emxz) respectively.

5.4.1 Maximum surge energy (Emwxa In Fig. 5.6)

A~
5.4.1.1 symmetrical property o0f Emxa

A}

'

The followlng symmetrical relation can be observed for a
short time (Tq) of £flow closure or high shape (S} of £low
closure as: :

Emxea{ +S ) = Emsxa{ -S5 ) . -~ 5.7
where +S and -S represent the shapes of flow closure with
increasing deceleratlion and decreasing deceleration
respectively, with the same absolute magnitude.

RN
The transient enexrgy 1is not affected by the -periodic
fluctuation during the surge period, or would be damped out

dpring the subsequent counter-surge period.
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The domaln of this condition (Fluctuation free) 13 llmlted,

and dininlshing very rapldly with the increase of Ta. For
example, it is valid for: = .

1) all §, at Tq < 2;
. |_,/\‘
‘ 1) | s | > 5, at Tq = 4; and

111) l s | > 10, for Tq > 6.
5.4.1.2 Non-symmetrical property of Emsa

Most of theiresults in the figure agree with the relatlion
below:

|Emsc (+S)| < |Emsca(-8)] 5.28

Since the maximum surge energy of decreasing decéieration
flow (S < 1) occurg/ﬁbéor to the development of perlodic
fluctuations, Emsx{=8) s not affected by the existence of
perlodic fluctuations.

On the other hand, periodic fluctuations ‘>§ua11y exlst
during the surge periocd in flow with increasing deceleratlion
(s » 1). Consequently, part of the surge energy (by wave
reflection) would be —destroyed during the flow closing
period. '

Thezefore, the non-symmetric maximum surge enerqgy of flow
between +S and -$ suggests that the effect of periodic
fluctuation on Emxa{+S) may be assessed by the comparison of
their non-friction transfer (ETa) characteristics.

For the case of Tq = 6:

_—
———

1) ETx(S = +2) = 0, iIndicating a continued lincrease
in surye energy during the entire flow closing period;

S us
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11) ET=(S = -2) = -0.13, showlng that the exlstence of

periodic fluctuations will act as an damper durthg the

counter-surge period.f'/.

N

" For increasing deceleration flow with positive additive
fluctuatioﬁs, e.g: S = 2, the periodic fluctuation has.

A completely dissipated 1its destructive effect (equivalent to
ETe = 0.13) during the surge period, resulting in:

“Ercs(+2) = 0.16 < —Emwa(-2) = 0.29

No further decay of translent energy occurs during the
subsequent counter-surge perlod since:

“me1(+2) = me:('f‘Z) = 0.16

5.4.1.3 oOptimal flo

*

w closure during surge.period

iy s* =1 1s the optimal shape factor for Tq < 2;
however

ii) s = 1.5 is thexbptimal shape factor for most flow
closing conditions, l.e. Tq > 2. ’ ‘

The alternating surge fluctuations exist at 1 < 5 < 1.7,

resulting a great potential £for the maximum surge energy
reduction.

5.4.2 Maximum counter-surge energy (Emxz 1in Flg. 5.7)

Two distinct transient properties are identified from the
figure and are stated below.. r ——

5.4.2.1 Symmetrical property 0f Emxz

The maximum counter-surge egprgy (Emxz) is “symmetric at
S = 1 for any time of flow closure (Ta). This means:

Emxz( +S ) = Emwxz{ -85 ) ‘ 5.29



During the counter-surge perlod substantlal transient energy

)
Vhas been decayed by the exlstence of perlodic fluctuatlons

for flow with decreasing deceleration (5 < -1).

For the example of .Te = 4 and S = -2, there 1is no

destructive effect from periodic £fluctuations during the
surge period since: ’

“Emsxa(=2) = 0.29 > -BEmxa(+2) = 0.16

However, the periodic fluctuations has by now exhausted all
its destructive potential during the subsequent counter-
surge period since:

“Bmxa{=2) = 0.29 > Emxa(=2) = Emx=2{+2) = 0.16
5.4.2.2 Peak decayingfggergy (Ex)

All the potenﬁially destructive energy has been exhausted
either during the surge period (for S > 1), or during the
counter-surge perlod (for § < -1). There will be no further
dampiné effect (by wave reflectlion) afterward and the

relation given by Eq. 5.25 1s also. valid for all type
decelerating flows. '

5.4.2.3 Optimal shape factor S™ Of Emxz

Optimal shape factors are located at three }ocations for
different times of flow closure. The existence of alternate

periodic surge fluctuation 1is * the reason for their
occurrence:

i) 8 =1, for Tq = N * Ta —-—- The large quantity of
negative non-friction transfer, l.e. “ETu = Ew(Tmaea1)
has totally dahped out the transient ehergy during the
counter-surge period.

i1) §~ = 1.5, for Tg = N * Ta + 2 --- The perlodic
fluctuations still possess destructlive potentlal,
during surge period, for flows with 1 < S < 1.7.

106
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1ii) 8 = -1.5; for Tq = N * Tg + 2 --- For flows with °
-1-> 8§ > =-1.7, the existence of a periodic surge

\ fluctuation affects the decay of the translent energy
during the counter-surge period.

\\ .4.3 Discussion of maximum transient enerqgy

In this sectlon, It has been demonstrated that the maximum
transient energy can - be analyzed with a knowledge of
perlodic fluctuation properties which have been previously
established by the concept of an energy balance [(for
example, refer to part (a) of Figs. 5.2 - 5.4].

It should be noted that wusing the traditional pressure
response method it is Ilmpractical (1f not impossible) to
Interpret the physical phenomena of these perlodic
fluctuations [for example, this may refer to part (c) of
‘Flgs. 5.2 - 5.4].

5.5 Conclusions

The research conducted 1in this chapter focused on the
transient characteristics in a non-frictional closed conduit
system under various categorized flow closing patterns.

One objective of this chapter was the development and
application of an entirely new approach to the analysis of
transient phenomena.

1) Energy Balance Concept --- : \

This new method for the interpretation of the physical
phenomena of transient flows s termed the Energy Balance
Concept.

1) Characteristics --- Thls energy concept integrates
t ast transient history ‘of the lnstantaneoué'surge
condition and takes the hydraulics of the whole system
into consMeration.
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11) Present application ---. It has been demonstrated
that the concept of an energy balance provides a
powerful alternative to the traditional Ilnstantaneous
and point-speciflc force/reaction approach to hydraulic
transient analygis. The former provides the best tool
for a clear ipterpretation, while the 1latter can be
conveniently gpplied to a broad-ranged analysis after
the transient/phenomenon has been well defined.

iti) Future/ application --- The energy balance concept
introduc in thils chapter will also .be applied~to the
analysis of varlous frictional systems. ‘The’
application to “the present non-frictional system has
sd&cessfully provided a well-defined set of criteria
for the classification of various degrees of impact
from steady frictlon and unsteady friction- {factor)
conditions. This will be presented in a set of
solution domain contained in later chapters of this

study.
surge fluctuations with a period Ts = 4 generally exist
throughout the entire transient perlod in a non-frictlonal
plpe system. Their ., general characteristics can be

summarized:

— [

2) Fluctuation-free {(Emxai and BEmxz) =--- The effect of

periodic fiuctuations is non-exlistent in transient £low
with:

(i} short time of flow closure (Tgq); and

Al
e

ii) high shape of flow closure (S).

3) Periodic fluctuations to surge energy (Emxi) --- The
existence of fluctuations (ETx= > 0) may reduce the rate of
the surge energy increase during the "¥low closling period
t will £ail to decay transients during the'counter-si?ég
period (l.e. Eg.\5.24). This covers flows with: -



109

1) s » 1.7 (for all Tg); and

i1) 1 ¢ 8§ ¢ 1.7 (Tq =N * Ta + 2). )

4) Perliodlic Elu&tuations to counter-surge energy (Bwwz) ---
Oon the other hand, the existence of perlodic flgptuations
(ETa ¢ 0) has damped out a significant part of transient
energy during the counter-surge period. The relatlonship
glven by Eq. 5.26 indicates that the maximum surge energy is
generally greater than that of the maximum counter-surge
energy for flows with:

i) s < 1.7 (Tq = N * Tg); and

11) § < ~1 (for all Taq).
5) Perlodic fluctuatlons to peak decaying energy (Erx) -—-
After the counter-surge period (T > Tmxz), the effect of

non~friction transfer ceases to exist throughout the
decaying perlod (i.e. é?. 0). This results:

Emxz = Em{Tmxz) = ~Em(Tmxz+2) = Em(Tmez+4) =..... = |Ex|

Two trans;ent properties relevant to general pracfices have

also been investigated, and conclusions are made below:
"

6) Optimal shape of flow cloéuref{g') -—- 3

The least maximum transient energy fof‘the same time of flow
closure is located at the points of:

Pt

1) maximum surge energy --- 5* = 1.5 for Tq > 4}

11) maximum counter-surge energy ---

1

a) s* 1.5 and 8" = -1.5 for Tq = N * Tg 4+ 2; and

b) s* l for Tq = N * Ta,

—
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The traditional theory that a unlform flow closure produces
the least translent energy 1s not valid for non-frictlional.
nditions.

In this chapter, translent analysls has been completed In

. the non-frictional system. The present research pxoceeds to

v “investigate how the mechanical transfer phenomena-affect the

' transient behavior with the exlstence of friction. This
wlll be carrled out ln next chapter.
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| LEGEND

Source Flow |

) [ Ta=Te =6 |
7/
/ \ ETz=125 for Tq =4
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Emxz =./6

ENERGY

Fig.5.2—Transient History of Non-frictional ,Uniform
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6.0 ANALYSIS OF TRANSIENTS IN A STEADY FRICTION SYSTEM

The Energy Balance Concept was introduced and applied to
interpret transient phenomena in a non-frictional system in
the previous chapter. The adoption of this new concept
continues in "the present steady friction (factor) systen,
alded with the traditlional pressure response approach.

Previous transient analysis (Ch. 5.0) also demonstrated how
periodic fluctuations affect the transient behavior 1n a
non-frictional system. In this chapter the investigation
focuses on the mechanical transfer phenomenon in frictional
systems having a steady friction factor (f).

The transient characteristics affected by the existence of
frictional energy can be identified by comparing the results
of the previous analysis of non-frictional and the present
analysis of frictional systems.

6.1 Energy Relation in Transient Flow

The analysis 1in this. sectlon focuses con the development of
energy relations in a frictlonal pipe system. ,
6.1.1 écope of analysis

Yl
Cases representing typical flow closing characteristics in a
frictional system are presented in this section for
‘discussion. Previous 1illustrations—of non-frictional
systems have been used as background information for the
analysis of steady friction systems.

Figs. 6.1, 6.2, 6.3 and 6.4 present the transient flow and
enexgy history for an instantaneous closure (S = o), and for
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flows with uniform (8 = 1), decreasing (5 = -2) and’

increasing (8 = 2) decelerations.

A relatlively rapid flow closure Tq: = 4 is flrst selected,
because of its significant impact on the transient energy.
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Four friction heads are presented, namely He = 0, 0.1, 1 and .

2. These represent hydraulic conditlions in a steady piping
system varying £from an lldeal £luid to very high friction
conditions. Among these, He = . 1 is selected for more

detailed analysis due to the significance of the frictional
effect for this case. ’

The time and magnitude of critical transient propertsgs
(e.9. Emxa, Emxz, Ex) can be observed from the figures and
have been summarized in Table 6.1.

Though limited in number, the cases illustrated in the first
two sections (Sec. 6.1 and 6.2) of thls chapter cover the
typical flow : closing characteristles with wlde-ranging
friction conditions. These should be sufficlent to éxplain
the most important types of behavior for transient pipe flow

" in frictional systems.

6.1.2 Steady state conditlon in a pipe

Fig. 6.1a s the schematic of a plping system undexr varlous
friction head conditions. By assuming a linear hydraullc
grade line (H.G.L.) along the pipeline the internal energy
of the piping system is:

E(T) = E£ = 0.5 He ’ 6.1

where the friction head (He) can be determined dﬂrectly from
the Darcy-Weisbach friction eqguation.

‘The assumption of linear H.G.L. is realistic for a uniform

and homogeneous pipeline. The term, Ees, is defined as the
{(steady} friction energy in this research. For the special
case of a non-frictional system, E(T) = E- = 0, whlch is
consistent with the expression of an ideal flulid.

Under steady state conditions, the energy outflux (Ews) i3

the samd as previously mentioned £for the non-frictlional
system/(Eq 5.3) and this is independent of the steady

L
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- friction enerqgy. Thié independence 1s due to the absence of

surge wave reflectlon. Restated, thg‘flow energy outflux at
time Ti is: i

Ty . : f
Ewm(Ty) = Q(T) 4T s _ . 6.2
= 0
where its value is Independent of the friction enerxrgy (E:z)
in the’/ system. Here Ew = Ewmw and Q = Qm. _

In"a frictional system the energy commonly termed friction
dissipation (EDe) contlnues ‘to dissipate 'energy by the
exchange of heat. At the time when a pipe length of water
has been conveyed through the pipe-~end boundary line [i.e,
Ts = (}/va)/{(V/a) = a / Vo, in a non-dimensional form], the
energy loss (EDs) will be accumulated as:

> 7 a/Ve .. ’
{ ED={a/vs) = Q(X, T) dT
{ 0
{ 6.3
{ = Ee

where the steady flow rate, Q(X, T) = Qs = 1 1s independent
of distance (X) and time (T). The time (Ti=a/ve) is in the
ordexr of . 1000, in general practice.

The energy loss (friction dissipation) isv resupplied
continuously from the upstream source (e:g. by pump or
reservolir) during the steady £low condition. This results
In a constant internal -energy, E(T), as expressed by
Eq. 6.1. It should be noted that the friction dlssipation
(EDz), In the form of heat exchange, is the only cause of
energy loss in steady pipe £flows, Other causes, e.q.
so~called local loss, are considered to be relatlively small,
and are outside the scope of analysis of this research.
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6.1.3 Friction dissipation in a transient flow
1) Relevance of friction digsipation ---

Upon an instantaneous flow closure, 4 constant rate of flow
outflux is in effect, until T = Tmxa = 1 (see Fig. 6.1b).
During this period: the transient behavior is not influenced
by the effect of wave reflection.

The value of friction dissipation {EDz) within the sﬁrge
period (0 < T < Tmxa) can be approximated as: \\

»

{ 1l

{ ED2{Tmmas) = Q(x,T) dXx 4art

{ gJo

{

{ 1 : .
{ = (0.5 * Qg) 4T 6.4
{ 0

L

i = 0.5 * v/a * E=

{

{ = 0.0005 * Ec

where the average transient flow in plipe ig.énalogy to half
full during the surge period (l.e. Q(T) = 0.5 * Qa.) and the
velocity ratio (v/a) is usually in the order of 0.001.

The analysis of friction disslpation (EDes) can also be
undertaken for other hydraulic conditions in a similar
manner. Results.are summarized in Tabie 6.2. It is .found
that the values of friction dissipation (EDz) are

insignificant for general transient conditlons where
Ta < 100.

%) Illustration --- v

1) Given: A pipe system with the same geometrleawrand
flows as that in Sub. 5.2.3 is considered. The fluld
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r

conveyed ls water under hydraulically smooth conditlon.
This implies, '

R = v*d/v = {lm/s * 1.13m) / 1.13*10°m3/s = 10¢

£ = 0.0115 for friction factor

he = E%(1/d)*(v3/2g)
= 0.0115 * (1000m / 1.13m) * (12m%/sZ / 20m/s?)
= 0.5 m ’

Hs = he/he = 0.5m / 100m = 0.005

i1) Priction dissipation Iin an instantaneous closure
within 100 seconds would be:

0.5 y * he * A * (0.1 1) K
0.5 * 104N/m? * 0.5m * 1m? *'100m
= 2.5*10% Joules
<< em({tmxa) = 10° Jcoules

where time t = 100s = 100 t: (i.e. T = 100) is the
upper bound of transient time in this research.

This 1illustration further confirms that the friction
dlssipation (EDg) cannot be a relevant factor in a transient
pipe flow condition.

6.1.4 Concept of energy balance in a pipe flow

Based on the energy balance characteristics, the transient
energy at T: can be determined for normal flow closure as:

]
E]
x|
K

|

= E(T1) - Bw(Tzx)

(Ez - ED£(Ta}] - [Ewm(Ta) - Ewa{Tz)]

P TJ. T;_

| -

F: =i Qz(T) 4AT - Qa(T) 4T 1]
g 0 : 0

/

0.

s

where EDe(Tyi)
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The relation of Egq. 6.5 can be divided Into two components
for consideration. These are: '

i) The internal enerqgy E(T); and
11) the mechanical energy transfer Ew(T}.

6.1.4.1 Internal energy in a frictional system

In a non-frictional System (He = 0), the internal energy,

E(T) _is a constant and zero value during the whole transient
period. )

Howéver, the actual ﬁagnitude of BE(T} in a frictional system
(He > 0) depends on the initial steady friction energy (Ee),
as well as the unsteady friction dissipation (EDe}. Slnce
the latter energy is usually insignlificant, the internal

energy can be consldered to be a constant value. This means
that:

E(Tx)

Ee.~ EDg{(Ta) 6.5a
= Eg )

6.1.4.2 Mechanical energy transfer in a frictngglgiystem

In an instantaneous flaw closure (Tq = 0), the n;:;T& is
equal to the outflux in a pipe system. Thls means that:<\

- VY
Ew(T) = Bwm(T)
I o
However, for a normal flow closure (Ta > 0), the mechanical

energy transfer becomes:

= Bwe{(Ta) - Ewa({Tai)

[ Ew({Ta) =

{ 6.5b
f Ta ’ Ta

{ = Qu(T) 4T - Qa(T} 4T

{ 0 0

“Pa



6.1.5 Discussion of enherqgy relation

The analysls conducted in this section concluded4that the
effect of frictlon dissipation (EDs) is so small as to be
negligible for general transient flows.

In a ~frictional system the-e%istence of both non-frictional
and frictlional enexrgy should be the governing factors in the
~mechanism of energy balance (Eq. 6.5b). One of the problems
arising herein is to determine the relevance of the friction
affecting this (non-dissipating) energy transfer phenomenon.
This is discussed in the next section. '

6.2 Friction Transfer in Transient Flow

Energy transfer related to the existence of friction is
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defined as friction transfer (ETe). For clarity 1t can be -

further sub-defined separately, one definitlon is given for
surge (0<T<Tmxa) and one for the decaying perlod (T>Tmsxx).

6.2.1 Frictlon transfer during surge period (0<T<Tmaxz)

An obvious impact of the existence of frictlion 1is the
increase in netflux (E.) during the surge period. To assess

the netflux between frictional and non-frictional‘

conditlons, a term friction surge transfer (ET=s), ls
defined in this ;esearch as:

ETea = Ew(Tmxa, He>0) - Ew(Tmwxa, Hz=0) ' 6.6
where 0 < T < Tmxa %nd Tz {He=0) < Tmwxa(He>0).
6l2.1.; Instantaneous flow closure (5 = «)
The transient history of an lnstantaneous flow closure event

has been traced for varlous frictional condltions and Iis
shown in Figs. 6.1b and 6.1c.
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1) Friction transfer and maxlmum surge energy for He < 1 =---

1) Friction surge transfer’ (ETea) --- Without the
effect of wave reflection the flow energy netflux (Ew)
is .exactly the same as _for  the non-frictional
condition. Based on the relation given by Eq. 6.6,
this implies that:

ETea(He<1l) = 0 - : - 6.7

where Tmwx1 = 1.

ii) Maximum surge energy (Emxa) —-—-— Accordingly, the
maximum surge energy {Emsxy) generated by an
instantaneous flow closure is linearly proportional to

the steady friction head (He). This can then be
expressed as: .
Emxa = Eﬂﬁ - Ew(mel) 6.8
= Es - 1

il

0.5 * He - 1

where He < 1.
T
©2) Friction surge transfer (ETes) with He > 1 -—=

1) Friction surge transfer (ETea) --- Following the
Instant of flow closure the pressure "at the upstream
source, after dropping a Joukowsky head, 1is stlll
higher than the head at the pipe-end (i.e. he - he >0).
Even though the flow rate at the pipe-end (Qm) Is
rapldly decreasing, the flow energy netflux 1s still
outward at T > 1. At this point the friction surge
transferein this high friction system is:

ETea(H2>1) > 0 . 6.9

where Tmxz > 1.
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For the case of He 5, the friction surge transfer 1s:

I3

I
28]
o

1
)

ETea(He=5) = 1.6 >0

where Tmxi 4.5 > 1.

ii) Maximum surge energy {(Emsxa) ——-—

Accordingly, the maximum surge energy (Emxa) In a high
frictional system becomes:

Emxi1 = Ee = Bw(Tmxi) . . . 6.10
Ee = Bw(l) = Bw(l < T < Tmxa)

= Eeg = 1 = Ew(dl < T < Tmxz)

F( ) -

where He > 1. The netflux, Ew(l < T < Tmwa)} cannot be
readily estimated ut 1ls also governed by the friction
head (He).

_ Based on the results of the present numerical analyses
(Tqg = 0, in lFiq. 6.7), maximum surge energy (Em=a) is
found to. be the reciprocal of friction head (Hc},
expressed as: '

Emscy = ~ €79-833 / He 6.11

where’ He > 1.

-

6:2.1.2 iction transfer for normal closure (Tq > 0)

Three types of flow closure are discussed below for Hes =-1
and Tq = 4. Some energy concepts defined previously in
non-frictional system are also referred here for discussion.

1) Uniformly decelerating flow (S = 1) ---

As shown in Fig. 6.2a, in the case of Hs=1 the pipe-end flow
closes at aQProximately the same time as the source flow,
(L.e. Tma = Twmsxa = 4). It should be noted that the effect
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of periodic fluctuations appears at time T 2, The
frictional effect on the translent during the surge perlod

(T < Temxz) can be divided Into two components for discussion
purposes.

1) Non-frictional transfer (ETa) -—.  In a
non-frictional plpe system (He = 0), the non-friction
transfer is less than zero and can be written:

ETa(He=0) = Buwe(Tea<T<Tzi) - Ews(Tza<T<Tq)

. Ewn(2<T<3) - Ewa(2<T<4)
- 0.25 . o

it

whare Twszr = Tma = 2.

This negative transfer value does not affect the
transient behavior during the surge perlod (T<Tmxi1=2),
- as the perlodic fluctuation can be formed at T < 2.

“For the present frictional system (He = 1), thls
non—-friction transfer (located in the lower part of the
shaded area in Fig. 6.2a) diminishes to zero as:

-

; ETa(He=1) = 0
Where mel = TIS = 4-

The exlistence of periodic fluctuatlons may stlll affect
the transients during the surge period (0<T<Tm=xa1=4),
though the non-friction transfer is zero. This effect
is represented 1in the form of frictlion surge transfer
as discussed next.

ii) Friction surge transfer (ETza) --- As shown 1n e
upper part of the shaded area in Fig. 6.2a, th

friction surge transfer in the present case (Hes = 1)
is: '
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Ev{Tmoez, He=1) - Euw(Tmx1, He=0)

ETea{He=1) =
= BEw(4, He=1) - Ew(2, He=0)
= 0.45

{ Ee = 0.5
where Tmxa(He=l) = 4.

With the existence of alternating fluctuations,- the
friction surge, transfer 1is 1less than the steady
friction energy (i.e. ETes < Egf). This fact suggests
that the 1introduction of friction reduces the maximum
surge energy as:

- Emxa{He=1l) = 0.20 < - Emxa(He=0) = 0.25

2) Decreasing decelerating flow (S < —T)*--— - »

. . ‘
As shown 1n Flg. 6.3a, when the pipe-end flow closes at Twma
= 3 the frictional effect ‘'on transients during the flow
closure is dlvided for discussion purposes.

i) Non-frictlon . transfer (ET«) --- In a non-frictional
system (He = 0) the surge energy is independent of the
non-friction transfer, which is: '

ET-(H:=0) = Ewm(Tms<T<Tm1) - Ewa(Tms<T<Tq)
Bwm(1.7<T<2.2) - Ews(%.7<T<4)
- 0.13 ’

where Tea = Tmwxxr = L.7 < 2. This also shows that the
periodic fluctuation can not be formed uring-the surge
‘period.

In the present frictional system (He = 1), the abov
non-friction transfer wvalue 1is drastically reduce
(Fig. 6.3a) as: '

Ewn(2.8<4T<3) - Bwal(2.8<T<4)
- 0.03

ETw{(H==1)
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where Twe =2.8 and Tma = 3.

| /-
In both: cases, the non-friction transfer does not
increase surge energy after the time of flow
Interception (Txs). However, the existence of periodic
fluctuation may affect the surge transient as discussed

next. . -//

1

ii) Friction surge transfer (ETes) --- As shown in the
top part of the shaded area in Flg. 6.3a, the friction
) surge transfer 'in the present case 1is:
.. ‘ ' ' e
ETea(He=1) = Ew(Tmua, He=1) - Bu(Paa, He=f
. ' = Ew(2.8, He=1) - E,/(l.?, H_::=0)
: 0:39 - .
< Esg = 0.5

where Teaxr (He=1) = 2.8.

cAfter time T > 2, the dlternating fluctuation appears
and consequently reduces the frilction surge ;ransfer.
The fact that'the friction surge transfer is less than
the friction energy (i.e. ET= < Es) suggests that the
maximum surge energy is réd&ced.by the Introduction of
friction, as shown in Fig. 643b, where:
- ! ] - l v
-~ BEmsea(He=1) = 0.27 < - Emea{He=0) = 0.38
In the above two frictional systems (l.e. S =1 and § = -2),

the maximum magnitude of surge energy is affected by the
alternating periodic fluctuatlofs, since Tmwxax > 2. This is

" not the <case in a non-frictional system, 1in which the

maximum surge energy occurs prior to the occurrence of

- periodicity (l.e. Tmex < 2). As observed In these two-

frictional systems, the friction surge transfer 1is always
less than the steady friction energy with the exlstence of
alternating periodic fluctuations. Therefore, it can be
concluded that:

-,



{ ETca(Tmus) < Es
{ _ o 6.12
{ Boxz(He>0) < Emsxa(He=0) 3¥

where 8 < 1.

3) Increasing deceleration £¥ow (S > 1) ---

The example case of S = 2 and Tg = 4 ,1is adopted,
representing the increasing deceleration flow with additive
fluctuations. ~ As shown in Fig. 6.4a, the pipe-end flow
closes at ‘me = 4,5 for the present frictlonal system
(He=1). The frictional effect is divided into two

conditions for the discussion purpose.

i) Non-friction transfer (ETa=) --- The non-friction
transfer is zero in both non-frictional and frictlonal
systems, slince the maximum surge energy does not occur
~after the end of flow closure (i.e. Tmxa > Tg = 4).
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This means: ’
ETB(H£=0) = ET:(H:)O) =0
where § =2 > 1.7, located at the zone of additive

fluctuations.

It- should be noted that the effegt of periodic
fluctuations should exist during th surge perlod
{T>Tmxr), after the time T > 2. In order to assess
this effect, a comparison 1is first made between the
inereasing and. decreasing deceleration flows with
He = 0 and Tq = 4:
- ’ b ]
{ ETx(8=+%2) 0 and
{
*{ ET={S=-2)

- 0.13,

*

a % |
This shows that the perlodic additive fluctuations in
flow with S = 2 has already completed 1its potentlal

destruction on the transient energy during the surge-
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period. No further energy decéy due to this

non-friction transfer occurs after the end of flrst
surge period T > Tisa). >

-

This results:
~Bmxa(8=+2) = 0.25 < ~Emwa(S=-2) = 0.38; and
_me:l.(s=2)-= Emxz2(8=2) = 0.25

where an equivalent of surge energy reduction (i.e.
Bmx1(S=%+2) - BEmxa(S=-2) = =-0.13) ls contained in the
periodic additive fluctuations occurring during the
surge period for s = 2.

with the Iintroductlon of friction, this destructive
effect should still exist with different degree, slince
the maximum surge energy occurs at Tmwa > Tq > 2.

3

1i) Friction surge transfer (ET=zsg) ---""An obvlous
impact of the existence of-fr;ction is its damping
effect on the periodic fluctuations. This can be

visually seen for all three types of £flow closure
(Figs. 6.2a - 6.4a).

Since the effect of perliodic fluctuations (8>1.7) is
additive, the potential destructive effect of the
pexiodic fluctuations 1in a frictional system should
therefore be reduced for flows with S = 2. This 1is
opposite to those cases of alternating fluctuation.
During the surge period (T < Tmxz) the destructive
effect is changed from an equivalent enerqy reduction
of -0.13 (He«=0) to that of -0.04 (He=1l), which results
in the difference:

ETea{(He=1) - Bz = 0.09,
In contrast to the above two cases (S dfl and -2);, the

friction surge transfer is actually greater than the steady
friction energy, resulting in (Fig. 6.4b):



{ ETza = > E=z
{ _ _ . 6.13
{ “mel(Ht)O) p "me;(H==0)

where § > 1.7.

6.2.2 Friction transfer during decaying period {T > Tmxx)

¢

6.2.2.1 Definition of ETs £for T > Tmsxx

@
Analysis N Ch. 5.0 -.ndicated that in a non-frictional
system the energy reversal (Ezz) should be twice that of the
flow closure energy (Eq). However, due to the existence of
friction  transfer . phenomena, this is not true in a
frictional system.
The friction decay transfer, ETgp(Tm;;<T<me=), during the
counter—surqe_per;od is defined as:

~ ETen(T) = Eg{Tzai) - EBex(T) / 2 6.14

where Taxsr € T € Tmxz.

The magnitude of friction decay transfer for the subsequent
decaying period (e.d. Tmsxza<T<Tmxza+2, Tmxat2<T<Tmez+4, .....)
can also be estimated in the same manner by changing to the
time domain. '

6.2.2.2 Friction decay transfer for instantaneous closure

Aggshown in Fig. 6.1b,. the damping effect due to the
existence of friction occurs after the end of the surge
period (T > Tmaxa). In the presence of frictioﬁ, the
rectangular shaped pipe-end flow movement (at Hs = 0) would

. be changed lto a parabolic one, with a decay in the energy
reversal. ‘

In the case of He = 1, the £flow closure energy Eq«a = 1
remalins t%F same as for the non-frictional condition.

133
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However, the energy reversal ls reduced to E-zz = 0.79 during

the counter;surge period. '~ The friction decay transfer is
thus estimated as: _

ETen(T) = Eq(Tea) - Euex(T) / 2
=1 - 0.79 /2
= 0.605 -

where Tmxi < T < Tmxz.

The exlstence of frictlon generally functions as a damper to
accelerate the decay of transient energy. Hence, in the
absence of non-friction transfer (ETx=0) the effect of

friction on the maximum counfér-surge energy can, be
expressed as: .- \\"\\

B

v

Emxz(He>0) < BEmxz{(Hz=0) ‘ 6.15
6.2.2.3 Friction decay transfer of normal flow closure

Three cases of typlcal fiow closure are dliscussed herelin,
including S = 1, -2 and 2 for He = 1 and Ta = 4.

1) Uniformly decelerating flow (S = 1) ---

As shown 1in Fig. 6.2a, the £flow closure energy (Eq) and
energy reversal (Ex=) become:--..-

Ezx(Teyr) = Ews{Tmar) - Ewe(Tg)

Ew(Tmx1,Hz=0) + ETza{Tmxa,He=1)
0.25 + 0.45

0.70, and

i)

1]

E:m(me1<T<me:) = 0.36

Then the frictlon decay transfer can be determlned as:

ETen(T) Eq(Txz) - Bex(T)} / 2
= 0,70 - 0.36 / 2

0.52

hd



where Tmxi € T € Tmxz-

The non-friction transfer (ETe=) has been converted from a
negative value (ETa = -0.25 in non-frictlional system) to a
zero {ET« =0 in Hs ="1). The non-friction transfer
ETa(He=1) does not act well as a damper to the transient
energy during the counter-surge period as it does in the
non-frictional system ETx(Hz=0). This can be shown as:

Eq(H=z=1) = 0.7 >> Eg(He=0) =0
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Consequently, the exlistence of friction actually decelerates

the decay of transient energy (Fig. 6.2b), as:
Emxz (Heg=1l) = 0.16 > Emx2(He=0) = 0

»

This can be expressed in a general form as:
Emsez (He>0) > Emxa(He=0)" 6.16

It should be noted that the relatiom of Eg. 6.16 1s induced
by the change of non-frictlon transfer process due to the
introduction of friction, ET=(Hs>0). The exlistence of
friction decay transfer (e.g. ETeo = 0.52) still acts as a
transient damper, 1if the transient energy exists at the end
of flow closure period (i.e. Eq = 0.7 > 0). This-can be
seen as:

Emxa(He=1l) = 0.16 < Emxa(He=1l)} = 0.2
It can be written in a gene;al torm as:

Emwxa (H=>0) < me;§H=>0J ) 6.16a
2) Flow with decreasing deceleratHZon (§ < ~-1) ---

As shown 1in Fig. 6.3a, the flow closure energy (E«) and
enerqgy reversal (Ez«m) are:



Eq(Te1) = Ewe(Tra) - Bws(Tqg)

' = Buw(Tmsxx, He=0) + ETe{Tmxa, Hz=1l) + ETa(Hg=1)
= 0.38 + 0.39 - 0.93 - - ' Ci
= 0,74, and

E:m(meL<T<me2) = 0-44

The friction decay transfer becomes:

BTen(T) = BEq(Twaz) - Ex=x(T) / 2
0.74 - 0.44 / 2
0.52

Where me:. < T ( me:.

For thls case of He=1l the non-friction transfer has been
diminished to ETa = -0.03 from the ETa = =0.13 at He=0.
Consequently, the dampling effect during the counter-surge
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period decreases due to the change of this non-frictlion

transfer as:
Ey(He=1) = 0.74 >> Eg(He=0) = 0,25
Oon the other hand, the transient decay increases due to the

the introduction of friction as the friction decay transfer
becomes : ) ?

ET:o(H:zl) =z .52 > ET:D(H:=0} =0
I this case of 8 = -2 and Tq = 4, the overall effect of the
frictlional energy during the counter-surge perlod is
positive on transient damping. This can be seen as:
Ermxa{He=1) = 0.18 < Emxz(He=0) = 0.25
which suggests the dominance of friction decay transfer over

the change of non-frictlion transfer durling the counter-surge
periocd.
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The exlstence of friction on reduclng the cbunter—surge

energy can be found in the general expression given by
Eq. 6.15. C o

3) Flow with increasing deceleration (8§ > 1) ---

As shown 1in Fig. 6.4a, the £flow closure energy (Eq)l and
enerxgy reversal (Ec-x) are:
o
wam(Tzl) - Bua(Tg)
Bw{Tmx1, He=0) + ETz(Tmxa, H==1}
0.25 + 0.59
0.84, and

Eq(TEJ—)

1l

Exw(Tmxa<T<Tmx=2) = 0.58,

The friction decay transfer dufing the counter-surge pericd
is:

ETsp(T) = Eg{Tx2) - E=z=(T) / 2
0.84 - 0.58 /2
0.55

i

Where mel < T < Tn\xﬂ.

In this case of S = 2 and Tq = 4 the non-friction transfer
(ETe) In the counter-surge period does not affect the decay
of transient energy, for both non-frictlonal and frictilonal
condlitlons. The frlction decay transfer, ET:so(Tmx1<T<Tmsxz)
is the only course f£for the decay of transient energy, as
governed by the relation given by Eq. 6.15. )

6.2.3 Discussion of frictioen transfer

An energy transfer mechanism related tc the friction, nameiy
friction surge (ETea) and decay (ETszn) transfer has been
established to assess the existence of friction as it
affects transient behavior during the surge (T>Tmxa)} and
decay (T>Tmxa) period respectively.

N



"It is well acknowledged that the transient energy is usually
reduced by the 1inclusion of friction, £for the surge
(Egq. 6.12) counter-surge and decaying (Eq. 6.15) perlods.
This 'general property of friction transfer has been
appropriately interpreted by the concept of energy balance.

However, results opposite to the above can be found -as
expressed by Egs. 6.13 and 6.16 for the surge and counter-

surge periods respectively. In both periods the maximum
. transient energy (Emsxa Or Emxz) can actually increase due to
the existence of friction. The effect of perlodic

fluctuations 1Is the cause of this unconventional (but

logical and common Iin many practical applicatlions) transient
behavior.

In thls sectlon the frictlon transfer phenomenon has been
analyzed on basls of some typlcal cases. It remalns 'a
question as to how this phenomenon 1Is to be applied to other

frictional and flow closing conditions. This is undertaken
in the next section.

6.3 Parameters Governing Friction Transfer

as directed by the previous dimensional analysis (Eq. 4.5),
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the relation between this new transient property (ETe) and

its governing parameters can be established below as:’
ETe = F(He, S, Ta, T) ) 6.17

A systematic analysis 1is conducted in ‘this sectlion to
evaluate the relevance of each individual parameter in the
equation. This analysis can be achieved by varying the
value of only one parameter while keeping- the other
parameters constant.

The present analysis of friction transfer can be divided
into two groups:
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i) 'surge perlod -(ETzn £0Y T<¢Texx) --- where the
analysis focuses on the effect of frictlon transfer on
the maximum surge energy; and '

1i) Decay period . (ETep £for T>Tmxa) =--— where the

attention is on the decay of the elastic energy of the
system.

6.3.1 Relevant parameters to surge energy

For the analysls of frictlion transfer during the surge
perlod the number of governing parameters in Eg. 6.17 can be
reduced to three because the time (T) of transient Is’
confined to the surge period. This can be expressed as: '

ETza = F(He, S, Te) 6.18
where 0 < T € Twmxa1.

The results of analysis based on this functional relation
are summarized in Fig. 5.5.

*

6.3.1.1 Friction head (Hs) as a relevant parameter
E- |
The relationship of Fig. 6.5a.can be expressed as:

ETea = F{ Hs )

where limited analysis of S and Tq has bee onducted.

1) Inétantaneous flow closure ---

No variation in the £riction surge/ transfer (ETea) can be
observed in a system with He < 1 However, for Hes > 1 the
friction surge transfer increasgs rapidly with friction
(Ht)l ’

The friction surge transfer remains less than its steady
friction energy under any condition. - The relation of
ETea(Ha) < Ee ensures that the maximum surge energy




decreases with the friction in an instantaneous flow closure
as indlcated in Egq. 6.12. '
- [ -

2) Normal flow closure --- o _ !
The values of § =2 and Tq = 4 are selected as constant flow
closing characteristics. As observed in the Fig. 6.5a,'the
friction surge transfer exceeds the steady friction energy,
i.e. ETea > Ee for He < 1.25. This results in the maximum

surge energy Iincreasing with friction, as 1Indicated in
Eq. 6.13.

4 fon
N h
ot

In the discussion of two other relevant parameters, Tg and S

in Eq. 6.18, Hs = 1 Is selected for the significance of lts
frictional effect.

_6.3.1.2 Time of f£low closure (Tq)
The relation of Fig. 6.5b. can be expressed as:

ETzg = F ( Tq ) 6|.18b

where S = 2 and He = 1.

The increment of friction surge transfer rises rapidly when
the time of }lgg/wclosure increases from the instantaneous
flow closure to about T = 4. At that point it begins to
decrease gradually with further increments in Tg.

The relation of ETes(Tg) > E« can be observed for Tqg > 3,
providing there is an opportunity for the‘posltive effect of
friction on the increase of maximum surge energy, as
indicated in Eg. 6.13.

Because of 1its effectiveness in transient response, the
value of T4 = 4 is selected during the analysls of other two
parameters, (Hez) and (S) in Eq. 6.18:
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6.3.1.3 Shggg/factor of flow closure {(S) ---
The relation of Filg. 6.5¢ 1s expressed as:
ETea = F ( S ) - 6.18¢C

where He = 1 and Tq = 4.

r-J

1) Friction surge transfer greater than friction energy ---

as shown in Flg. 6.5c, the frlctlon surge transfer would
exceed its steady friction energy for a shape factor:

ETea(S) > Ee
where 1.2 < 58 € 2.7,

The parameter § feaches its maximum of ET=zs = 0.60, at the
boundary of positive additive £luctuation, i.e. 8 = 1.7.

The damping ~of perlodlic fluctuations by frictidh during the
surge period contributes to ETsa > Ees as expressed by
Eq. 6.13. '

The selection of § = 2 in the analysis of two other
parameters (He) and (T4q) 1s based on the potential of
ETza > E=z, and this 1s outside the range of alternating
fluctuations. The existence of alternating £fluctuations
(S<1.7) would create considerable complexitg for
illustration purposes.’

2) Effect of fluctuation-free flow —-—--
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The non-fluctuating flow domlnates the transient behavior

during the surge period for |S| > 5. On the other hand, due
to the effect of alternating periodic fluctuations, the
friction surge transfer (ETea) 1is usually non-symmetrical
about the axis of § = 1. This means that:



ETesa(+S) > ETea(-S), for [S| < Sx . 6.19a
or ' . , :

ETza(+S) = ETza(-S), for [Sl > S . 6.1%b
where Ss = 5, for He = 1 and Tq = 4, _ “

6.3.2 Relevant parameters to decaylng enexrgy (T > Timaea)

This subsection discusées the relationship between friction
decay transfer (during the decaying period) and its _four
governing parameters as: -

ETeo = F(He, S, Ta, T) 6.20

The friction degay transfer, ngD(T}, is actually determined
in terms of half the surge £luctuatlon perlod (e.qg.
Trxcda ST Tmxz, T2 ST Tmxz+2, Trat2<T<Tmn=2t4, casa)
The frictlion ranglng from He«=0.01 to He=5 ls selected for
analyses of other three parameters, representing very low to
very high frictional conditions. Results of the anafysls
have been summarized in Fig. 6.6,

6.3.2.1 Time of decay (T) as a relevant parameter

Only the case of an instantaneous flow closure is selected
for the present discussion. Hence the effect of parameters
S and Tq disappears, and the friction decay transfer (ETeo)
depends only on -the steady friction head {({H2) and the time
of the transient (T), expressed as: '

ETep = F(He, T) 6.20a
where 0.01 < Hes < 5.

As shown 1in Fig. 6.6a, the friction decay transfer (ETen)
increases rapidly following the end of the £lrst surge
period. The ETen(T) -vs. T curve then becomes horizontal
after a sufficlently long time. For a frictlon head below 1
the frictlon decay transfer will increase rapldly until it
reaches the maximum of netflux [i.e. Ew(Tmxa} = 1l].

I
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This means that for He < 2, the translent energy is
" theoretically damped out for the following condltion:

ETen(T>Tmxa) = Ew(mel) . 6.21a

whére { Buw(Tnser) = 1
{ .

j'Ew(mel)-< 1 for Tq > 0-

> B« for Tq = 0, but

Conversely, in the event of high friction (i.e. He > 2), the
stagnant condltion wlll soon be reached because the friction
-decay transfer equals to its maximum as:

ETen{Hzs} = Es 6.21b
where Hes > 2.

The above analysis of time (T) of decay indlicates that the
largest damping capability exists at the beginning of the
decay perliod. Accordingly, 'the frictlion decay transfer
during the counter-surge period (Tmxz £ T < Tmx2) 15
selected for the later analysis of time (Tg) and shape (S)
of £low closure (i.e. Egs. 6.20b in Fig, 6.6b and Eq. 6.20c
in Fig. 6.6C).

6.3.2.2 Time of flow closure (Tq)} as a relevant parameter
In this analysis, flow closure with § = 2 is used in order
‘to eliminate the effect of the alternating periodic
fluctuations. wWith 8 > 1.7, the effect of non-friction
transfer s non-exlsting during the counter-surge period.
Hence Eq. 6.20 can be simplified to:

ET£o(T) = F(He, Ta) 6.20b

As shown 1in Fig.6.6b, the friction decay transfer (ETen)
exceeds its steady friction énergy (ETg) if the time (Tq) of
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4

flow closure is small. This suggests that an efficlent
energy damging occurs In a rapid closure,. On the other

hand, a veéry slow damping process domlinates the decaylng
period following the slow flow closure.

In order to observe an effective decaylng process of

transient energy {i.e. ETsp Vvs. T), the instantaneous flow
closure (Tq) is selected.

6.3.2.3 Flow shape factor (S) as a relevant parameter
The evaluation of the shape of flow closure 1s based on
Tg = 4, in which a greater effect of transient varlation can
be observed. Egq. 6.20 can then be simplified to:

ETen(T) = F(He, S) 6.20c

where Tmxas ¢ T < Tmx=z and 0.01 < Hg < 5.

As indicated 1In Fig. 6.6c, the smallest effect of frictlon
decay transfer occurs for the case of uniform flow closure,

while the most efficient energy damping occurs for the case
"~ of an Instantaneous flow closure (S = +®» and -o}.

Comparing the increasing deceleration and decreasing

deceleration flows 1In Flg.6.6c, the following relatlionshlp
can be comrsidered as an approximation:

ET:D(‘l'S) = ET:Q(—S) : 6.22
where |S| > 1.7.
ghe absence of alternating periodic fluctuation during the
counter-surge period 1is the reason for its symmetrical

similarity.

To obtain a most efficient'damping effect, the instantaneous
flow closure (S = +o or -=) i3 selected.



\ o .

-1 . o 145

6.3.2.4 Frictlon (H=) a3 a relevant parameter

The effect of friction on the\Hecay of transient energy can
be observed in all three parts of Fig. 6.6. Obviously, the
capability of transient energy decay increases rapidly with
friction in a form of a mechanical transfer process.

6.3.3 Discussion of governing parameters

It has been vallidated from this section that the frictlon
transfer mechanism 1n a plpe system 1is governed by four
relevant gparameters, namely, tlme of transient (T),.friction
(He), time (Tg) and shape (S) of flow closure. The energy
transfer concepts previously developed in the analysis of
varlous cases have been’used for the present interpretation.

-~

The existence of friction affects the ‘transient behavior in
two categories. These are: 1) .friction surge transfer
"duglng the surge periods (ETea); .and .%i) friction decay.
transfer during the decaying period (ETss).

2 o :

" During the present analysis of each specific variable for
testing 1its releﬁahce, the remaining governing variables in
the functional relation have been taken as constants. As
such, only a limited number of events could be reviewed.
A comprehensive transient analysis of frictional pipe
systems need to be <carried out in which the broad ranged
parameters can be inter-related. This will be conducted in
the next section. ' -

6.4 Maximum Transient Energy
In general practicé information related to maximum transient
energy is most desired. With' this in mind a comprehensive
analysis is conducted to evaluate and quantify the relevance
of parameters as directed by the dimensional reasoning in
Eq. 4.5b. Restated this is:’

Emx = F(He, S, Ta) , ‘ 6.23
. :



-

where the characteristics of friction transfer '(ETg) has
been represented by the maximum transient energy {(Emsx).

6.4.1 Scope of analyslis
An.analysis has been condgctea In this section with a wide

range of frictional and flow closing pafameters for critlical
transient events.

The range of relevant parameters covers:

1) 0 < He < 10;
il) -10 < 8§ < 10; and
iiiy 0 < Tg < 100,

Three maximum transient events are presented, namely:

i) Maximum surge energy, Emsxai;
ii) Maximum counter-surge energy, Emxz; and
i1i) pPeak decaying energy, Eiox (at T = 101).

where the time T = 101 is selected herein as an upper bound
of the decaying perlod, In the present research.

Apparently, it is difficult and perhaps confusiﬁg to
construct a family of family curves containing comprehensive
information on all three paramefers. In this research, two
/plots are prepared for each (Emxi,; Emsxz and Eioga) of maximum
'transient events as:

i) Three cases of the flow closure with § = 1, -2 and
2, are plotted in the fiqure, representing flows with
uniform, decreasing and increasing # deceleration
respectively. ‘

ii) The second fiqure is constructed to indicate the
appropriate frictional and flow closing conditions for-

achieving the same magnitude of the maximum transient
energy.
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.

The combination of these two figures should be adequate to
_present informatlon for the Investlgation of each speclfic
maximum transient enerqy as expressed by Egq. 6.23.

For tﬁe sake of Slmplicity the non—friétional Atran:}gﬁ€3
conditioh can be obtained from the analysis with He = 0.01
without|inducing significant error. ‘

f

p.4.2 Maximum surge energy

The maximum surge energy in a f£frictional system can- be
expressed as: ‘ ' '

Emsxcz = F(He, S, Ta) _ : ; 6.24

Resulﬁs of analysls on the relationship - given by Eq. 6.24
can be summarized as follows (see Filg. €.7 or/and 6.8):

6.4.2.1 Time flow closure (Tg) as a reletant parameter.
As shown 1In Figs 6.7 and 6.8, the greater the time of flow
closure (Tg), fthe smaller the maximum surge energy (Bemsa)
that is Induced, with the upper bound of maximum - surge
energy occurring at Tq = 0. ' '

Referring to Fig. 6.5b 1t is evident that the friction surge
transfer (ETz=2) 1s almost constant for time of flow closure
(Tqg) greater than 4. Then qus decreases rapidly for
Ta < 4. This non-effective or decreasing friction surge
transfer property indicatés that the  non-frictional
transient (elastic) behavior during the surge périod begins
to dominate as the time when the flow closure decxreases.
At Te = 0, the existence of friction’ (for He < 1) s
irrelevant to the netflux ([i.e. Ew{H=<1) = 1]1. Therefore,
the variation of Emxa VS. Tq follows the same direction as
the transient behavior In a non-frictional system, in a
rapld flow closing event.
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6.4.2.2 Shape of f}oﬁ closure (S) as a relevant parameter

As shown 1In Flg. 6.8, following the curve of optimal Emsa,
generally the higher the absolute value of the shape factor,
|S|, the greater the maximum surge energy |Emxa| observed.

This can be* explained In a similar manner as above.
Referring to Flg. 6.5¢c, the friction surge transfer (ETea)
decreases with the lincreasing |§5|, with the hlghest ETes at
] S, = 1.7. Consequently non-friction transient (elastic)
behavior dictates the relationship between Emxa and S.

Il

6.4.2.3 Friction (Hes) as a relevant ggrameter
//Analysis of friction affecting maximum surge energy has been
done with the consideration of flow closing properties
(S and Tg). The analysis cansists of:
1) Non-existence of periodic fluctuations ---
As shown in all three shapés {S) of flow closure with Tq < 2

(Fig. 6.7), maximum surge energy decreases with increasing
friction. '

It should be noted that for Taq < 2 the effect of perlodic
fluctuations does not exist. ‘\Consequently, the relation
given by Eq. 6.12 applies. t

2) Transient energy increasing with friction =---

As shown in Fig. 6.7 the maximum surge energy actually

increases with friction for § > 1. The relaxation of
periodic additive ™ fluctuations due to the exlstence of
friction is the cause, This .event occurs however at

sufficiently high friction head. o

L

3) Irrelevance of friction ---

For the condition of inadequate frlctlion head the increasing
rate of maximum surge energy is so slow that the frictional



effect can be neglected. This 1s shown in both Fligs, 6.7
and or S > 1.

ent energy decreasing with frilction ---

shape (§) of flow closure less than 1, a clear sign
of maxijum surge energy decreasing with the increment of
frictioh can be observed in Figs. 6.7 and 6.8. '

5) Dominance of friction ---

Maggmum surge energy 1is entlrely governed by £friction,
ln&%pendent of the c¢haracteristics of flow closure
(S and Tg). This can be observed for high friction head
(Figs. 6.7 and 6.8). For thls condition the large friction
surge transfer has damped out all the perlodic fluctuation
effect and becomes the dominating energy for the mechanical
transfer phenomenon. ‘ '

6) Optimal'shape factor (8") ---

The optimal shape of flow closure decreases with the
increment of friction, as shown in Fig. 6.8,

Referring to Flg. 6.5c it 1s evident that the combinatlion of
non-friction transfer conversion and relaxation during
different periods_determines the exact magnitude of S™.
This occurs at § = s < 1.5.

Results of analysis herein can be used for both optimizing
and classifying the friction effects on maximum surge
enerqgy. This will be discussed more in detail in Appendix
A.4 and A.5.

6.4.3 Maximum counter-surge energy
H

Maximum counter-surxge energy is governed by the same three
common parameters as below:

Emx2 = F(Hz, S, Ta) g 6.25
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Flg. 6.9 1illustrates the results of analysis for three
shapes of flow closure. Fig. 6.10 locates the regions where
a reduction f£rom maximum surge to maximum counter-surge
enexgy can exceed 0.10 to 0.25. Here the counter-surge
energy reduction (ERms2) ls evaluated by:

3

ERmxz2 = 1 - Emui/mel 6.26

Results interpreted from Figs. 6.9 and 6.10 are summarized
below:

i

6§.4.3.1 General characteristics °

Basically, all the transient properties related to the above
maximum surge energy are kept in the present counter-surge

condition. Some outstanding features related to Emx=2 are
however discussed below.

6.4.3.2 Transient energy increasing with friction
As shown in Figs. 6.9 and 6.10, a rapld rise of counter-
surge energy with friction can be observed in the viginity
of uniform flow closure (§ = 1), for Tq = N * Ta. .
This transient behavior 1is caused by the reduction of
negative non-friction transfer (ET«) due to the Incluslon of
friction, and this has been expressed in Eq. 6.16.

6.4.3.3 shape factor (S) related to energy reductlon

As shown in Fig. 6.10, the energy reduction is much greater
for flows with S > 1, expressed below:

ERmx:( +5 ) >> ERmx:( -8 )\ 6.27
There 1is no significant difference in frictlon decay

transfer (ETzn) between increasing and decreasing
deceleration flows (Flg. 6.6cC}). However, the non-friction
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transfer (ETa) contributes to a large ‘part of the energy
decay for flows with S < 1 during the counter-surge perlod.

6.4.3.4 Time closure {Tg) related to energy reduction

As shown In Fig. 6.10, energy reduction (ERmxz2) lncreases
with the decreasing time of flow closure, with the greatest
value at the instantaneous flow closure (Tg). This finding
follows/the same relation of friction decay transfer (ETspn),
as shown 1n Filg. 6.6b '

-

6.4.4 Peak decaying enerqgy

Following. the £irst counter-surge period the transient
energy In the frictional system still oscillates with a
period of Ta = 4, and will eventually be damped out
depending on the magnitude of friction. The effect of
non-friction transfer ceases at T > Tmx=z.

6.4.4.1 Peak decaylng energy (Eioca) at T = 101

Peak decaying energy 1s governed by the same three common
parameters, and can be expressed as:

Eroax = F(Hez, S, Tq) 65.28
where T = 101,

Fig. 6.11 summarizes the analysis of peak decaying energy
(BEz0a) at T = 101 for 8 = 2, 1, and -2.

A similar pattern for the enerqgy relatioenship can be
observed in this peak decaying energy as previously
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described for the maximum counter-surge condition

(Fig. 6.9). The major difference is the larger magnitude of
the energy reduction in the region of high friction head but
small time of flow closure.
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6.4.4.2 Peak decaying energy reduction (ERiex) ak T = 101
Fig. 6.12 summarlizes the hydraulic conditlions with an energy
reduction level of 0.50. Two energy reduction guidelines

are classified for this alysis.

1) Energy reduction based on Emx: —--

-

\\\//ﬁ\\ghe_ guldeline for estimating the peak decaylng energy
reduction is based on: : '

ER102 = 1 - Eaoa/Bmux 6.29
As shown In Flg. 6.12, the comparison between increasing and
decreasling deceleration £flows follows the same general
relation given by Eg. 6.27. This means that:

ERzoax( +S ) >> ERaea( -5 ) 6.30
As discussed previously concerning Eq. 6.27 a large portien
of the energy decay 1in Eq. 6.30 1is related to the

non-friction transfer (ETa), during counter-surge period,

2) Energy reduction based on Emxa ——-

The peak decaying energy reduction can be determined from
another form as:

ER10a™ = 1 - Eio0a/Emaxz 6.31
As shown 1Iin Fig. 6.12, for a flow with s > 1, an almost
identical pattern of energy reduction based o0n Emxa
{Eq. 6.31) can be found compared-to that based only on the
Emsa (Eg. 6.29). This means that:

ER1202”(S) = ERx12a2(8) 6.32

where 5 > 1.



This ls due to the fact that frictidn decday transfer (ETen)
1s the only cause of transient energy damplng during the
counter-surge period. '

¥ .
On the other hand, for a flow with § < -1,

ER1a1™{S) ¢¢ ERx01(8) ' 6.33
where § < -1,

The difference between Egs. 6.32 and 6.33 is due to the
exlstence of non-frictlion transfer (ET«) during the counter-
surge period. The axis of the symmetrical energy reduction
pattern (ERaga™)} between the 1Increasing and decreasing
deceleration flows is located along the optimal flow closing
performance curve, which decreases with increasing friction.

6.4.5 Dlscussion of maximum transient energy

A comprehenslve analysis has been undertaken to assess and
quantify the relevance of governing parameters £for each
specific maximum transient enerqgy.

The results of analysis can be effectlively interpreted from
the non~friction and friction transfer phenomena, developed
from the concept of energy balance,

6.5 Conclusions
1) Theoretical Concepts --—-

1) The application of the Energy Balance Concept in
this chapter has proved to be a powerful toocl to
interpret the transient flow phenomenon in a frictional
closed conduit (Eq. 6.5).

ii) The functional relation derived from dimensional
reasoning has been proved effective 1in providing
research dlirection to evaluate phenomena between
transient properties (M) and each of the governing

s )
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Thg four relevant ﬁarameters are:

i) frictlon Y(He); i1) time (Ty) and i11) shape (S) of

flow closure,| and iv) the time of translent (T).. The

transient propertles consist of maximum surge energy

(Braza), maximuy counter-surge energy {(Emxz) and peak
decaylng energi) (Ex). /

parameters.

iii) The frictigh dissipation (EDe), which 1s in the
form of heat %xchange, has traditionally been
considered as the source of energy decay in transient
flows. Though it may still be the prime contributor to
energy losses to a slow flow motion {(e.g. U - tube and
pulsating mass osclllation flows), it does not
contribute any signiflcant energy damping 1in %he
general transient condition during and after the flow
closure. '

iv) A new concept, namely the friction transfer (ET=)
has been {introduced in this ch!pter to investigate its
effect on transient behavior. e translent energy in
a frictional system can actuaily e damped out by a
form of mechanical energy exchange.

v) The magnitude of periodic aﬂiernate £luctuations
decreases with increasing friction, thus affecting the
effect of non-frictional energy” transfer (ETa.) during
the surge and counter-surge peiiod.

For the case “of a highly *frictional system (e.q.
He>>1), the same transient energy (Emx) would be
induced, independent of any flow closing
characteristics (S and Tg).

2) Effect of friction during the surge perlod (T < Tmwi) ---

The existence of friction 1in association with perlodic
fluctuations affects the surge behavior in several ways.

1) Instantaneous. flow closure (5 => ®) =--- 1In the
absence of periodic fluctuations, the friction surge
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transfer (ETes) has'no affect on' the transients for
He<l. Maximum surge energy is simply determined as:

mel = 1. = Eﬂ.

11) Decreasing deceleration flows (8 < -1} --- The
existence of friction converts the non-£friction
transfer from counter?surge to surge period, resulting
Iln a frictlon surge transfer (ETes) whilch is smaller

than its steady friction energy (E=z). This also means
that the friction reduces maximum surge enerqgy. .
1ii)-Increasing deceleration (S > 1) ~--- The effect of

periodic fluctuations during the surge period can be
reduced with the inclusion of friction, resulting in a ‘'
friction surge transfer greater. than its steady
frigtion energy. The friction can increase the maximum
surge enerqgy for this condition.

For most £frictional and flow closing conditions the
relationship between above increasing and decreasing '
deceleration flows implies that:

me:.(‘l'S) > mei(-s)

where He < 0.05 for Tg > 4, and He > 0.012 for Ta < 100
as shown in Fig. A.3.

iv) The optimal shape factor (S") for providing the
best hydraulic performance decreases with Increéasing
friction (He} and time of flow closure (Tg), as shown
in Fig. 6.8.

v) The effect of friction on maximum suxrge energy
(Emxa) can be classified into four zones: the dominant,
positive, negative, and nil zones, depending largely on
the flow closing characteristics.

The last two points will be discussed more 1in detail in
Appendix A.4 and A.5.

P A\



156

¥

'3) Effect of frictlon during the decay period (T > Tema) ==

i) Friction decay transfer (ETes) --- The difference in
friction decay transfer (ETeo) between increasing and
decreasing deceleration £flows can be considered small
during the deqaylng period. This implies that:

'

ETen(+S) = ETan(-5)

ii) Non-friction transfer (ETwm) -=-- However, the -

exlstence of non-friction transfer (ETs) contributes an
additional. energy decay in the region of S < 1, during
the decaying period. '

i11) Peak decayling energy (Er) --- The maximum rate of
energy decay (including Emxz and Eaoa) for flows with
decreasing deceleration is usually 1less than that for
increasing decelerations. Thls lmpligs that:

-

- Ex(+S8) > Ex(-S), where T > Tmxx.

iv) Uniformly decelerating flows (5 = 1) =-=""In the
vicinity of § = 1 and Tq = N * Ta, the existence of

friction may increase the transient energy from the

non-frictional condition.

_In contrast . to current theories on the effect of friction
the maximum transient energy (including surge (E%,l),
counter—suréé (Emxz) and decaying (Ex)} energy) may actually
increase with the existence of friction. This conditlon can
be explained neither £rom the traditional frictlion
dissipation concept (EDg), norx from the conventional
preésure response method of interpretation.

4) Practical applications ---

‘In additlon to the theoretical background, these transient

properties occurring during the flow closing perlod are also
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potentially important to englneering ﬁractjce. Examples of .

possible applications are: N
e 1) Rlgid wa;er column theory (RWCT) --- An entirely new
theory has been established to replace the classlic
RWCT. Its effectiveness in applications to the

hypothetical flow patterns as well as to other common
surge control devices has dlso been demonstrated. This
will be presented, in Appendix B.

~1i) oOptimal maximum surge enexgy -—--—- Operating
hydraulic conditions have been derlved f£flirst for
hypothetlcal flows and then for common surge control
devices. Thls will be presented in Appendlx A.4. '

1ii) Friction classification --- Regions for the
frictional effect on the maximum surge energy have been
established for various flow conditions and for all
four common control devices. This wills be presented in
Appendix A.5.
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.. Table 6.2 summary of Friction plasipation (EDs)

He E_:_,;! Ta s 0T < Taea _. Tz < T < Tongea
1 | 0:5 g o 0.00025 - 0.0004"
\'5\ és 0¥ - 0.0035 ©0.00001

1 0.5 100 1. .0.025 - . 0.00015
U S O

N

~ Table 6.3 summary Ef Frictlon Transfer, ETs

& Su'rge' Transfer . Recay Trah_s_fer

0<T<me.'.l. . me:l.(T_(me? me:(T(me2+2 -
ﬂ;_' s T ETag Eg . Erm ETeo Ezxx ETsp
. v r f,
- ‘0 0o 1 0.79 0.61 0156 0.75 -
-0 1.6 2,60 ° 0.14 2.53  0.06 2.57
1 4, . 0.45 0.70 _  0.36 0.52 0.30 0.55.
-2# 4 0.38. . 0.74 0.44 .0:52  0.32 0.58
- r . . . '
: -~ . -
2 =4 /) 0.59 -~ 0.84  0.58 0.55  0.44 0.62
st ' i
- ] . N
r
S ’ '
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7.0 ANALYSIS OF TRANSIENTS IN QUASI~STEADY FRICTION SYSTEM

The gconcepts of mechanical enérgy transfer (non-frictlon and
frictiyn) have been introduced Iin the preﬁloué chapter, to
interpret translent phenoﬁena in a steady frictlon (factor)
system. These concepts are applied in the present chapter

" in quasi-steady friction (factor) system.

The mléin objective of this chapter 1Is to evaluate the
transient charéctamistics affected by the existence of a
quasi-steady friction factor (fq). It is felt rthat a
thorough analysis of -this most elementary among current
unsteady friction models is-‘necessary prlor to proceeding
toward more advanced unsteady friction models. '
. s * A ’ ’ - "‘
7.1 Scope of Analysis T '

7.1.1 Cases of transient history used for -analysis

Three cases of transient history with He = 0.1, 1 and 5 have

been Simulated for the .case of instantaneous flow clbsure,

represghtipg moderate to high frigtional nditions
(Fig. 7.1). ’ : /,/SD

Flow histqfies with-k S. = 1, -2 and 2 are plotfed- in

Figs. 7.2, 7.3 and 7.4,.representing typical flows with
_uniform, decreasing and increasing  deceleration

respectively. Two cases of friction head (l.e. He = 0.1 and

1) have been.analyzed £for normal flow closing and for the-

single case of the time of flow closure (Tq = 4).

Table 7.1 summarizes the results of critical tramnsient
properties (e.g. Emxyx, Emsxz and Eaca} for the above cases.

7.1.2 Flow regimes adopted for analysis

Four initial flow regimes have been defined for the
transient flow simulations, including:
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i) laminar flow (R < 2000);

s 11)‘transifion zone of flow having 6 low turbullence
(R=1%104); -

111) +transition zone of normal turbulent flow
{R=1%10%); and - )

iv) flow with steady frictlion factor (f)

The constant friction facté% (£) 1Is adopted as a bench mark

‘for the . assessment of the quasl-steady friction (fg) model
in this chapter.

o 4

-

The values of Reynolds Number referred to in thls chapter

are those of the ,1nitia1 steady state conditlons, unless
otherwise noted.

- 8lnce a smooth plpe assumptidn has been adopted 1n this

research, only one fgq wvs. R curve In the Moody dlagram is
considered for the turbulent flow condition. Therefore, the
guasi-steady friction factor characteristics existing during
the transient period can be uniquely represented by a

function of the approprlate Reynolds Number, as expressed

below:

Y ) -
/ '/fq(TJ.’ xl)_= F( R(T:L’ xl) ) ) 7-1

i, \Ii\where the parameters T. and Xa arelreférenced to a specific

time during the translent ~period and to a specific point
along the system, respectively. ' t

3) Maximum transient energy ---

Comparison of maximum values of griﬁical transient events
between constant (f) and quasi-steady (fg) friction factors
has beén done for a comprehensive range of frictlonal
(0.01.< He < 10), flow closing characteristics (-10 ¢ s< 10,
0 ¢ Tg.< 100) and flow reglme (2000 < R < 10%). Results of
this comparison are summarized and presented in two forms:
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1) Flow characteristics --- Three shapes of flow
closure with § = -2, 1 .and’ 2 are selected for
ilfﬁstration of the maximum transient eperéy,
representing. decreasing,. ‘uniform and increasing
deceleration flows. i

11) _Reduc of maximum transient energy --- Regilons
have been established to define isoquants of maximum
transient energy reduction due to a quasi-steady
friction factor for various independent wvariables.:

4) Application ---
The caées of translent history in a guasi-friction system .
are interpreted in detall wusing mechanical energy transfer

- concepts. 'Though limited by the extent of analysis, these-
case illustrations are Intended to provide insight into the
translent phenomeﬁa affected by the unsteadiness of a quasi-
steady friction system. These two concepts are applied in
Secs. 7.2 and ‘7.3.

The functidnal relatlionship established from Eﬁe dimensional
analysis are used as a guide for the research direction,
indicating the potential parameters governing transient
_behavipr. This application is demonstrated in Secs. 7.3 and _,
7.4.

L]

7.2 Ene;éy Relation in a Quasi-steady Friction System

-

7.2.1 Friction dissipation in transients ED:(fq)

The friction dissipation (EDes)} proved to be insignificant in
a steady friction (factor) system as discussed, 1in the
previous chapter. 1In a quasi-steady friction system, the
frlg&}on dissipation (ED:s)} is:

T 1
EDe (T, fg) = £o(X,T) * Q(X,T) dX dT 7.2



: o 175

-

L. . . N 1 . . V
where the quasi-steady friction factor, £4(X;T) > £, and is
increasing with a decrease in the flow. . :

Consequently, the quasi-steady frictlon dissipation, EDe(fq)

should be greater than the steady friction dissipation
ED=(£). ‘

7.2.1.1 EDe{£fg) IiIn an iﬁstantanéous flow closure

During the: surge period of aﬂ instantaneous flow closure,
the flow Prate In 1line 1s either the same as for the steady
case, or, is zero. Hence, the existence of ‘quasi-Steady
friction factor does not affect the dissipation since:

—

_EDe(T, £q) = ED(T, £)

where .T < Trasex .

7.2.1.2 EDz(fq) in a normal flow closure ////"
For the case of uniform flow closure in a laminar £low
condition with an upper bound .of time' of flow closure
(Te = 100), the guasi-steady friction dissipation may be
increased by a factor of two, since:

(100 [1

Eq(X,T) * Q(X,T) dX 4T

100 [1
= dx ar
Jo Jo '

0.10 * Ee

n

2 % ED=(£)
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Where £5 = F{l /R) = F(L / Q), resulting in fq * Q =-Q°.
The steady ED-(£f). 1s th&n equal to 0.05 * Ee, as previously
determined. . = X , A R | .

/

As an .extension of Table 6.2 the frliction dissipation in a
quasi-steady friction system has been determined for various
‘hydraulic conditions and these are summarized in Table 7.2,
A comparison between the -two hydraulic conditions in Table
7.2 indicates that the friction dissipation (EDe) is still
far too small to signifiéantly affect the transient flow
phenomenon even with the. existence of guasi-steady factor.:
Hence, it 1is concluded : that the energy balance equqtlon
established previously for the steady friction condition is
valid for application to this quasi-steady friction (factor) \\
system. ' n ’ '

7.2.2 Concept of energy balance in transient flow

In the neglect of friction dissipation, the transient energy
for a normal flow closure can be expressed in terms of the
steady Erfction condition. This can be restated as:

Em.(lT:.) = Es " Ew(Ta)
= Ee = [BEwe(Ti) - Ew!(‘T‘:L)] ’
' 7.3
Ty s | .
= BEs - | J Qmw{T) 4T - Qa(T) 4T 1 -
0 0

where the frictional dissipation (ED=z) is negleéted and the
- . processes of mechanical transfer (ETa. and ET:) are carried
out by the flow flux movement.

7.2.3 Discussions of energy relation

The analysls 1in this sectlon suggests that the friction
dissipation (EDe(fgq) 1in a quasi-steady friction system is



—

- L, 177

N

still too -$mal@,to\ube of concérn In a transient slmulaﬁion
for Tq < 100. o

11

‘-'\.‘.‘

The main ﬁhémefgfffﬁﬁﬁgﬁﬁhapter \Rz to evaluate how the

relevance of the qu_SI:QEeady friction (fa) affects the
mechanical energy tyansfer phenomenén. .

-

7.3 Quasl (steady) Frlction Transfer in Translents _

] -
7.3.1 General characteristics:

7.3.1.1 Definitlon of quasi frictlon transfer

An impact due to the existence of quasi-steady friction
factor is the reduction of net energy flux (Ew) during the
transient period.- A new term quasi friction transfer (ETge)
is defined in this research to evaluate the net energy flux:

between the steady (£} and qdasi-steady (fq) frictional
conditions. This is: . .

ETqe(T) = ETz(£,T) - ET=(Eq,T) 7,4
Following the procedures of the previous steady friction .
system the .present analysls of quasi frictlon transfer
(ETz) is divided into two parts below: '

. ] 'l
1) Quasi surge transfer yhich 1s deflined as:
ETgea = ETza(£,T) - ETza({fq,T) . 7.4a
where 0 < T < Tmxx, and ' \
ii) Quasi decay transfer which is deflned as:

'Equb = ET:I:D(f,T) - ET:D(fq,T) 7.4hb

‘where Twmma < T < Tz, Tmxz < T < Tamseat2, .ooon....
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7.3.1.2 ‘Relévance of quasi frictlon transfer

-— . -

Thé‘casés #{1lustrated In Flgs. 7.1 - 7.4 have been adopted }
for the. ptesent analysis, with the concept of energy‘balancé

as an 1Interpretation tool. By screening from these very
limited cases, it appears that the existence of quasi-steady
friction factor is not relevant unless: '

(&

i) The friction head (He) is adequatelf high; and

11) the Reynolds Number (R) is sufficiently low.
For the discussions beiow, the friction head He > 1 .and
laminar f£low (R < 2000) are selected.

7.3.2 Quasi friction transfer in a surge period (T<Tmxa)

Referring to Eg. 6.6 for the definition of friction surge
transfer (ETes) during the surge period (T < Tmxa), the
friction surge transfer can be determined for both steady
and quasi-steady frictlon conditions as: .

ET:H(f) = Ew(f, H:)O) - Ew(f, H£=0) 7.5a

ETea(fq) = Eu(fq, He>0) - Euwlfe, He=0) 7

b

By combining Egs. 7.4a and 7.5a, 'the gquasl surge transfer
becomes:

ETqtes = Ew(f,T) - Ew(fq,T) > 0 7.6
where 0 ¢ T < Tmmxz.
The relation given by Egq. 7.6 can then be used directly for

the evaluation .of quasi-steady €£riction as it affects
maximum surge energy.
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7.3.2.1 Instantaneous flow closure té;; @)

R o

For the present dlscussion two condition%'can;be subdivided, N
depending on the magnitude of friction heads.

1) quasi surge transfer for Hz < 1 --- | . . '

The netflux during the first surge period is lndependent of
the exlstence of friction, as stated prevliously for-a steady
friction _system, Therefore, the unsteadiness of the
friction factor (fq) cannot be a relevant parameter during
the surge perlod, as shown in Flg. 7.l1a and 7.1b. This can
be expressed as: : )

Ew{0 <.T < Tmxx) = 1, for any R

gnd consequently, the quasl surge transfer ls:

ETgea = Q ‘ d

-

2) Quasi surge transfer for He > 1 ---

S .
The transient history induced by an instantaneous flow
closure with He = 5 has been traced in Fig. 7.lc. _Three
stages can be classified:

1) Que(fg) = Q=(f) '—7— buring the flrst ' wave travel
time, no - surge wave reflection occurs In the system,
Hence,-the outflow rate at the pipe-end is a constant
as shown below:

AL 0 < T <1, )
QE(T,ﬁq) = Qe(T,£) = 1

Accordingly, the (partial) quasi friction_Egansfér is
zero during this period:

-

ETqea(T) = 0

where 0 < T ¢ 1.



¢

S | 180

11). Q=(fq) < Que(f) --- After the sﬁrqe wave 1ls flrst
rd&iﬁcted, the rate of outflux will decrease. _With the
exlstence of a quasi-steady frictlon factor, the flow
outflux decreases” faster at the early stage of wave

reflection than for the modeling a constant friction
factor. As shown in Fig. 7.lc,

at 1 < T < Tqe=1.6,

Qe(T,£fg) < Quw(T,£) < 1

: %%g%wﬁgze the term Tqe is defined here as the time of quasi
) flow intersection, when the pipe-end flow (Qzx) with
constant friction factor (f) varles from greater to
‘smaller than for Qe with a quasd-steady friction factor

(fg). \\\\\w.

Hence, the second segment of quasi surge transfer
within this period is greater than zero because:

ETqea(T) = BEw(T, £) - Ew(T, £g) = 0.38 > 0 /
b
where 1 < T € Tge=1l.6.
184) Qe(fa) > Qe(f) --- Toward the end of surge period,

the above situation reverses because it takes a longer
time for the flow with a gquasi-steady friction factor
to drop to zero. As shown in Fig. 7.lc,

at Tge .< T < mez.:Tx:.:?,
1> Qel{fq) > Qu{f)

éonsequently, the 1last part of quasi surge transfer is
below zero because:

‘ETqza(T) = Ew(T, £) - Ew(T, £q) = -0.29 < 0

¥

where Tge < T ¢ Tmx2=7.

- .
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For the case of R < 2000, He .= 5 and Tq = 0, the quas! .

frictlon transfer over the whole surge perfod-ks:

—ETq:a = ETq::a(l) + ETq:B(l(T(q) + ETq:.(4<'T<7}
= 0-+ 0.38 - 0.29 '
= 0.09

The relation expreésed in the quasi surge transfer should‘

also imply the same reduction in maximum surge energy due to
the unsteadiness of the quasi-frictlon effect. For the
present case (R < 2000},

~Emwa(fq) & 0.01 ¢ -Emsa(f) = 0.10 -
where the surge energy has beeén reduced by 0.09.
7.3.2.2 Quasl surge transferain normal flow closure

Three typical flow closures are discussed here for R < 2000,
Hﬂ = 1’ aﬂd Tq = 4-

1) Uniform deceleration flow (8 = 1) ~---

As shown 1in Fig. 7.2b, the time of quasi-steady flow
interception is:

Paz = 3.6 < Taq < Tmxy. = 4.4

The quasi surge transfer during the surge period consists of
two components as:

~

——

ETqea(l) + ETqea(l<T<3.6) + ETqza(3.6<T<4.4)
0 -+ 0.155 - 0.045
0.11

ETura

n

El

Accordingly, maximum surge energy gas been reduced (as shown
in Table 6.1): '

-

~Ewses(fa) = 0.09 < —Eexa(f) = 0.20
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2} Decreasing deceleration flow ---
hé—shownnln Flg. 7.3b;
C Tge = 2.9 > Tewa(fq) = 2.7

The quasi friction transfer (ETgs) is contributed by only
one energy Fempoﬁént because:

ETazs = Bul(f,Tmx1) = Bw(fq, Tmxi)
= 0.14

wheXe Tmeax(f) = 2.8 and Tomsar(fg) = 2.7;
_ S R <ﬁ/ ,
As shown in Table 6.1; maximum surge enérgy now becomes: _._ _

~Emsax(fq) = 0.11 < —meltﬁ)'= 0.25

3) Increasing deceleration flow ---

As shown in Fig. 7.4b, the time of gquasi-steady flow
interception occurs Jjust before the time of maximum surge
energy because:

Tq: = 4-4 ' ( mel.(fq) = 4-5

Consequently, the last energy _cbmponent s wvery small and
can be expressed as:

——

£l

ETqzs = ETqea({l) + ETqea(l<T<4.4) + ETgza(4.4<T<4.5)
= 0 + 0.15 - 0.005
=_0.14

As shown' in Table 6.1, the maximum surge energy in the
quasi-steady friction system is:

-Emul.(fq) = 0,20 < _me:l.(f) = 0.34



7.3.3 Quasi frictlon transfer in decaying period (T > Temxa)
. _ . - _
Referring to Eq. 6.14 for the definition of friction decay
transfer (ETesn) during the decaying period, the steady and
" quasi-steady frictiép decay transfer-can be determined as:

FTeo(f) = Eq(f) = Eem(E) / 2 o 7.7a
ETep(fa) = Eq(fa) - Exm(fa) / 2 7.7b

where the quasl decay transfer ETqen should be below zero
because the damplng capability of a qudsi-steady frliction
system, 1.e. ETen(fa), 1s expected to be higher than for the
case of steady ETen(f). T '
. 3

It should be noted that Egs. 7.4b and 7.7 can be applled to
counter-surge periods (Tmsxz < T < Tmxa) as well as to other
subsequent peak ﬁécaying:gerlods (€.9. Tmux2{T<Tmua+2, ....)}.

7.3.3.1 Instantaneous flow closure

An-example of R < 2000, Hz = 1 and Tg = 0 'is adopted here
for the analyses of instantaneous flow <closure. . -The

(steady) friction - decay transfer was previously determined
" (6.2:2.2) as:

ETen(f) = 0.605;

A

and the flow closure energy remains constant for:

Eq(f) = Eq(fg) = Ew(Tmxa) =1 -

‘As shown in the shaded area of Fig. 7.1b, the energy
reversal is: 1 C\\

4

Exx(fg)- Emxa{fg)} - me:l.(fq) ‘
0.14 - (-0.50)

0.64

183
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*. sHence, the friction decay transfer for the_‘gﬁasl;Steady .

_conditlion is: . SN )
ETSD(fq) = Eq('fq)," E:m(fq) / 2
=1 - 0/64 / 2 )
= 0.68
Hence,
ETqeo(T) = ETen(£,T) - ETen(fq,T), | -
‘ : = 0.605 - 0.68 - |

4 = -0.075

' &
where Tmaxar < T <_me2.

Con§equent1y, the maximum counterusurgg enerqy ﬁas been
significantly reduced .due to the effect of the quasi-steady
friction factor—"(és indicated in Table 6.1}. Thié can be
expressed as: ) '

3

Emxz({fg) = 0.14 < Emxz2(f) = 0.29

I3 )
7.3.3.2 Quasl decay transfer In normal flow closure .

The values of friction transfer ET={(£f) used below were
prgviously determined in the analysis of a steady friction

system.

1) Uniformly decelerating flow (§ = 1) ---

As shown in Fig. 7.2b, the flow clo%?re enerqgy is: _-
. o
Eql(fq) = Eq(f) - ETes(Tme)
= 0.70 - 0.11
= 0.59; and
The energy reversal is the shaded area below thé Q = 0 axis
in the Fig. 7.2b as: : Lo 'j
( | ' !
v LY
v .
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Bee(fa) = Emwslfa) - Emma(fa)
o = 0.01°- (-0.09) / °

0.10 : - -
Hence, the  friction.transfer. fox the Quésl—steady frictlion
system becomes: - )

.
\ '

ETen(fq) = Ba(fo) - Eem / 2. B .
= 0.59 - 0.10 / 2 o

; = 0.54
N :

Therefore, the quasi frictlion transfer becomes:

7

/ ;mg;&(T) = ETen(£,T) - ETeo(fq,T)
/ = 0.52 - 0.54
‘T q —9.02
where Temea < T < Tesa. : {

As shown 1In Table 6.1, maximum counter-surge in this quasi-
steady.friction has almost been damped out:

Emxz(fq) = 0.01° << Emea(f) = 0.6~
2) quw with decreasing deceleration (5 < -1) ---
The effect of quasi-steady friction factor on counter-surge
transients is shown:'in Fig. 7.3b. Following the same

procedures above, the following analysis below has been
undertaken:

Eq(fg) = Eq(f) - ETza(Tmxa)
= 0.74 - 0.14
= 0.60
E:m(fq) "~.= mentfq') - mel(fq) .
.+ = 0.01 - (-0.11)
= 0.12
~
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ET:D(,EQ)_ '—'.Eq(‘fq) - BExm / 2
= 0.60 - 0.12 / 2

— T = 0.54 .
: . ~
ETqeo(T) = ETzn(£,T) - ETzn(f4,T)
= 0,52 - 0.54
= -0.02

where Tmaxz < T < Tmxz.
Emwx2(fg) = 0.01 << Emx=z(f) = 0.18
3) Flow with increasing deceleration (s > 1) ---
Fig. 7.4b shows the decayingﬂtransients for various flow

regime conditions. Similarly, the effect of quasi-steady
friction factor can be determined as:

- ]
Eq(fq) = Eq(f) - ETSS(Tn\xL) -
’ = 0.84 - 0.14
= 0.70
E:m(fq} = me:(fq) - me.’l.(fq)
= 0.01 --(-0,20)
= 0.21 '
ETzo(fq) = Eq(fq) it EBrx / 2 . ,
"= 0.70 - 0.21 7/ 2 ' .
= 0.60 {
§
ETqen(T) = ETzn(£,T) - ETen(fq,T)
= 0.55 - 6.60
=\—0.05

where Tomxzr ¢ T < Tmxz.

EBmxz(fq) = 0.01 << mez(f)\§\9.24

v,
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7.3.4 Summary of qhasl friction transfer
The effects of quasi-steady frictlon factor on translents

have been carried out'and Is summarized in Table 7.3. These
are discussed below: i

1) Surge perlod (T < Tmsea) =--- For the present cases of
normal £low closure, i.e. R < 2000, He = 1 and Tq = 4,
significant addition of energy decay has been induced
during the surge period. This is shown from the gquasi
surge transfer ETg=zs in Table 7.2.

ii) Decaying period --- For the .counter—surge/or the
subsequent decaylng perlods, the effect of quasi-steady
friction factor 1s not sfgnificant, as compared between
friction decay transfer (ETen) and quasl decay transfer
(ETqen) Of Table 7.2 during these perlods.

However, significant reductions 1n maximum counter-

surge energy, l.e. Emxz(fg) VS. Emxz(f) and peak
decaying energy, 1i.e. Erx(fg) Vvs. Ex(f) (see Table 7.1
vg. Table 7.2) have been observed. The cause of

, reduction 1s primarily due to the decrease In flow
closure enerqy, Eaq(fg) vs. Eg(f) (see Table .7.2 wvs.
Table 6.2) occurring during the flow <closing perlod
(0<T<Tgq}.

7.3.5 Discussion of quasi friction transfer

The adoptién of the mechanical energy transfer concept can
also be used effectively to interpret transient behavior
with the inclusion of the gquasi-steady friction factor.

In a normal flow closure condition (Tg > 0), the 1ncre§§e of
damping capability due to the quasi-steady friction occurs
main{x,during the flow closing period (T > Ta) when the flow
is large. The effect of the quasi-steady friction factor is
small after the end-of flow closure {at T < Ta).

TR —



In-thls section the analysis of quasi friction transfer

{(ETqe) phenomenon has been undertaken for a limited number

"of cases. The relevance of each governing parameter will be

analyzed in the next sectlon\

' C
7.4 Pagameters Governing Quasi Friction Transfer

Analysis from the previous section clarified one importaqt
concept related to the unsteadiness of quasi-friction

188

affecting transient characteristics, The term gquasi

friction transfer (ETge) was introduce to evaluate the
reductlion of translent energy due to thé existence of quasl-
steady friction, !

As established by dimensional reasoning (Eq. 4.6) the quasi
friction transfer is governed by the following five
parameters: o

ETqe=(T)} = F(Hs, 5, Ta, R} . 7.8

As noted in the previous discussion the analysis of this

guasl friction transfer can be divided into two groups, as’

follows: ™~ - -
'
1} Quas!i surge transfer (Egsa) --- where the main theme
of analysis 1is the reduction of maximum surge energy
(0 < T < Tmxax); and ‘

11) Quasl decay transfer (ETqen)} -~- where the decay of
elastlic energy after the surge period 1is the focus
(T>Temsex ) - .

/%.4.1 Quas!l friction transfer to surge energy

The functional relationship between ETg=e2 and its governing
parameters (Eq. 7.8) can be simplified as follows for a
nocrmal flow closure:

ETqes = F(He, S, Ta, R) ' - 7.9
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This functional relationshlp (Eq. 7.9) has been summarlzed
in Fig. '7.5a - 7.5cC. Each part af the figure reflects one
variable (l.e. He, Tq and S) 1In the equation while the
effect of the quasi-steady frictlon factor under the laminar
flow conditlon (in terms of R < 2000) presented
throughout all tHree parts of Fig. 7.5. Normall)} the effect
of the quasi-steady f£friction factor 1is very! small for
R > 1*10¢, and can hardly be shown in a plot with linearly
scaled energy units, as shown in part (a) of Figs. 7.1 -
7.4. ' 4

During the analysis of each individual parameter as
discussed below, constant values of other parameters are

selected to represent the most typlical or critical hydraulic
conditions, / .

7.4.1.1 Friction head (Hez) as a relevant parameter

The relatidﬂé illustrated in Flg. 7.5a can be expressed as:
ETgza = F( He ) 1 . - T.9a
where Tg = 0 and 4, s = 2 and R = 2000.

i) Instanta@eous flow closure (Tq = 0) --- The quasi

surge transfer (ETqges)} stays at zero at He>0. Then it

increases with friction until it reaches its maximum
" value at He = 2.5.

ii) Nbrmal flow closure (Tq = 4) --- The quasl friction
transfer increases  continuously with friction until
He=1.5, when the maximum reduction of surge energy
occurs.

iiiy Reaevance of friction (He)}) =--- The effect of
quasi-steady friction £factor is however very minimal
for He < 0.1, even -for the laminar £flow condition.
This indicates the lmportance of hlgh. friction head

(He) in the evaluatlon of quasi-steady frictlon factor
effects.
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. ‘//}.4.1.2 Time of flow closure (Tq) as a relevané parameter
The relationship glven.by Flg. 7.5b can be expressed as:

S ETqes = £ Tq ) ' e 7.9
where He = i, S =2 and R = 2000,

1) ETqras increases with Tq --- For - the present
conditlon, the quasl surge transfer increases with time
of flow closure until Tq = 4.

{\ 11) ETa=zs decfgaseg with the -increase of Tq . —-- For
T<>4, the past™accumulated wave reflectlons reduces the
importance of the quasli-steady friction factor
affecting the surge enerqgy.

7.4.3.3 Shape of flow closure (5) as a relevant parameter

N

The pesults of Fig. 7.5¢c can be expressed as below:
ETqza = F( S ) - ' < 7.8c
where Hg =1, Tq = 4 and R = 2000,
1) ETaze vs. 8§ --- The quasl surge transfer generally
\\\\\\ decreases with the Increasing shape factor |[§|, with

minimum occurring at the “instantaneous closure [i.e.
ETlgza(S==} = 0]. ’

i) Symmetrical property ~-- the following relation of
sy try is a valid approximation: '

ETgza{ +5 } = ETgeal( -5 } L | -~ 7.1¢0

where the maximum magnitude of quasi surge transfer
(ETqea) occurs at |S| = 2.



For flows with S = 1, the effect of perlodic
fluctuation condltlon (ET«): i3 the most prominent
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compared with other shapes of flow closure. Hence, this.

results in a decrease of ETa=a(S) from |S| = 2 to 1.
7.4.2 Quas! friction transfer fo decaying energy

Each part of Flg. 7.6 reflects the effect of one speclfic
variable. In total, three of the five parameters in Eq, 7.8
have been represented (i.e. T, Tg and S). The effects of
varlious friction heads {li.e. Hs = 0.1 and 1) can be observed
throughout all three parts of the Fig. 7.6. Since the
effect of the quasi-steady friction factor on the decay of
transient energy 1is normally small £for turbulent <£flow

conditions, only ‘the event of lamina? flow 1s presented In
the Figure 7.6. ) /

7.4.2.1 Time of translent (T) as a relevant parameter

The relation glven in Flg., 7.6a ;an'bé expressed as:
Equn(T)‘ =F(T) 7.11a

where T > Tmxz, 0.0l < Hz < 1, § = o, Tq = 0 and R < 2000.

In this flgure the quasi decay transfer (ETq=o) has to be
{interpreted from the difference of frictlion decay transfer
between the steady ET:zo(f) and quasli-steady ETeo(fa)
conditions. During the early decaying period, the .quasi
decay transfer (ETqen) increases with friction (He). Then
ETqep continues to increase with time, paresicularly for low
friction head <conditions. However, as the quasi decay
transfer (ETqeo) approaches the flow closure energy (Eq),
towards the end of decaying period, this quasi decay
transfer (ETq=sn) begins to diminish.

7.4.2.2‘T1mé of flow closure (Tq) as a relevant parameter

The given relation in Fig. 7.6b is shown below:

]
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Y ETaen(T) = F( Ta ) .+ 1.11b

where Tmss < T < Temxz, 0.1 < He < 1, S = 2 and R < 2000.
. b - ' o
The magnitude of the quasl "decay transfer (ETqzp)
rapidly decreases with increasing time of flow closure
(Tg). For example, the effect of quasi-steady friction
on transient energy is hardly noticeable for Tq > 4.

7.4.2.3 Shape of fiow closure (S) as a relevant parameter

\

The results of analysis in Flg. 7.6c .can be expressed as:

ETqen(T) F( 5 ) 7.11lc

Where Teses < T < Temez, 0.1 < He < 1, Tq = 4 and R < 2000.
1) ETq=zo vs. § --- The magnitude of the quasi .decay
transfer (ETqzo) Increases with the shape factoF |8].,
with the instantaneous flow closure (S = o} giving the

maximum ETgep. ;

ii) Symmetrical property --- Approximately the same
value of ETgqgzo can be obtained for. the same [5],
fndependent of the increasing or decreasing
deceleration flow. This conforms to the symmetrical

properties expressed in Eg. 7.10.
7.4.3 Discussion of governing pérameters

The concept of quasi friction transfer (ETqs)} has been
adopted in this section to evaluate the releQanqe of
governing parameters. The analysis has been conducted
separately for two conditions, namely the quasi surg
{ETaea) and decay (ETqep) transfer for the surge (T < Tmsa)
and the decaying (T > Twxx) period respectively. '

It appears that high friction head ({(Hs) and low Reynolds
Number (R) are necessary conditlons for the parameters to be
relevant. Furthermore, a 1long time (T) of transient and a

- B
—
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rapid flow closure (|S| = @ or Tq = D) are also required for
achleving an efficlent damping process.

After the present test of the parameters' relevance, the
analysls proceeds to evaluate the effect of quasi-steady
friction on transients in a wlde-ranged and inter-rélated
manner. This wlll be carrled out in the nekt section.

7.5 Maximum Transient Energy

- 4 \

7.5.1 Evaluation criterié for maximum transients

. V’J )
In practice, the effect of quasl-steady friction (fg) on
transients is evaluated on a relative basls, In which
quasi energy reduction (ERgz) is defined as below:

—

ER‘:# = I (me(f) - Emn(fq)) / me(f) | 7-12

where the numerator of Eg. 7.12, Emx{f) - Emx(fg), ils on the
absolute basis of energy reduction.

i -

1) Maximum surge energy (Emsxz) ——-

Here the qg;si surge.reducfion is determined from:

| (Bmoea(£) = Busi(Ea)) / Emea(£) | 7.12a
“BTgqza / BEwmsea(f) .

ERgea

. where Ew(f) - Ew(fq) = me:.(f) - mel(fq) = Echn-

2) Peak decaying energy (Ex) ---
Herg the quasi decay reduction is estimated from:

ERgsn(T) = l (Ex(f) - Ex(£fg)) / Ex(f) l 7.12b
a .
where T > Tmwx:. Here Ex(f) - Ex(fg) > -ETqeo. Part of the
addlitional energy decay, Ex(f) - Ex(fa), 18 contrlbuted by
the change of flow closure energy, Eaq(f) - Ea(Fg) which
occurs during the flow closing period (T < Tqg).

-~
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7.5.2 Maximum surge energy

Maximum surge energy in a quasi-steady friction system &s
determined by four relevant parameters, as established -from
dimensional reasoning (Eq. 4.6b): ;

Emwxa = F(He, S, Tq, R) — ) 7.13 \\\

Common effects Induced by the éXistence of a quasi-steady
friction factor on the maxlmum surge enerqy are discussed in”
this subsection.

Fig. 7.7a, 7.7b and 7.7c show the relétionships of:
Emxs = F(He, Tq, R) P 7.13a
for typical flows with s = -2, 1 and_2 réépggt;vely.

Flg. 7 8 plots the Isoquants of a constant Equx for yarlous
hydraulic conditions. This is‘expressed as:

ERgza = F(He, S, Tq, R) ~ 7.13b

4
where ERg=a = 0.1.

4

7.5.2.1 General characteristics of quasi friction impact

1
1) Steady flow regime (R} on energy reduction ---

As shown in Figs. 7.7 and 7.8, the effect of the‘quasi—
steady friction factor on maximum surge energy (ETgecs)
«increases with the decrease of the Refnolds Number (R). For
the normal turbulent flow condition (R = 10%), a large
frictional energy is required for this parameter to becon@ci
relevant.

48 shown 1n'%1g. 7.8 th
existence of a quasj-stead
increasing deceleration £lo

is)ylittle effect induced from the
on factor for the case of

n turbulent condition 'with

e
i
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R > 10+, On the other hand, £or decreasing deceleration
flow some effect of quasli-steady friction may be observed '’

for relativély high friction (He) or for long flow closling
times (Tq).

‘ 2) .0ptimal energy reduction due to quasl-steady friction ---

HTHE;maximum magnitude on 'reduc{ng maximum surge energy can
be achieved under the fol{gwing two conditions:

1) Time of flow closure (Tg) --- As shown in the upper
part of Fig. 7.8, the effect oaf-quasji-steady frictlion
is the strongest at Tq = 4, for flows with § > 1.

11) Shape of flow closure (S) --- As shown In the lower
part of Fig. 7.8, the most efficient energy reductlon .
due to ‘quasi-steady friction 1is for the shape (S) of
flow closure varying approximately between -1.25 and
-2.5 with respect to 1laminar (R < 2000) and normal
turbulent flow (R = 10%)} conditions respectively.

3} Non-symmetrical property of energy reduction ---

Comparing the wupper and lower parts of Fig. 7.8, 1 is
evident that the relative effect of the quasi-steady
friction factor on maximum surge energy 1s stronger for a
decreasing deceleration flow. This means that: ;

ERgea{ -8 ) > ERgzsaf{ +8 ) ‘ 7.14

The inequality of BEq. 7.14 ls mainly due to the difference
of maximum surge energy for different types of decelerating
flows. As shown in Fig. A.3 Yto be discussed In the section
on optimal shape factor), -Emxi(=S) < -Emxa(+S) 1ls valld for
adeguately large time (Tgq) in flow closure and friction head
(He). The actual difference of friction transfer (ETgqes) is
apptoximately the same for the two deceleratlon flow
.conditions, as indicated in Egq. 7.10.
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7.5.2.2 Properties related to flow glosLng performance

‘1) Flow with decreasling deceleratlon (S < -1)

Analysis related to flow with decreasing deceleration can he

shown in. Fig. 7.7a for S '= -2, or from the lower part of

Fig.7.8 for s < -1. -
i) Shape of flow closure (-S) =-- Generally, the higher
the value of the shape factor_|—5|, the lessqsensitive
the quasi-steady friction factor Is in reducing maximum
surge energy. -.-For an instantaneous £flow closure,
virtually no affect 1s expected from the existence of a
quasi-steady friction factor (He < 1), compared to that
of the frictional condition.

11} Time of flow closure (Tg) -—-—-- The effect of the
quasi-steady frlction factor on maximum surge energy
(i.e. ERqea) Iincreases with the time of flow closure
(Tg) . Instantaneous flow <c¢losure always induces the
least energy teduction (ERg=s).

2) Flow with increasing deceleration (8 > 1) ---

Conditio of increasing deceleration flow can be observed
in Fig. {7.7c for S = 2, or from upper part of Filg. 7.8 for
S>1. : '

1) Friction-insensitive zone --- For flows with
increasing deceleration, the iImpact of the quasi-steady
frictlion factor 1is usually negligible during the surge
period (ERqesa}.. - Its effect is léss than 10 % for
He<0.2 even for laminar £low, and virtually zero for
the normal turbulent flow condition (less than 10 % for
He < 2.5.with R 10€).

1

In the analysis of steady friction transients, it was
observed that friction is irrelevant teo surge'energy for
flows with 8 > 1, for low to moderate friction head (Refer
to H= < 1 1in Figs. 6.7 and 6.8). Consequently, no

-
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significant enerxgy reduction due to the existence of
friction should be expected 1lnslde this frictlan insensitlve

region, even with the lInclusion of the unsteadlness in, the
quasi-steady friction factor. . ’

ii) Time of flow closure (Tq) --- Generally, the quasi
‘gurge reductign (Equn)\is most slgnificant at Tq = 4.-

- In the earlier analysls (Flg. 7.5b), It was found that
the quasi surge transfer (ETqea) rapidly lncreased with

time of flow closure until It reached a maximum at
Ta=4. Then it began to decrease with Tq (for Tg > 4).

e On the other hand, maximum surge energy (Emsx)
continued to decrease with-the time of flow closure in

a relatively constant and moderate rate. Consequently,

this different rate of ETqss VS. Emxa (wlth respect to

Tq) produces two opposite effects for the quasi'surge

reduction (ERges) vs Taq.
L

The smallest wvalue of quasi surge réeduction (ERgse) occurs
for an instantanecus flow closure for laminar and for low
‘-furbulent (R < 10*) flow conditions. Conversely, the
condition of an instantaneous flow .closure in normal
turbulent flow (R > \l0°) provides -the largest wvalue of
ERqra, in which the iosing phenomenon is primarily
governed by the friction-dominant condition (He >> 1}). '

111) Shape of flow closure (S) --- For Tgq < 4, the
magnitude of ERq=s increases with shape of the flew
closure (S). However, this behavior 1is reversed for

Ta>4. These two opposite effects are Induced by the
. same reason as discussed for the behavior of Yquasi
surge transfer (i.e. ERgqezs vs. Ta).

7.5.3 .Peak Decaying Energy - )

The earlier analysis of time (T) of transient as a relzvant
parameter (Flg. 7.6a) indicated that the effect of quasi-
steady friction on the decay of transients can be better
interpreted with a suffliclently long time (T).
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For simpliclty, Sﬁly the peak decaying energy at T = 101§1n
a quasl-steady frictlion system is analyzed. The functional
relatlonshlp between Eioca and 1its governing parameters can
be expressed as: '
' ) L
* ' EBiea = F(He, S, Tq, R) 7.15

' Results of analyses are plotted in Fig.7.9 for various types
of flow deceleration: -~ - .

‘EJ.QL = F‘(Hﬂ' S’ R) 7.153

3 T
where § = -2, 1 and 2. Laminar £low (R < 2000) is adopted.

Three isoquants of quasi decay reduction (ERgec = 0.25, 0.50
and 0.75) are identified In the Fig. 7.9.

A quasi decay reductlon lsoquant 1s presented in Fig. 7.10:

ERqﬂT = F(Hﬂ, S, Tq) 7-15b
0.5

where R = 2000, 10* and 10‘.

The effect of quasl-steady friction factor on reducing this
peak decaying energy can be summarized as follows: .

7.5.3.1 Flow regime (%ﬁ_on energy decay -
A substaﬁtial reduction in peak decaying energy is achieved
by the quasi-steady friction factor particularly for the
laminar flow regime (R < 2000). -

!

On the other hand, the effect of a quasi-steady fricfion

factor on normal turbulent flow with R = 10% Iis stilL

relatively small since ERgqer < 0.50, for He < 1.

~2



: -
|
(. .

|

199
7.5.3.2 Shape of flow closure (S) on energy decay

As shown in Fig. 7.10, quas! energy reduction (ERqsx)
decreases with the Increase 1In. |S| for the lamlinar or low

turbulent flow regimes (R < 10*). The following symmetrical >\
relation may be approximated:

ar——

ERqep( +S8 ) = ERgen( -S ) ' T.16a

For a normal turbulent £flow condition (R = 10%), «the above
symmetrical properties do not hold since: '

ERgen( +8 ) > ERgen( =-S5 ) 7.16b
7\?.3.3 Time of flow closure (Tg) on energy decay

i} Low Reynolds Number (R < 10*) --- Quasl decay energy

reductlon (ERgzp) 1increases with time of flow closure

{Tq) for laminar or low turbulent flow conditions.

For these conditions, ERgen 15 1least .seh&itive to

instantaneous flow closure (Tq = 0) in comparison to
other flow closing performances (Tg > 0

11) High Reynolds Number (R > 'TheJEngn of an
instantaneous flow closure becomes ‘mor sensitive to
Reynolds Number, compared to other flow c osing events.

Ig this turbulent flow condltipn, the effect of quasi-

]
dy frictlon on the energy decay ‘is relevant only
igh friction (He > 1). '

N
7.5.4 Discusslion of quasi-enerqgy Qecay

Aﬁglyses have been carrled out in a comprehenslive ménner, to
investigate the effect of quasl-steady frictlon factor on
transients.

' A
It has been found that the unsteadiness in the guasi-steady
friction factor is irreleVvant for:
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1) ‘flows wlth increasing deceleration (8 > 1) during
the surge perlod (T < Tmwxa); and . _ ‘§>

11) the normal turbulent £low condition with R > 10%,
for both the surge (T < Tmxz) and decaying perlod

(T > mel)- Yo o L '

776 Surge Coﬁtr01~Devig% in a Quasi-steady Friction Syétem
‘ v

Four common surge control devices are discussed in this
section. ' -

7.6.1 Flow regime) in surge control systems

AT

7.6.1.1 Turbulent flow regime’ . ~N -
‘ 3 S
1) water system --- Plpe'flow in typlical water supply

systems 1s usually turbulent., It is most unlikely that
the quasl-steady f£friction model needs to” be used in
water systems. 1P$

‘11) Highly viscols fluld system --- In an oil pipeline

or some home water distribution® systems (diameter less

than 100 mm, in which the Reynolds Number approaches

10¢) with relatively high friction head (He > 0.1), the

adoption of a quasi-steady frictlon model may have some

practical application to describe the transient
T behavior.

e

7.6.1.2 Laminar flow regime

i} Air chamber and surge tank are applied only under
turbulent conditions, and hence are beyond the present
scope,

11) Applications to valve and pump installation can be
found for laminar flow conditions. These are malnly
related to machinery, blological «circulator and other
£luidic devicas,

L
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Analysis of hypothetical flow hydraulics suggests that the
effect of the quasl friction factor may be relevant only in
a pump or valve system having a low Reynolds Number (R).

7.6.2 Tranglent behavior in syrge control systems.
) w -

TS
%)

7.6.2.1 Quasi friction affecting maximum suxrge energy (Emwxa)

L

1) valve --- The flow closing pattern In a low head
valve ls equlvalent to the hypothetical flow closure
with lncreasing deceleration (§ > 1). As such, the

quasi-steady friction model is not required.

11) Pump =~-- Pump flow normally closes in the form of
step~-wise movement upon the pump trip-oﬁt condition.
Hence, this type of flow clogure .should {nduce
significantly higher elastlc energy which domlnates’
/tr§nsient behavior more than quasii§¢eady friction.
AN . ‘
Therefore, a quasi-steady friction model is not necessary
during the surge period (T < Tmees)- '

7.6.2.2 Quasi friction affecting peak decaying energy (Ex)

i) valve --- A slow valve closure results in a small

transient £flow movement after the wvalve closure.

Consequently the quasi-steady frilction energy reduction

is insignificant.

v \"

ii) Pump -—— A pump without a check valve will have

revetsed flow through its rotating element, in which

the pipe hydraulics are governedsby the water levels

 between the source and pipe-end reservoirs. ’
Analyées of the quasi-steady friction model (fgq) are
summérlzed'in Table 8.2, to be discussed togetﬁ%r with the
unsteady friction model (fu). ;

-

i

PAARE
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7.6.3 Discussion of control device in quasi frictlon system

It appears- that the need for application of a quasi-steady
frictlion'model~ is limited in tramsient pipe systems with
common surge control devices.

The valve system with a rapid closure and the pump system
equipped with check valve are the necessary condltions for
the consideration of a quas?—steady friction model (£g4) In a
decaying transient. )

="

7.7 Concluslions
1) Theoretical background for quasi friction analyses ---

iJ'Quasi friction transfer (Equ)’——- The previously

established mechanical energy transfer concept related

to frictlion, has been used to interpret tﬁe effect of a

quasi-steady £frliction fdctor on general transient
—flows.

o— _— - . \
1i) Translient flow movement (Q=z) --- The variabllities

of a quasl-steady friction factor affects the translent
behavior in two opposing ways. During the early flow
cloesing period, the existence of a - quasi-steady:
frictlion factor reduces the rate of outflow from the
system (i.e. Qx(fg) ¢ Q=(f)). . This flow situation
reverses towards the end of the flow closure (l.e.
O=(fq) > Que(E))

The netflux Ew(T) is however reduced with the exlstence of a
quasi-steady. friction factor. This explains its positive
effect on reducing the maximum transient energy. This means
that Emx(fqg) < Emx(£f)}.
iii) Evaluation method - Two criterlia have been
adoptedlfor evaluating the effect of quasi friction.
These are: a) quasi frictlion transfer (ETqe); and b)
quasi energy reduction (ERgs).
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The former Is based on the actual difference 1n friction
transfer between steady ET=(f) and quaSl—steady ETe(fg)
frictional conditions. The latter is on the basis of
relative comparison wlth Emx as a denominator, and ls
adopted for the conclusions to be made below.

iv) Evaluation -period --- The effect of guasi-steady
friction on transients has been Investigated in two
different periods. These are: a) surge perlod

(T ngme); and b) decay period (T > Tmxz).
The exlstence of non-frictlon tran;fér (ETw ) cease to affec@,
the transients after the end of counter-surge perliod

{T>Tmsxz) -
2) Parameters governing gquasi frictlion phenomena --—-

i) Reynolds Number (R) --- Flow régiméqin terms of a
low Reynolds Number (R < 10*} is a relevant parameter
reflecting the - characteristics of a quasl-steady
friction factor (fq). However, the effect of quasli-
steady friction diminishes for normal turbulent
conditions (R > 10%). -

/

ii) Time of Transient (T) --- The effect of a quasi-
steady friction factor on the decay of transient is a
gradual and relatively slow process. Unless a  high

friction head prevalils a 1long translent simulation ls
usually required to obtain a meaningful discrepancy
between the two assumptions.

iil) Friction (He) --- The exigtence of adequately high
friction is necessary to carry out a proper translient
analysis of quasi-steady frictional systems.

iv) Flow closing characteristics (S and T&) --- The
time (Tq) and shape (S} of flow closure are relevant

parameters signiflcantly affecting the quasi-steady
friction phenomena.
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3) Effect of quasl frictlon during the surge period ---

1.

1) Flows with Increasing deceleration (s > 1) --~ The
exlstence of quasi-steady friction £factor does not
slgniflcantly affect the translient behavior, unless
laminar £low and adequately high friction exist.

In general, the effect of guasl frictlon increases with
increasing time of flow closure until Tg = 4. Then it
begins to decrease with Tq > 4.

11) Flows with decreasing deceleration (8§ < -1). ---
Wwith the adoption of guasi surge reduction (ERq=a), the
quasi-steady friction factor becomes a sensitive
parameter for thls case, particularly for 1long f£flow
closing times.

“+

I;\general, the effect of quasi-steady friction on the

maximum surge energy increases - with Tq, with Tq = 0 as the
minimum.

4)

Effect of quasi friction during the decaying perliod ---

1) Low Reynolds Number R < 10* --- The effect of quasi-
steady friction on the peak decaying energy increases

with Tg. . ' /\

1i) High Reynolds Number R > 1:0*¢ -== For normal
turbulent flow conditions (R > 10¢), the maximum effect
due to the existence of quasi-steady £friction factor
occurs for an instantaneous flow cloSure (Tq = 0). For
this conditlions, the quasi friction ks not effective.

5) If a quasi-steady friction model is applied, it should be
limited to:

.

i) a rapid valve closure or a pump with afcheckéhalve;



t1) a low Reynolds Number f£low (R < 10*); and

111) analysis of transient energy decay.

" 6) Intorporation with other unsteady friction modeli\i}-

The/ quasi-steady £frlctlon model discussed in this chapter
cah be considered as a very elementary unsteady £frilction
model. It should therefore be possible to effectively
ificorporate present results into other complex and
ophistlcated unsteady friction models for general translient
flows. A thorough understanding of the transient
characteristics for the quasi-friction system is very

important prlor to advancing to the final objective of this
thesis. "

—
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Table 7.2 Summary of Quasi Friction dissipation, EDalfa)

0 < T < Tmwxa Tz < T < Trmnea

Heg Es Ta S EDz(f)  EDg(fg) EDz(f)  EDg(fg)
1 0.5 0 - - 0.00025 0.00025 0.0004  0.0005

5 2.5 0 - 0.0035 0.0045 | 6.00001 0.00001
1 0.5 1 0.025 0.050 0.00015 0.00020

Table 7.3 Summary of Quasl Friction Transfer, ETge

T

Surge Transfer . Decay Transfer
0<T<Tm:nl me:.‘(T(mez me2<T<me2+2
He S Ta ETzg(f) ETgrs ETzo(f) ETazp = BTeo(f) ETazpo
1 - 0 0 D <; 0.61 -0.07 0.75 -0.18
5 - 0 1.6  0.09 2.51 0 - 2.57 0
11 4 0.45 0.11 0.52 -0.02 0.55 ~-0.04

1 -2 - 0.38 0.14 0.52 -0.02 0.58 -0.01

1.2 4 0.59 0.14 .. 0.55 -0.05 0.62 -0.03
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8.0 ANALYSIS OF TRANSIENTS IN AN UNSTEADY FRICTION SYSTEM

The distortion of a shear stress proflle as a regult of
rapid unsteady flow motion 1s the common background. of
current unsteady friction theories for anomalous enerqgy
losses encountered  in general transient conditions. . Though
numerous unsteady £riction theories have been proposed, a
theoretically sound and practically efficient friction model
is still not available for general translent plpe £flows
(Wylie and Streeter 1978, page 63; and Shuy and Apelt 1983).

The maln objective of this chapter is to establish such an
unsteady friction model. “To do this, transient properties
affected by the adoption of current unsteady friction
theories are evaluated and the available experimental data

- utilized. The application of energy balance and various
mechanical transfer concepts (non-friction, steady friction
and quasl-steady friction) followsGL in the analysis of thils
unsteady friction system. ’

8.1 Current Unsteady Friction Theories

. Many unsteady friction theories have been developed based on
the flow velocity and acceleration, as shown below:

&

g _
fu = F( v, d=®v/4t9) ‘ 8.1

which is in a manner similar to Egs. 2.1 and 2.2.-

8.1.1 Reference from mass oscillations

Analyses of unsteady flow phenomena in U-tube mass
oscillation have been conducted and documented in Appendix

=3

/ .
The results of these analyses provide ample supportive
/evidence for the relationship expressed in Eqg. 8.1, in mass
oscillating flow systems.

I
!

{
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A question now arises as to whether those unsteady friction
theories, well established from the early analyses in U-tube
system, remaln valid in general transient applications.
Many unsteady flow propertles related to U-tube oscillation
have been changed iIn the pipe system. This 1ls a critical
issue and it is re-addressed throughout this chaptei, during
discussions of varlous current unsteady frictlon models
adopted for transient pipe flows.

8.1.2 Scope of analysis

- The unsteady friction theorles discussed below are related

to pipe systems with constant pressure head at both source
and pipe-end. '

8.1.2.1 Hydraglic conditlons

>

. . Al

Two hydraullc condlticons, namely turbulent and Ilaminar
flows, are generally classified according to the steady o
state flow regime.

1) Current recognition ---

1) Laminax Flow --- Ié“TﬁSz enerally asserted that
unsteady laminar flows have been widely studled
analytically and experimentally, and that the unsteady
flow phenomena are well understood (for example Shuy
and Apelt 1983; and Wylie and Streeter 1578, page 63).

L

- 11) Turbulent £flow --- It "1s simllarly generally
asserted that there is stlll a lack of understanding
unsteady turbulent { £low problems, although numerous
theories have been introduced |[see for the same
examples of (i)1].

2) Review from available literature ---

However, in contrast to these-assertions, a careful revliew
apf reported research shows that (Table 2.1):
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L) for laminar flow, examples of analysls of unsteady

friction factor in laminar unl-directional £low
conditions are almost non-existent. i

11} for turbulent flow, considerable effort has been
devoted to the investigation of both wuni-directional
and bl-directional flows, under turbulent conditions.

-

"
8.1.2.2~dhsteady friction theories
1) Uni-directional flow system ---

Two unsteady f£friction theories have been discussed for this
case of uni-directional flow. These are:
»

—3i) Pirst derivative momentum (dv/dt);. and
ii) second derivative momentum (d2v/dt=2).
2) Bi-directional flow system ---

This analysis 1is related to the decay of transients in a’
frictional system after the termination of the incoming flow
(T > Ta). Three main approaches have been proposed to
tackle the unsteadiness of the friction factor for this flow
condition, namely:

1ii) Linear transfer friction model, which 1is mainly
confined to the laminar flow condition;

iv) Hypothesized viscous friction model, which relates
to the analysis in turbulent f£low conditions; and
" v) Time-dependent frictlon model, which was initially
developed by Zielke (1966) for laminar £flow, then has
been later -extended to turbulent flow conditions by
- Zielke and various other researchers.
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3) Other unsteady friction theories --- : ’

Other unsteady frictlon theories exlst, but are” not
discussed in this research due to the scope of thls thesls.
quever, it 1s felt that the above five categories of
unsteady friction theories cover the maln stream of current
research, and others can most llkely to be incorporated into
one of these theories for the purpose of discusslion.

8.1.3 Unsteady friction in uni-directional flow

This analysis focuses on the unsteady £flow  phenomena in
frictional systems during the flow ciosing perliod
(0 ¢ T < .Tqg). Current unsteady frictlon theorles related to
this conditilon adopt Newton's basic equation of motion which
can be expressed as:

h_rmc:l. = ha + h=e 8.2
: [J/g * dv/dt] + [fu * }/d * v3/2g

where ‘*ha.~' and ‘hs' are commonly termed inertial head and
friction head respectively.

'+ 8.1.3.1 First derivative momentum model (dv/d4t)
1) Theoretical background ---

Pally et al (1956) derived an expression from the £first
derivative of £low velocity for the unsteady friction
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factor. This momentum frictlon theory has been popular in’

the last three decades and 1lts application 1in general
transients has been found 1in the work cf many researchers.
These include Carstens and Roller {1959), Sarpkaya (1959),
Ruus (1981) and Shuy and Apelt (1983). The - unsteady

friction factor can be estimated £from the following
relationship:

fu/fq 1 +Db * (2d/£4) * v~2 * dv/dt 8.3

F(v, dv/dt)

u



where the coefficlent, ‘b', was _later determined
seml-emplrically by  Carstens and Roller (1959), as a
functlion of the Reyndlds Number.

2) Illustration by examples ---

An example problem was selected within the <$fange of
{physical) experimental Investigations (Table 2 of Daily
1956) and this has been numer ically reproduced by the method
of characteristics, with results as shown in Filg. 8.1,
Baslcally, the test is a unlform and slow f£low closure with
low frictional head in a turbulent flow condition as below:

S=1,.Tq = 500, He = 0.005 and R = 1.3%10°.

3) Some problems associated wlth thls theory --- E)

Among the many questions which remain unsolved the primary
concerns are summarized below:
. hY
1) Baslc equation used 1In a unlform closing flow ---
- The pressure variations simulated £from Eg. 8.2 are
plotted in Filg. 8.1lc. The first component (hav) of the
equation is governed by the flow deceleration (dv/dt)
which is constant throughout the whole period of the
experiment. The éecond-component (he) is determined by
the flow wvelocity (v2), which decreases rapidly with
time. Consequently, the inertial component (dv/dt) of
Newton's basic equation as adopted by Daily. et al,
becomes redundant in the analysis of unsteady £flow
behavior.

The proposed relationship of Eq. 8.3, in which the
unsteadiness of friction 1is governed by the £flow
deceleratinn_idyldtLL__Egntradicts these authors' own
basic assumption expressed in the—Newton.Law.

11) Elastic. properties --- The unsteady flow motlon of
Daily's test can hardly bg consldered as a rigid body.
As shown in Fig. 8.1c, the effect of perlodic pressure
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fluctuation (period Te = 4 or ta = 0.01 sec.) ls
substantial, from the beginning to the end of the flow
closing period 1In the test. The strong periodicity is
a clear sign of non-rigid flow movement.

ii1) Accuracy of measurement --- The broad range of
pressure fluctuation ralses a susplclon as to whether
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an accurate measurement can be made during the test.

Any slight deviation from the center of data band will
lead to a substantially different unsteady E£rictlon
factor.  As a result of this, scattered and conflicted

_ results can be expected.

iv) Dimensional 'Reasoning --- Eq. 8.3 was derlved
within the duratlon of the established phase when the
parameter - (dv/dt) 1s constant (Fig. 7 of Daily, 1956).
No more tests were performed to verify the relevance of
dv/dt iIn the equation; £for example, by changing lits
values systematically while keeping other parameters
constant. Without conducting such tests, the validity
of dv/dt as a characteristic parametei governing the
unsteadiness of frictlon factor remains a question.
Apparently, Daily's acceptance of dv/dt as a relevant
parameter came from the 1logic of unsteady €£riction
theories (Eg. 8.1) established from mass oscillations.

v) Scale effect --- Substantial impact due to the scale
effect can be found 1in the application of Eq. 8.3. A
comparison is made in two different sized pipes for the
determination of the unsteady friction factor (fu):
R »
a) Plipe #1, for d 13 mm, v = 9,75 m/5, R = 1.1*10°%,
b 0.449 and £4 = 0.018

Egq. 8.3 can be simplified for the small sized plpe:

fuo/fq = 1 + 0.001 dv/dt.

S
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g
204 mm, v = 0,61 m/3, R = 1.1%10°%, = .
0.449 and fq = 0.018

b) Plpe #2, for 4
bt N

—

Then for-the larger sizgd pipe, Eq. 8.3 becomes:

fu/fq

it

1+ 4.18 dv/dt.

A comparison of these two cases suggests that the
unsteadlness of the frictlion factor does not exist in a
high frictional system with rapid deceleration {small
plpe 1n._case (a)], while it becomes very significant in
a low friction system with slow deceleration [(largeg,
plpe in case (b)]. Perhaps no logical explanation .can '
be found for this ‘anomalous behavior using existing
theory. ’- &

fn.-
L g

4) Discussion of first derivative momentum theory

Adopting a discrete expression for Newton's basic motion
equation as a basls for the development of momentum frictlon
theory in a non-rigid water body 1is not well received in
this research. Conflicting results and deflclencles found
in Dally's work suggest the need of a constraint in the
application of this unsteady friction model in
uni-directicnal flows.

-

8.1.3.2 Second derivative mgmentum model (d2wv/4dt2)
1) Theoretical background <--

The second derivative of locity has been introduced- by

Denisov (1972} and Popov (1874). The application c¢f this

higher order_‘unsteady friction ' theory has_ -Been broadly

accepted, particularly in Eastern Europe. he unsteadiness .

of frictlon factor can be predicted as belowy

= exp(-20*K1) + 20*Ksi*exp(l+Ka)*{1+Kz2)/(1+10*K.)
8.4

- 'fu/fq

F(v, dv/dt, d42v/d4t?)

S
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where Ki o= 2%d/(v3fq) * dv/dt; and .
Ka = d2/(32xv) *'y-°.5 % (d2v/atz)e-»

-~ ) ,
The unsteady £friction factor (£u.) may be Increased to a
factor of 100 times over the quasi-steady value (£fq) as
shown in Fig. 2 of Popov's work (1974). )

2) Illustration by example --- Vs

An illustration of laboratory ork (Flg. 4 of Popov, 1974)
is numerically reproduced in /this research as shown- In
Fig.8.2. Almost identical <resultssare -obtalned from the

basic motion equation (Qg(/ 8.2) and the present numerlcal

model.
-~

In this example of flow opening, the flow veloclty lncreases
rapidly with time as: )

¢«
v = 1075 t*2

/

in which the increase of acceleration 1s determined by:

—

dv/dt = 2150 t

and the second oider of flow change becomes a constant:
i

d2v/dt= = 2150
. e

Hence, the above second, order flow variation fs‘&q&ivalent, Ny
to a flow opening with § = 2.
s

3) Problems assoclated with theory ---

/'\‘-

/!
The following paragraphs discuss varlous aspects of anal sis\\\\\
in this investigation: /

1) Elastic properties --- Periodic fluctuations during
the flow opening is small and can be neglected for
simplicity. Translent behavior during the entire

o ——

/ » 4
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unsteady flow period can be accurately predicted by
Newton's baslic equation of motion (Eq. 8.2).

. ii) Effect of frictlion -"3¥The -history of unsteady
- pressure head {(h) and its two components [friction head
" (hg) and inertial head (hav}] have been plotted based’,
on the Qgsic motion equation, as shown in Fig. 8.2c.

Extremely high unsteady friction factor (£.) was
proposed by Denisov (1972} and Popov (1974) at the
beginning stage of the test run and then 1its value
decreases rapldly with time. During the whole
acceleration period, the friction head {hz) was very
small in comparison with the inertial head (hav). For
example,

fu/fq = 50,
at ha/hav << 0.1 %. Then,
fu/fq = 1.1,
where he/ha+v < 5 % still holds.

It should be noted that an insignificant frictlion head ( ;)

multiplied many times, as derived by the Denisov 1972 and
Popov 1974, is stlll far too small to be significant. _.
> -

111) Direction of flow -~-- As shown by Popov (1974, °

Fig. 4), during the second half of the test run, the

flow decelerates with characteristics identical to the

"corresponding accelerated flow movement. The effect of

unsteady friction factor was however nqn-existent. It

is not realistic that such a great deviation in

unsteady friction behavior would occur between the two

corresponding flows bearing the same shape (S) and time

(Tq) of flow variations. The only difference is the

direction of flow in this case (i.e. acceleration vs.

~deceleration). : /;>



iv) Errors In measurement --- A close examination of
the experimental procedure from both articles }ndicates
that a slight disturbance during the 1low fl¢w perlod

can easily create a huge error in Denis?;;Ezﬁ& Popov's
results. The creatlion of such a tiny stability lis

quite normal at the 1nitial stage prior to the
established phase of the test run.

v) Dimensional reasoning --- Only one single value of
d2?v/dt? was conducted for the establishment of Eq. 8.4.
-This is far from sufficient to Jjustify d3v/dt? as a
relevant parameter.

'4) Discusslon of second derivative momentum theory

Since the laboratory work was established from a highly
insensitive frictional zone, the development - of an
abnormally sensitive unsteady friction factor in Denisov's
and Popov's model is highly unreliable. )

2

The adoption of this second derivative friction theory is
not recommended. '

8.1.3.3 Unsteady friction in surge control system
1) Application in surge tank ---
Sarpkaya (1959) found that more than a 20 % error could be

made in the computation of pressure oscillation in a surge
tank installation, if the effect of unsteadiness on friction

loss is disregarded. The nonlinear differential equation of

motion In Sarpkaya's work = was solved by means of step-wise
integration. éa

Since its publication this numerical observation has been
adopted as a criterion by some researchers to Jjudge the
potential effect of unsteady frictlon factor on other
applications of common surge protection devices (Ruus 1981).
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2) Illustratlon by example ---

The example of surge tank applicatlon 1n the article Iis
numerically reproduced bx_the method of.cha:acterlstics and
the results are shown in Fig. 8.3.

[

The hydraulic condition of flow variation in the plpeline is
equivalent to an increasing flow deceleration with:

S =2, Tq = 175 and He = 0.006
An identlcal pressure osclllation has been obtalned by the

present model simulation in the constant friction (factor)
system, as computed by Sarpkaya. This wvalidates the

‘consistency of two analytical tools used for the surge tank

simulation. Hence, deviliations between Sarpkaya and the
present research. shoq;d thus be attributed to the selection
of unsteady friction models.

As shown 1in Flg. 8.3, from the present numerical;simulation
with guasi-steady £rlction model, a decreas® of 0.5 % and
1.7 % iso observed for maximum sdfge and counter-surge
pressure respectively. In contrast to the present finding,
Sarpkaya (1959) found an increase of pressure of 30 and 55 %

‘under the same system conditions. The first derivative

momentum model was adopted by Sarpkaya. The reasons of
these confllicting £findings can be found frem discussions
below:

3) Problems associated with theory ---

The -quasi—steady friction model itself 1is one of the
unsteady friction models having a most simple form. The
insensitiveness of the present 'quasi—steaéy friction
simulation can be justified from the following four points:

i) Effect of friction --- Reference to the friction
classification of Fig. A.5 shows that such a hydraulic
condition falls deep Inside the friction-free region
where the transient behavior is not affected by the
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"exlstence of frictlon at all, and of course not by the
unsteadiness of the friction factor.

ii) Flow regime --- The Reynolds Number of the steady

231

state £flow condition. is In the order of 3*%109%.:

Previods analysis of gquasi-steady friction effect
indicated that 1less than 10 % pressdre reduction would

result for even He = 10 1iIn this highly turbulent
condition (see Eig. 7.8).

iii) Common effect of unsteadiness In the transient ---
The transient energy is reduced by the exlstence of an
unsteady frictlion factor, as concluded previously in
Ch. 7.0. .Thé opposite effect on an unsteady frictlon
factor (i.e. the increment of transient as derived by

Sarpkaya) should never be found in an unsteady £flow
simulation.’

iv) Unsteady friction model --- Dally's momentum
friction model was adopted by Sarpkaya. The previous
discusslon suggests an errxor due to a scale effect
- exlsts 1In  this £friction model, in which the

unsteadiness of friction factor .Mbecomes increasingly .

important for a large pipe system.

4) Discussion of friction theory application
L . ‘ .

The gross deficlencies of this surge tank application
confirms the non-sultabllity of Dally's momentum friction
theory in the appllcatioﬂ, of general translent condlitions.
Consequently, the adoption of Sarpkaya's work as a guideline
may have to be rethought.

With the completion of analysis in a uni-~directional flow,
investigation of current unsteady friction theories proceeds
in the next subsection to the bi-directional flow condltion.
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8.1.4 Unsteady frictlon in bl-dlrectlonal flow

The elastic behavior of the system has been considered In
the unsteady frlction theorles currently adopted in
bi-directlional flows. All the anomalous energy losst
observed.in the physical experiments are attributed to tfe
unsteadliness in the frictlon factor (fu).

Al

8.1.4.1‘p1near transfer friction model
1) Theoretical background ---

This frictlion model simulates pressure and flow responses
between two points in. the system by a transfer functlon.
This has been guite a popular method to investigate the
unsteadlness of frictlon factor fvr laminar flow conditions,
prior the the era of the computer. Names of researchers in
this area have been listed in Table 2.1.

2) New theoretical development ---

with the ald of  computer appllications, 2Zielke (13966)
skillfully integrated the most important property of this
linear transfer model, namely the 'frequency dependent
friction, inte a function of past translent history.
Consequently a préctical equation was derived for the
current application in the numerical modeling.

J) Illustration by example --—- —

Almost identical resalts of transients were obtalned by
Zlelke (1966, Fig./15) for the case of Instantaneous flow
closure, between dopting the time-dependent and the linear
transfer friction/ models. The case was extracted from
Holmboe and Rouléau's laboratory work (1967, page 178).

4) Discussion Jf transfer friction model

The further research potential of this 1linear transfer
theory 1is seriously 1limited by its complexity and is



virtually superseded by Zlelke's work. Its future pursult

is not suggested. -
8.1.4.2 Viscous friction model

1) Theoretical background. ---

This friction model predicts viscous losses for, general
transient turbulent flows by dividing the turbulent £low
into two components, namely the laminar viscous layer and
the inviscid core zone. The theory was proposed by Wood and
Funk (1970) with the aild of extensive laboratory work.

These results are also experlimentally supported by Sauer
(1969). '

The authors observed the 1inadequacy of “the quasl-steady
friction factor 1In laboratory tests of Instantaneous flow
closure. Based on the viscous frictlion theory, these tests
suggested that the error 1s entirely due to the distortlion
of flow proefile across the viscous layer, whlle ‘the main
core flow remained In the same conditlon.

2) Illustration“by example ---

One of Sauer's laboratory tests is numerically réproduced in
this résearch and ls shown in Fig. 8.4. The test is based
on an instantaneous flow closure with relatively low
friction head and a turbulent flow regime. The input data
for the hydraulic conditions are equivalent to:

He = 0.054, T = 0 and R =4*10%.

As shown in Fig. 8.4d, results of their analyses indicate
that the quasi-steady model indeed provides a much less
effective transient decay than that observed £from the
experlimental works. In this test, the adjusting factor
(fu/fq) has been found to be in the order of 1.5.

The questlon remalnlng herq 1s whether thls observed energy
loss can be explained 3{ the proposed ‘viscous model’.



*3) Problems assoclated with theory ---

Two polnts rélatéd te the decay of translent energy in wbrks

from Wood, Funk and Sauer are discussed below:
1) Effect of surge wave travel --- The 1loglc of
Increasing energy losses based on this theory is that
the shear stress distributlon iIs dl®turbed by the rapld
surge wave travels If this 1s so, the above
modlfication factor (fu/fq) should become unsteady (T}
and spatlal (X), depending on the movement of surge
wave.

An unsteady frictlion factor (fu) up to 3 times the
quasi-friction factor (fg) has been derived by Wood and
Funk- (1970, Flg. 15) according to the average deviation
observed during the whole test period. Then the
adjusting factor (fuw/fgq) 1ls applied homogenecusly to
the whole pipe (X} and the whole duration of the
transient (T).

The homogeneous modlilfication (fu/fg) of friction factor
adopted In this ‘viscous .theory' suggeﬁgg the effect of
surge wave travel has not been well addressed.

1i) Effectiveness of viscous £low --- In the small
piping system of Sauer's laboratory work (13.6 mm),'the
flow conveyed in the laminar layeér was of the order of
1 % of the total £flow during the steady state
conditlon. In a normal water system with 300 mm plpe
diameter, the laminar flow layer was reduced far below
1 % of the core f£low conveyance.

A question remains as to whether or not it is reasonable to
attribute all the significant unsteadiness of €£riction
(fu/fgq) to any Imaginable velocity distribution in an
insignificant laminar layer.



4) Discussion of viscous friction theory

As a result of the above dlscussions, 1t is suggested that
. the abnormal flow distribution lnside the thln laminar layer
may not appear to be the true cause for the decay of
transients., The independence of time and locatlon for the
unsteadiness of friction (fu/fq) - cannot be Justified £or
highly unsteady and spatially bi-directional flow.

8.1.4.3 Time-dependent frictlon model

1) Theorétical_background_—--

Zlelke {1966) presented an equation for the estimation of
the time-dependent friction factor (fu) which can be
incorporated into the method of characteristlcs to compute
the hydraulic translent phenomena ith frictional plping
systems. The theory was oxiginally developed for laminar

flow and was later extended to turbulent flow conditions as
claimed by Zlielke.

The friction factor f.(T) at an instantaneous T c¢an be
derived from the following equation.of Zielke:

ful(T) = fa(T) + £2(T) 8.5
where £x(T) = 0.5 * £4(T) * WZ(T) 8.5a
T s
in which WZ(T) = 1/V(T) * (dv(Z)/dT] W(T-2) dZ 8.5b
0

Basically the time-dependent friction factor f£.(T) consists
of two componentsf

i) the component due to the quasi-steady flow motion
(£q{T)), which can be directly computed from the Darcy
equation; and
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ii) the component due to the unsteady flow motion
(f=(T}), which must be 1indirectly estimated from the
combinatlion of the quasi-steady flow motion (E4(T))
with the weighted past velocity changes (WZ(T)).

The weighting function W(Z) has been derived by Zielke as
follows:

{ W(Z) = e~26% 4 @=72F  @—13BT  @~219% +...... ; Z > 0.02
{ 3 8.6
{f w(z) =0.282-°-® - 1.25 + 1.062°-® + 0.9472 +...; Z < 0.02

where Z = 4 v * dt/d2.

This function (Eq. 8.6) can also be graphically express
shown in Fig. 8.5. As such, the overall relationship of
Zielke's equation is governed by the Reynolds Number
past history of the flow veleccity change. This me
flow simulation 1Is termed the time-dependent friction
because °‘the time history of the transient 1Is heawily
welighted.

-

For a slow unsteady £flow movement the weighfing function
W(Z) approaches zero, resulting in an appropriate condition
for applicatidn of the gquasi-steady riction model.
Zielke's model is therefore a copvenient way of
incorporating friction effects 1 s work.

2) Experimental validation time-dependent friction model
1) Holmboe's labo
of the time-depgndent friction theory, a physical test
.conducted by - Hglmboe (1964) was used to verify the
model by ZielKe (1966, Fig. 15). This experimental
work 1s numerically reproduced here and is presented in
Fig. 8.6. Baslcally, the test has been carried out for
‘an instantangous - f£low closure (Tg = 0) in a laminar
flow systemj (R = 640) with a low friction , head
(H==0.054). 4;\
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tory work --- During the development:



The results of the physlical test correlate quite well wlth
those of the time-dependent friction model (Fig. 8.6d).
During the whole period of-the simulation, the pressure at
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the source {i.e. Ha(T, X=0), for T < 15) has been found to

be closely consistent for these two methods of analyslis
(numerical vs. laboratory).

ii) Sauer's laboratory work --- Zielke's friction model
was also tested with the laboratory work carrled out by
Sauer (1969, page 49 - 52) in the present research.
The data and the physical t&gt results have been
documented in Fig. 8.4. Bascally, the hydraulic
‘conditions of the test are similar to the above of
Holmboe's work (Tg = 0 and He = 0.054), except it i3 In
a turbulent flow regime (R = 4 * 10%).

As shown 1in Fig. 8.4d, very comparable results between the
numerical (Zielke's model) and physical {Sauer's
observation) simulations have heen found from thelr
Bistories of peak decaylng pressure at the source (l.e.
He(T, X=0), for T =1, 3, 5,cc0... ). ‘

3) Problems associated with theory ---

—

Two concerns are ralsed during the review and analyses of

\\\\}Jelke's'work (1966). These are:

i) The weighting function W(Z) was extended from the
frequency component. of U-tube mass osclillations,
suggesting a strong tie between U-tube  and plpe
physical phenomena during the unsteady flow condition.

Analyses of U-tube unsteady flow movements (Appendix A.6)
. . -
does not agree with this synonymous relation.

ii) All anomalous decays of transients were attributed
to the existence of a time dependent friction factor
(fu), and this has only been calibrated by the
transient pressure (Hm) vs. <time (T). No attempt was
made by Zielke to interpret the tlime history of the
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unsteady frictlon factor (l.e. fu(T) vs. T), during the
entire development of the theory. \

The validity of this time dependent friction theory cannot
be accepted If the 1logic of the time dependent friction
factor (f.) itself is not valid.

4) Discussion of time dependent friction model

It is: concluded that the unsteady Aand spatial transient
behavior of tlime-dependent friction model provide a better
theoretical basls for unsteady frictlion losses, compared to
other current unsteady frictlon models of bi-directional
flows. The close correlatlon of transient pressure history
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between numerical and physical observations for both laminar

and turbulent flow conditions further confilrms its value for
practical‘gpplications.

However, the absence of Interpretation of Eﬂe time dependent
friction factor suggests lncompleteness in this time

_dependent friction theory. e thorough analysis of the

physical phenomena, 1including the unsteady and spatial
properties of pressure, flow and friction factor, will be
carried out later in this chapter during the development of
an unsteady friction model for the general transient
condition (consisting of both wuni-directional and bi-
directional flows).

—

8§.1.4.4 Evaluation of other time—de%endent friction models

The computation procedure of Zielke's 'me dependent
friction is usually tedious and time-consuming. This raised
some difficulty in execution of the computer models in eariy
days when the capacity of computer hardware s limited.
Consliderable effort has been devoted by severalq>ésqgrchers
to £ind alternative solutions. Among these, two simbl;fied
methods of the time-dependent £friction mcdel are discussed
below.
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1) Trlikha's simplifyling fﬁnction -

Trikha (1975) reformulated the time-dependent frictlon model
with reduced computation steps and .slmbllfied weighting
function. 1Its application has been recommended and actually
adopted by several researchers (e.qg. Shur and Apelt, 1983).
Trikhé'S'weighting " function can be approximated as shown in
Fig. 8.5 and is expressed as: - :

fo.

[ W(Z) = 40 e—8900Z 4 g 1 @-200% 4 g-26.az 8.7

As shown in the fiqure Trikha's function is almost identical
to Zlelke's original function for Z > 10-*. For Z < 10* the
curve of Eg. 8.7 becomes horizontal and a gross deviation
from Zielke'@, work 1s expected. Unfortunately, a majority
of hydraulic systems just fall into this flat part of the

curve (see the appllications of Shuy and Apelt, 1983, also
marked in Fig. 8.5)

2) Hlirose's weighting function ---

Hirose (1971) introduced an alternative weighting functlonl
for the application of Zielke's time-dependent friction
model in turbulent £flow, and 1its application has been
recommended by some researchers (e.g. Chaudhry 1979, page»
27). The new functlion is:

W(Z) = 1.414 W. * 20.°% | o8.g

where Wi was suggested by Hirose to be derived from future
laboratory tests.

" The weighting Egpttion (Eq. 8.8) is graphically presented in
Fig. 8.5 with «respect to W. wvarying f£from 0 to 7000.
Hircse's numerical experiment 1s reproduced in this research
as shown 1iIn Fig. 8.7. The test has been carried out for an
Instantaneous flow  closure (Tq = 0) with low flow velocity
(v = 0.2 m/s), low frictlon head (He = 0.0065) and turbulent
flow (R = 5.4*%10*) condlitions.
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: Stead§ (£), quasi-steady (fg) and Zlelke's origlnal time-
dependent-(fu) fricfiqp models areralso used for present
transient simulations for the sake of tomparison.

£

3) Problems associated with theory ---

Hirose's work (1971) is critlcally reviewed here and some
comments are made as follows:

1) Arbitrary welghting function ---. Hirose (1971)
claimed that the slmpliflied equation (Eq.8.8) possesses
characterlstics similar to original Zielke's work
(1966) as expressed By Eq. 8.6. As shown In Fig. 8.5,

this is not true. The slope of Hirose's functidn is
much steeper than that of Zlelke's, and there 1is no
relationship at all to link the two. ’

A close re-examinatlion of the loglc of Hirose's work
suggests that the tlme-dependent friction'theory may
have been misinterpreted. The original W(Z) wvs. 2
curve is plotted on normal scale graph paper (shown at
the top—riéht corner of Fig. 8.5). A casual view of
the graph could result in misreading it because for a
highly decreasing function in laminar flow the
turbulent £low should have the advantage of converging
to Xero much faster (as indicated by Hirose 1971, page
17). Comparing the .same function replotted in the
log-log scale chart, the facts are exactly opposite.

ii) Unrealistic transient simulation ‘-~- In. a low
ftrictlional (He = 0.0065) and moderate turbulent
(R=5.4*10*) system of Hirose's numerical example, the
pressure vs, time curve should be a rectangular shape
at the early decaying period. This can be verified by
the numexrical simulations with wvarious <£frictional
models {as shown in Fig. 8.7d), and by the physical
simulations with similar hydraulic conditions
{dee Figs. 8.4d and 8.6d).
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_As shown 1in Fig. 8.7d, the pressure variations (e.g.

241

W:=7000) " aze not rectangular; instead 'they are

sinusoidal in shape. Furthermore, .the translent
—-pressure with Wi = 0, which is theoretically the same
as the gquasi-steady friction model, does not respond
correctly. All these unreasonable transient behaviors
can also be found 1n Figs. 6 - 9 of Hirose's work
(1971).

1i1) Non-effective decay --- Actually, the ‘low flow
yelocity (0.2 m/s) in the éystem produces very small
friction transfer, and possibly a tiny enerqy loss when
flow reversal occurs. Consequently, the decaying
process of transient energy is slow and inefficlent
"(Fig. 8.7). The test conducted by Hlrose (1971) is not
an ideal one, even for simple demonstration purpose.

4) Discussion of other time friction models

It is concluded that the Trikha simplifled time-dependent
friS&ion model needs to be applied with caution due to lits
constraint in certain hydraulic ranges. It- is also
concluded that Hirose's alternative weighting function
should not be used without substantial  improvement and
modification. '

&

21elke's'original model is adopted throughout this research,
due to the requirement of a broad range of pipe hydraulics
and the avallability of a large computer system.

8.1.5 Theories of unsteady friction —
Two unsteady friction concepts have traditionally been

adopted for the analysis of unsteady friction phenomena,
including the transient pipe flows.
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8.1.5.1 Rate of change of uni-directional flow motlon

-

1) Theoretical background ---
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Many previous workers assume that. the unsteadiness of theu

friction factox increases with the increment of flow
acceleration or deceleration rates (Shuy and Apelt 1983 and )
many others). This can be written as:

fu/fg =.b * d7v/dT* ' 8.9

-

where ‘b' is the coefficient. The relation in the equation
- can be expressed more specifically as:

“{ dlfu/fq)/d S 0; and ~ 8.9a
.

{ d(£u/

. ' )
where the shape (5) and time (Tg) of the flow closure
reflect the rate of deceleration (47V /d4dT#).

2)3Problems assgciated with theory ---

It can however be questioned whether this concept (Eq. 8.9)
is valid for transient conditions. The following discussion
views this 1issue frqm previous analysis of quasi-steady
friction factor (fgq), which 1s an unsteady friction model
with an elementary form. The characteristics of fu/faq are
reflected here by ETqzs 0r ERgza, representing the actual or
relative effect of the unsteadiness of friction.

.1) Shape of flow closure (§) --- Elastic energy (Ex) in

a pipe system increases rapidly with the shape of flow

closure (8). As shown in Fig. 7.5c, " the effect of

unsteady'fridtion (ETq=s§ on transients diminishes with
= the increasing shape (]S} of £flow closure. This
' contradicts the relation of Eg. 8.9a.

Actually, at the instant of flow closure, (;s;
which is the highest.rate of deceleration, the netflux
within the sukge period 'is a constant (E. = 1) and is
independent of the friction in the system, and

=m)

Z)/dTe < 0 | 8.9b
' .



therefore of the potential effect from the unsteady
frictlon factor {ETgea = 0 for He < 1, in Flg. 7.5a}.

. ii) Time of flow closure (Tg) =--~- Referring to
Fig.?.?b; the unsteadiness of the Eriction factor
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(ETq=a) increases - with the decreasing time of flow

closure until TR = 4. Thils agrees with Eq. 8.9b.

This effect reverses with faster flow closures . for
Ta<4, which ls oppesite to Egq. 8.9b.

i) Relative energy increase --- Results summarlzed in
Fig. 7.8 are used for the present discussion. For flow
with increasing déceleration (i.e. § > 1) a two-staged
opposite effect of unsteady friction (ERges) occurs, in
a manner similar to that described in Fig. 7.5b.

However, for flows with a decreasing deceleration (i.e.
S < -1), the effect induced by the unsteadiness (ERqea)
of frictlon decreases with the rate of deceleration (in

both S and T&), in contrast to those relatlons
expressed in Egs. 8.9a and 8.9h.

3) Discussion of rate of unsteady motion

It appears that the concept in which the unsteady friction
effect (fu/fqg) increaseé with the deceleratlon rdte 1s not
confirmed by the most elementary unsteady frictlon system
(i.e. quasi-steady). Therefore, the use of this concept for

other more sophisticated unsteady €£riction modéls needs to
be rethought. 4

8.1.5.2 Effect of unsteady fﬁﬁction on general translients

1) Theoretical background ---

Another conventional concept 1ls that the unsteadiness of the
friction factor may affect the transient energy in two

opposlite ways, depending on the frequency and phase of
unsteady motion (Kita et al 1980).
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i) The wunsteadiness of friction can result a positive

damping effect as expressed below:

Em(fu) < Em(f) = - | 8.10a

I1) In contrast to the above, a negative damping effect
due to the unsteady friction factor has frequently been
reported (kita et al 1980):

Em(fu) > Em(f) . _ 8.10b

2} Problems associated with theory ---

A

Previous analysis in the quasi-steady friction system'

concluded that  only a positive effect on reducing translent
energy exists for a quasi—friction factor. A critical
review of current unsteady friction theories suggests the
following potential causes {for this confusion: o

1) The omission ef elastic energy in the interpretation
of ﬁhysical_model test results méy.‘boost' the apparent
unsteadiness of the friction factor on transients in
either a positive (Eg. 8.10a) or a negative way
(Eq. 8.10b).

For example, unreasonable dlstortion of shear stress in
transient flow has been concluded by Daily {(1956) and
Carstens an® Roller (1959).

ii) Conversely, the transient energy lncreases with
£rict16n, i.e. Em(Hz>0) >> Em(He=0). This exists for
both uni-directional and bi-directional £flows and can
be explained with ~an understanding of periodic
fluctuation characteristics (referring to Ch. 6.0).

Instead, in order to explain this property (Eg. 8.10b)
observed- from laboratory work, a "“reversed stress
~proflile has commonly been proposed (e.g. Fig. 31, Sauer
1969).

L_, ) '
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3) Discussion of effect of unsteady friction

Present analysis clarifles that the existence of an ﬁnsteady
frictlon factor definitely reduces the ctransient energy
{(i.e. fu/faq > 1). The presence of elastic energy and
periodic fluctuations contributes to the «confusion Iin:
current unsteady friction theories. '

8.1.6 Discussion of current unsteady friction theories

Discusslons from current unsteady friction appllications have
provided sgfficientﬁevldence to conclude that:
1) Unl-directlonal flow --- Current unsteady frictlon
models adopted for the uni-directlonal systems are not
Justlified, and thelr use as general gulidelines for
banalyéis should be discontinued.

d 1) Bi—diredtional flow -=- <Zielke's time dependent
friction is éreferred to other current unsteady
friction models for the analysis of Dbi-directional
flows, for both laminar and turbulent flow conditions.

iii) Some unsteady £friction concepts traditionally
adopted for general transient conditions are actually
misinterﬁ%eted.' Among these,

a) one is the unsteadiness of friction increasing
with the deceleration rate; and

b) the other 11s the unsteady friction factor
affecting transient in opposite ways.

A thorough . undérsténding of these current theorles Is
necessary prior toJ?éhe selectlon of -a .proper unsteady
friction model, as well as to the borrowing (with
courtesies) of thelr experimental data and results for use
in present research.
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8.2 Energy Relatlon in an Unsteady Fiiétion systém

8.2.1 Selected unsteady frictlon theory

Prlor to the selection of an unsteady friction theory, the
following remarks need to be addressed:

8.2.1.1 Properties of an unsteady friction model

An unsteady friction model should consist of these
propérties:

1) 1t should be applicable throughout the whole
transient period, covering periods during and after
flow closure.

ii) Besides predicting an accurate transient history,
this model should alsc be capable reflecting the real
transient propertiies, including the energy tran§fer and
dissipation mechanisms. .

8.2.1.2 Selection of an unsteady friction model

{. The time-dependent friction model (Zielke 1966) has certain
advantages over other current unsteady friction models, for
the application in general - translent analysis. These
kfclude:

1) Piloneer's's opinion --- Wylie and Streeter (1978,
page 63) endorsed the adoption of Zielke's time-
dependent friction model to the laminar flow condition.

ii) Physical model wverification --- A  history of
transient energy decay can be realistically predicted
by this model for both laminar and turbulent conditions
(8.1.4.3). 7

111) Numerical model incorporation --- This friction
model has been 1incorporated into the method of
characteristic since 1966. . Most computational
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difficulties or instablility problems should have been
removed.

iv) Current models --- The lack of current unsteady
friction models reduces the number of avallable
cholces..  Other current - models have ‘elther errors in
theory or in laboratory work, or are inflexible . in
their numerical medeling capability.

It Is therefore quite natural to select Zielke's time-
'dependent fxriction model as a basis for the development of
an unsteady friction model, to be applicable 1In general
transient conditions. Unless speclfied othefwise, the term
unsteady friction model ‘fu' only refers to %he time-

dependent friction model for the remaining portion of this
. chapter. '

8.2.1.3 Procedures for developing a proposed frlctlon ﬁodel

Analysis in this chapter is conducted in four parts for the
development of the unsteady friction model. These include:

ﬁ).Development of an energy relation for an unsteady
friction system (Sec. 8.2);

ii) Investigation of transient phenomena with the
presence of time-dependent friction (Sec. 8.3);

iil) Evaluation of the «relevance of selected unsteady
friction model on the maximum transient enerqgy for

hypothetical £flows (Sec. 8.4); and

iv) Application of the selected unsteady friction model
to common surge control devices (Sec. 8.5).

' ——8.2.1.4 Problemé.associated with unsteady frictlon theory
/ﬂ///r\;ome problems associated the current unsteady friction

theorles have been minimized, as discussed below:
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1) Elastic energy --- With the adoption of the Equation
of State, the numerical model sihulation basically
prevents the potential error of omitting the elastic
behavior in a plipe translent flow, as was done Iin
laboratory work assoclated with the development of two
momentum friction theories (first and second derivative
of flow change).

11) Unaccounted for decay in translent energy --- On
the other hand, the avallability of physical modeling
data supplements the misslng’.information of transient
energy decayed but unaccounted for by the numerical
T model. '

A question now arises as whether this unaccounted for decay
of transient energy during the transient period is due to
the'mechanical transfer mechanism related to unsteadiness of
friction, or due to the energy 1loss associated with the
disturbance of the wall ‘shear stress. This question 1is
" dlscussed below. ’

8.2.2 Energy In flow with periodic fluctuation

Due to the surge wave reflection, periodic fluctuations of
flow appear during and after the £flow <closure period,
throughout the entire, plpe system (except at the source).

8.2.2.1 Characteristics of periodic f£luctuation

In addition to the unsteady nature (as that appears in a
mass osclllation) of flow fluctuations in general transient
conditions also possess the following properties:

l) Time-specific propertx (T} ~~--

i) Pipe system --- Transient £flow velocity changes
primarily at the instant when the surge wave arrives,.
After this 1its change 1is not significant for the rest
of the translient duration.

-
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ii) U-tube system --- Conversely, flow in a U-tube’
oscillates in a continuous manner.

2) Locaté:ﬁ#specific property (X} ---

i) Pipe system --- ﬁimilarly, a high rate of transient
flow velocity change can be found where the surge wave

. reflects, while other parts (of the pipe system are
‘basically uniform.

&

11) U-tube system --- As discussed previously the mass
in a U-tube moves as a rigid body, Iindependent. of
location. |

3) Abrupt change property ---

1) Plpe system -—- The change of  tfansient flow
velodity 1ls step-wlse, but In the same dlirection as the
source flow during the £flow closing period. However,
the periodic flow movement moves 1in an opposite
direction after the- flow closure.

ii} U-tube system --- By comparison, the change of flow
in U-tube is gradual.

"4) Rapid movement property ---

i) Plpe system --- The period of surge fluctuation ‘Is
ts = 4 ]/a, which is in seconds in general practlice.

ii) U-tube systems --- The period of flow fluctuation
is ta' =4 * {/v, which is two orders of magnitude
longer than that of the pipe system.

1

5) Discussion of fluctuatlon characteristics

The distinct properties possessed by the periodic flow
fluctuations of the two systems suggest that the
conventlional treatment  of unsteady friction phenomenon
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develbped from 4 mass oscillatlon may not be approprlate for
a translent plpe flow. :

8.2.2.2 Energy losses ln a transiefit fldw’
i

It Is well known that energy losses exist whenever and
wherever a flow movement occurs. In a translent pipe flow,
two components of energy losses exist:

1)} Energy 16ss refated to a friction factor (EDe) ---
. : {

For a relative slow flow variation the parallel flow stream

lines are not disturbed and the energy loss, commonly termed

friction dissipation (EDe), ls primarily related to the

friction factqr (£g). -

Previous analyses (Ch. 6.0 and 7.0) already showed that the
friction dissipation (EDe) in transient £flow (for T < 10Q)
is 1insignificant. Instead, éhe existence of friction
affects translient behavior | a form of (mechanical)
friction transfer (ETe).

2) Energy loss related to non-friction factor (EDx) ---

Upon a rapld flow velocity change in periodic fluctuations,
the parallel flow streamlines would bhe disturbed. Several
~ schools of thought have been brought up to tackle this loss.
These include:

1) Flow separation --- Separatlon has been observed
during the change o¢f £flow direction and magnitude
(Zielke 1966, page 15). Energy losses much higher than
the friction dissipation are expected.

- 11) Boundary layer --- A large loss of energy in the
boundary layer during the reversal cof ‘flow has been
proposed, like a sock being pulled inside out (private
correspondence from D. Stephenson, Dec. 5, 1984). -
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onsequéntly, in addition to the frictlon disslpation (EDe),
ah energy loss unrelated to the frictlon factor (fg) should
be introduced. For «c¢larity, this component of the energy
loss related to the periodic flow fluctuatlon ls here termed

tha\;on—friction dissipation (EDx).
. D ) ]

It should .be noted that this loss may still be affected by
the viscosity of the fluid. However, the name ‘non-friction
dissipation, (ED=)}' 1is kept in this thesis in order to keep
it distinct from other energy forms|, such as non-frigction
transfer (ETx), Priction transfeJ (ET=) and friction
dissipation (EDe). ' Co

)

3) Discussion of energy loss in a transient flow /

Previous analyses (Ch. 5.0 to 7.0) attribute all the effects
of perlodic £luctuations In a form of mechanical enerqgy
transfer (ETa, ET=2 and ETa=z). In this chapter, the effect
of perlodic fluctuations In the form of non-friction
dissipation (EDa) is the focus. ‘

8.2.2.3 Relevance of non-frictlon dissipation

251

The relevance of non-friction “Yissipation are assessed by

comparing two different transient flow systems, 1l.e.
uni-directional wvs. bi-directiconal £low. Figures of
transient flow history previously plotted in early part of
each chapter (Ch. 5.0 to 7.0) can be referred to the
discussions below.

1) Direction of flow with periodic fluctuations ---
i) Flow closing period --- Generally, the flow changes
in a gradual and step-wise alternation with the same

direction of steady flow movement.

1) Decaying period --- The flow now abruptly reverses
its direction at the instant the surge wave passes.

' b
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2) Magnltude of periodlcity ---
1) Flow c¢losling perlod --- The rate of flow changé
assoclated with periodic fluctuations 1is relatively
small. ‘
ii) Decaying périod --- Periodic fluctuatlons continue

after the ‘flow closing perioed, with same period (Ta),
but with much larger magnitude. This is apparent since
the enexqgy flux reversal 1Is twice the sum of outflux
accumulated during the whole f£low closing period.

3) Time of transient (T) ---

1) Flow <closing period --- During the/ flow closing
périod, both - elastic energy (Em) and non-friction
dissipation (EDx) are lncreasing with,time. However,
the former (due to the imbalance of flow energy) should
be far greater than the latter (due to the heat
exchange). This implies that:

En(T) >> EDu(T) ' 8.11a
where 0 ¢ T ¢ Tq.

Therefore, the Iimportance of non-frictlion dissipation
(EDa) decreases during the flow closing period.

11) becaying period -—-- After the £flow closure, the
non-friction dissipation (EDz) contlnues to increase,
whlle the peak decaying energy (Ex) does the opposite.

{ dEx(T)/AdT < O

{ 8.11b
{ dED.(T)éﬂT > 0

where T > T..
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Hence, the Importance of non-frictlonal dlsslpatloh-w

(EPx) affecting the translent decay Iincreases wlth
time. |

&

4) Dlscusslion of the relevance of non-fricticnal disslpaticn

From the above analysis it is reasonable to conclude thét
the non-frictional dissipation (ED=) is Iinsignificant in a
uni-directional flow compared to the elastic energy (Ew).

Conversely, further analysls should be conducted on 1its
effect in a bi-directional flow, where considerable

non-frictional dissipation (EDa) may be accunulated during
the decaying period.

. 8.2.3 Translients in an unsteady friction system

8§.2.3.1 Energy balance equation

In the neglect of frictlon dissipation (l.e. EDz = 0), the
transient energy can be expressed as:

Em(Ta) E{T1) - Bw(Ts)

E(Ts) - [BEwx(Ta) - BEwa(Ti)]

1l

Tz Ta
E(Ts) - I J Qe (T) 4T - Qa(T) dT ]
0 0

where the fxansient energy consists of two compon%nts:
i) mechanjical energy transfer, E.(T); and
ii) internal energy- decrease from energy loss, E(Ti).

8.2.3.2 Unsteady friction transfer (ETge)

Current unsteady frictlon theorles predict translent energy
by adopting an unsteady friction factor (fu). Under such
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conditions, the Eﬁiction dissipation ED=(fu), though it may -

be increased several fold from\gpn(fq)} are still far too
small to. be significant in a translent pipe flow. Instead,
the unsteady £frictlon factor (fa) governs .the translent
" phenomenon in the form of mechanical energy exchange, which
is termed unsteady friction transfer (ETua).

The energy relatlon during ,the transient period would
become:

Em(Ta) = Ez = [Bwm{(Ta) - BEws(T2)] . 8'13.
Ta Ta
= Be = [ J Q=(T) AT - Qa(T) 4T 1
0 0

where the Internal energy, b(T) = E«, 1s constant during the
transient period. '

n\
Here, the unsteady friction transfer is defined as:

ETug(T) = ETe(fq,T) - ETe(fa,T) | 8.14
where it does not appear directly in Eq. 8.13 because its
existence has been reflected by & component of the

mechanical energy process. N

This 'unsteady frictlon transfer ‘(ETuq) can be further
subdivided as:

1) unsteady surge transfer (ETugs), ‘for uni-directlonal
flow (T < Tmxi); and,

11) unsteady decay transfer (ETuwan), for bi-directional

flow (T > Trmxs).

v



8.2.3.3 Non-frictlon dissipation (ED«)

Should the non-friction dlissipatlion (ED«) dominate the
transient phenomena in an unsteady frictlon system the
enexgy balance equation (Eg. 8.12) becomes: :

Em{T2) = [Ee - EDa(T)] - (Bwz(T1)- Ewa(Ta}]l . 8.15
TJ. Ta : .
= [Et " ED’:(TJ] - [ J Qm(T) daT - J Qa(T) dT ]

0 0 -

where the existence of non-frictional dissipation (EDa)
affects the pipe elastic energy (Em) by reducing the

internal energy [E(T)=E«-EDx(T)}1 " rather than by  the
mephanical transfer of energy.

.

8.2.3.4 Discussion of transient energy

Analysis of the'energy relation for an unsteady friction
system suggested that the transient energy (Ewx) can be
predicted by two methods:

i) An indirect method by means 'of mechdnical energy
transfer (ETug); oC

i1) a direct method by the adoptlom-of non-friction
disslpation (ED=z).

Further analysis 1in the time-depengfnt friction model |is
undertaken in the next section, taking the unsteady friction
transfer (ETaa) into considexation. )

8.3 Analysis of Time-dependent Friction Model

Previous analyses in quasi-steady friction systems Indicated
"that the shorter the time of flow closure (Tq) the greater
the effect of a quasi-steady friction factor on translent
energy decay (ETqen). Furthermore, this effect cannot be
easily observed with a short period of simulatign time (T).

255
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In the bresent analysls dhly an Instantaneous flow closure
(Te=0) 1s simulated for various friction head and regime
conditions, witk the decaying period extended to T = 101.

8.3.1 Re-simulation with time—depgndént-model“

Examples from Holmboe (1964) and Sauer (1969) are
re-simulated in this resea;ch.' The fiyst case 1is for
laminar flow (Fig. 8.6) and the second is for ‘turbulent
flows (Filg. 8.4). :

f ' - . . -
. Three translent propertlies have been analyzed and presented
éﬂ! in Flgs. 8.4 and 8.6. These include:

1) translent flow at mid-pipe Q(T,X=0.5) as shown in
part (b);

11) frictlilon factor at mid—pipe-fu(T,x=0,5) as shown 1n

.part (c); and -M,/L\\
)

ri1) transient pressure at the source ,H;(T,x=0) as
- shown in part (d). . k

It should be noted that only point (1ii) was investigated by
Zielke (1966% during the development of his time-dependent
friction theory. : i

A\l
PR}

In addition to the time-dependent friction theory two -
traditlional friction models (constant and quasi-steady) are
. also sfmulated for comparison purposes. '

£ fAs shown in Figs.L8.4 and 8.6, with the adoption of a time-
- ~. dependent friction 'model (f.), the. decay of transient.
e properties "increases substantially in comparison to other
~¢ friction models. Greater démping impacts in this time-
" dependent friction model can be explainéd from tﬁ% hydraulic
s polnt of view as discussed below.

' : \
Tl '
| ) > -
. ¥ ' = . ) ’ L )
S ML .. ] . ( . '
. g _ . SN
.‘ .f 4 ’ -
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8.3.1.1 Translent flow during decaying pe%iod

Prior to an exploration Into the relationship between the
decay of  translent energy and the various governling
parameters, unsteady f£low conditions wil}y be discussed in
terms of the time (T) and the locatlon (X) along the system.

1) High . flow --- As 1llustrated 1in part (b) of Figs.
8.4 and 8.6, the rate of transient flow at mld-plpe
fluctuates fwith a period of Te={. Within this peridd;—a
posftive outflow (+Q) and a negative reversed flow (-Q)
appear intermittently. For «clarity of discusslon,.
these two flows are termed ‘high flows' to distinguish
them from othexr flow conditions. ‘

)

At the mid-point of the pipeline the durations of both
high flow events have the same one-wave travel time.
For example, ;1.5 ¢ T K 2.5 for the high outflow (+Q!,
and 3.5 < T < 4.5 for the high reverse flow (—q;sfas
shown in Figs. 8.4b and 8.6b. AN

e,
Sl

: {
It should be noted that the duration of these high

flows (+Q or -Q) wvarles from a complete time duration
le.g. 0 < T < 2, at the pipe-end) to just.an instant
moment (e.g. 1= < T < 1*, at the source).

11) Between the two high flow perlods there are times
whén ‘low flows' exist. For example, these low flows
at the mid-polnt occur at 0.5 < T < 1.5, 2.5 < T < 3.5
and so on. . - -

In both examples (Flgs. 8.4b and 8.6b). the low flow
rate is almost. zero. . A
The peak rates of flow (both +0 and -Q) gradually decrease
~ with time, while the rate of low flow does the opposite. At
the time when the tian ent energy is damped out theJ
- differences between the high land .low flows have  been
virtually eliminated. '

.
L3

."' .

- i

- ' -~ - - \
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8.3.1.2 Comparison of fr;ctidﬁ“model applications

The'decay of translent energy 1is governed by the flow
veloclty and the friction £factor: The inter-relationship
between these - two parameters 1is analyzed for the quasi-

teady and tihe-dependent-friction models, fis is shown
\Setween part (b) and part (c) of the two figures.

1) Quasi-steady friction model ---

?) High  flow period --- It can be observed that the
quasi-steady friction factor is only slightly greater
than its steady state wvalue duxring the high flow
.condltions (e.qg. fq/f = 1, at 1.5 < T < 2.5}.

il) Low flow perlod --- However,lit.reaches a very high
order of magnitude during the low £flow period (i.e.
fa/f >> 1, at 0.5 < T < 1.5). B

2) Time-dependent friction model ---

1) High flow period. --- A significaj%&y higher time-
dependent friction factor can he observed (in which
fu/fa >> 1, at i.5 < T < 2.5) during the high flow
peried. . :

ii) Low flow period — Conversely, the reverse
situation occurs during the 1low flow period (in this
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case, fu/fq << 1, at 0.5 <K T <;1.5). N
rs
4

-

3) Comparison of friction models ---

o

: S .

"1) Low flow beriod - Itkkshould be npted that the

effect of friction on t¥ansient energy 1is still

"insignificant during the 1low £low pericd.- The

~difference of friction factor between the two models is

negligible. ‘ -t
S



11) High flow period --- On the othek hand, an increase
in the " frictlon factor during the high flow perlod may
become significant, affecting the transient energy.

4)_Surge wave reflectlion during high flow perlod ---

i) Transient flow --- During the high but relatively
constant flow duratlion [e.g. 1.5 < T < 2.5 at mid-pipe,
part (b) of Figs. 8.4, and 8.6], the surge wave travel

has not crossed the,mid-pipe during the whole perlod of
1.5 < T < 2.5,

11) Friction factor --- As shown 1in part (c) of
Figs.8.4 and 8.6, the unsteady friction factor has been
significantly increased (fuw/fq >> 1) and it continues
to vary during.the wholé€ -pexriod.. .=

‘A rapid change in the friction factor ratio (fu/fg) also

implies a rapid distortion of the Ehear stress proflle,
which contradicts the actual <condition of non-wave
reflection within each of the high.flow period.

5) Discussion of frictlion model applications ---

259

The time-dependent friction model (fu) predlcts a much’

greater daﬁping impact on transient energy during the high
flow period than that predicted by the other two frictlon

- models (i.e. constant and quasi-steady) during the decay of

transient energy.’

Howevei, the physical phenomenon of the unsteadf‘irlction
fagtor (f.) does not reflect the\'charactgristics of wave

//réflection. !

8.3.2 Parameters governing unsteady friction transfer

. : . .
Relations between unsteady decay transfer (ETuqn) and its

governing parameters during the decaying period can be
expregsed as:

2
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ETuas(T) = F(R, Hz, T) . | 8.16

where Tq = 0 and 8§ = » for an instantaneous flow closure.

The.unsteady friction transfer ETuao(T) at T = 101 is shown
in Fig. 8.8 summarized in Table 8.1. Results are discussed
In this subsection.

§.3.2.1 Time of translent (T) as a relevant parameter

L5

1} Transients in the model simulation ---

As shown 1in Flg. 8.8, the unsteady decay transfer (ETuan)
increases with time (T}.
1) pPerlodic fluctuation --- The magnltude of the
periodic fluctuating flow decreases with time 1in a
frictional system, as shown 1in part (b)) of Figs. 8.4
and 8.6.

11) Friction factor --- On the other hand, the increase
of frictlon factor (fu) with time is also observed in
the time-dependent friction model, as shown in part (c)
of Filgs. 8.4 and 8.6.

- 2) Effect of flow veloclty on transients ---

i) Non-friction dissipation - In pipe flow
hydraullcs, the =~ non-friction dissipation (EDx) Iis
somewhat related to the change of flow velocity at the
moment of flow reversal [i.e. dAV/4T = O(V°)].

ii} Unsteady Decay transfer --- The mechanism of
unsteady decay transfer (ETuan) 1s related to the
ex]stence of friction. It is related to 4v?/4T = 0O(V?)
in a2 turbulent flow and to dv2/4dT = 0(V*} in a laminar
flow. >
"Therefore, upon the decay of flow velocity (dv/dT < 0), the
unsteady decay transfer, ETuqo{T) would wvary much more
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slowly than that of the non-frictional dissipation, ED«(T},
for the gquasi-steady friction factor, £4(T).

3) piscussion of time parameter

Should the unsteady decay transfer {ETuas) In the time-
dependent friction model actually account for the frictlion
dissipation (EDx), an increase in the hypothetical unsteady
friction factor (fu) with time is necessary.

-

This 1s exactly what 1is happenling 1In the present model
simulations. ' '

8.3.2.2 Friction (Hes} as a relevant parameter

As shown in Table 8.1 and Fig. 8.8, the magnitude of .

unsteady decay transfer (ETuer) 1s decreasing rapldly with-
increasing friction head (He).

1) Unsteady decay transfer in model simulations --- £

1) Low frictlon system -—- Unsteady decay transfer is
very high in low friction head.

ii) High friction system --- Conversely, ;[1n” a
frictional system with He > 1, virtually no difference

can be found among the wvarlous friction model
applications.

2) Friction effect on flow momentum change ---

i1} Low frictional system --- The exlstence of a high
reversed flow rate (almost 100 % of the -original
outflow rate) in an instantaneous flow closure wlth low
friction head suggests a strong potentlal for a change
in the £flow momentum (4dV/dT)} to be induced by the
periodlc fluctuations.

11) High frictional system --- The existence of
friction would smooth out the periodic fluctuations,

[
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which in turn would reduce the ghange of flow momentum
{(dv/drT).

3} Dlscusslion of frictlon parameter

The above relatlons between unsteady decay transfer (ETuan)
and friction (He) strongly suggest the existence of a
non-frictional component, governed by the change of £flow
momentum (4dvV/dT}.

This component 1start of the non-friction dissipation (ED)
introduced in this research.

8.3.2.3 Flow regime (R) as a relevant parameter

As shown 1in Table 8.1 or Fig. 8.8, the unsteady decay
transfer {ETugo) 1s increaslng with the decrease iIn the flow
regime (R). '

1) Energy loss in“laminar flow —--

The parallel flow streamlines of the viscous zone extend
across the whole plpe section in 1laminar flow. Upon the
rapid change of flow movement (dV/dT), the disturbance of
flow 1s felt in the whole body of flow. Consequently, the

energy loss greater than presented by the lamlnar friction
theory occurs.

2) Energy loss in turbulent flow ---

The viscous .layer is getting thinner with the increase in
the Reynolds Number (R). Therefore, for the same magnitude
of flow momentum change in texrms of (dVv/dT), an energy loss
smaller than that of the laminar fl®%w is expected.

It should be noted that the effect of a disturbance on the
.turbulent core flow 1Is nmuch less than the effect on a
laminar flow.

262

i



263

3) Discussion of flow regime parameter

In addition to the non-frictlional component (e.g. dv/dT),
- other factors related to the viscous propertles of the £fluid
(e.g. Reynolds Number, R) may also be relevant.

The energy loss lnduced by the distortion of shear stress is -

an evldence that the decay of translent energy is due to the

internal energy loss, represented by the non-friction
dissipation (EDa). -

Current unsteady frictlion theorles, 1including the present
time-dependent friction model, actually account £for the
mechanical transfer mechanism (ETugno) by the importance and
effect of the friction factor (fu).

8.3.2.4 Location (X} as a relevant parameter
1) Transients during model simulation ---

The parameter (X) is not included 1n the Eq. 8.16, because
the unsteady decay transfer (ETugo) has integrated the
effect of unsteady friction along the whele system.
However, analysis of the time-dependent friction model
simulation shows that upon an instantaneous £flow closure
{Tg= 0) with a low friction head {He < 0.1) that:

1) The duration of the time-dependent friction factor
(fu) with high magnitude 1is diminlishing towards the
pipe-end.

1i) In the meantime, the duration of the hligh flqw
(+Q or =-Q) increases towards the pipe end.

The local effect of unsteady friction,‘ which 1is the
combination of both the unsteady friction factor, fu(X) and
the flow Q(X) therefore possesses the potentlal for
homogeneity along the whole pipeline. . '

|
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2) Characteristlics of non-friction transfer ---

Under the above hydraullc condltions (1l.e. Tg=0 and He< 0.1)
the same order of flow momentum change (l.e. dV(X)/dT- =
constant) may be found at any locatlon along the plpellne at
the time the surge wave travels. Consequently the
non-spatial characteristics also appear as a non-friction
dissipation (i.e. ED«{X) = kranstant).

3) Discussioh of location parameﬁer -

The above. potential uniformity suggests that the additional
decay of transient energy Is caused by the non-frictional
—dissipation (EDws) upon reversal of the £flow.

B8.3.3 Theory from osclillating flow

The time dependent-friction model adopted for transient
conditlons was originally developed from the U-tube mass
osclllation (Ch. 4, Zielke 1966). With the aid of the
hypothetical pipe set-up (Flg. A.8), a time-dependent
friction model is applied in this research to test mass
oscillating flows. The test data is extracted from examples
provided by wvarious authors and researchers, including
Safwat and Polder's laboratory woitk (1973), the previously
mentioned example in Streeter and Wylle (1981, page 485) and
Zlelke's original illustratlons (which came from Uchida 1956
and Fan 1958). ‘

No difference 1in transient simulations can be found by the
use of a time-dependent model when comparing with the gquasi-
steady model, This finding is reasonable because there is
virtually no non-friction dissipation (EDz)) existing in the
U-tube mass movement, in which the perliodic surge
fluctuation (with the perio Ta) is non-existent and the
flow momentum change during the mass oscillation is slow and
gradualrcompared to the surge wave reflection.

Therefore, it can be concluded that the enexrgy relation
cannot be '}}nked together for U-tube and pipe systems, as

f



clajimed by current unsteady friction theorles (Zlelke 1966,
Shur and Apelt 1983). ' : “

A

8.3.4. Unsteady friction in uni-directional £low

In addition to the period of transient decay, a general
unsteady friction model should also be appllicable to the
period of flow closing. Further numerical tests with the
aild of the time-dependent friction model were carried out
for various normal flow <closing conditions. Results of

these tests are summarlized in Fig. 8.9 for the flow closing
period. ‘

8.3.4.1 variation of unsteady frictlon factor (fu)

—

Two different characteristics of unsteady friction factor
have been found during the flow closing perlod.

i) Early stage of flow closing perlod --- As showh in
Fig. 8.9, -during the early flow closing perilod the
friction factor generated from the time-dependent
friction model 1is only slightly smaller than that from
the quasi-steady friction model. The deviation between
these two models Increases with the decrease in flow
velocity.

ii) Final stage of flow closing period --- At times
N toward the end of f£flow closing period a steep drop in
the time-dependent friction factor can be observed.

These characteristics. contradict the princlple of pipe flow
hydraullics, related to the frictlonal effect.

8.3.4.2 Effect of unsteady friction during flow closure

As shown in Fig. 8.9, sensltivity tests Iin thils research
indicate that the deviations between th quasi-steady and
time-dependent models do not signiflcantly affect translent
behavior during the flow closing perlod,
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1) Barly stage of flow closure '--< The insigniflicant
increase in the unsteady frictlon factor (i:e. fu-£4=0)
results Iin an Insignificant transient effect (i.e.
Em(fu)-Em(fa) = 0), even though the flow rate (l.e.
Q>>0) Is significant.

11} Final étage 0of flow closure --- On the other hand,
toward the end of flow closing period the flow veloclty
is very small durlng the occurrence of a large change
In friction factor (see Fig. 8.9). Consequently, the
effect of the unsteady friction - friction is
insignificant to the overall surge transients even
though a large difference in frictlion factor existsg

It ‘should be noted that the simulation of this
hypothetical deviation of the friction factor (f.) is
necessary for the elimination of the numerical model
instability in Zielke's model application.

It is concluded that The unsteady surge transfer (ETuga)
can generally bed#considered 2zero. Further pursuit of this
unéteady friction theory (fu), other than the use of steady
(£) or guasl-steady (fq) friction model, 1s not needed for
the analysis of uni-directional £low (T < Twsx).

8.3.4.3 Effect of unsteady frictlon during whole transient

The effect of unsteady friction on general transients
conslsts of three parts:

i) Magnitude of Emsa -~~ The effect of the above
friction factor change on transients is relatively
minor. The change in the maximum surge energy (Emsa)

due to the existence of unsteady friction factor (fu)
is normally less than 5 %.

i1) Characteristics of periodicity --- Barlier analysis
suggested that periodic surge fluctuatlions exist in
uni-directional flow, but with a magnitude much smaller
than those in a bi-directional flow. Hence, the effect
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of the non-friction dissipation (ED«) s not expected
to be significant. C
l 4
_111) HMagnltude of Ex --—- The Influence. of the
diversified time-dependent friction factor (£.) during
the flow clpsihg period terminates shortly after the
end of flow closure, usually in less than the period of
a surge wave fluctuation (i.e. Ta = 4). ‘The peak
) decaying energy (Ex) is governed by the non-frictlon

dissipation (EDa} assoclated with other enerqy transfer
mechanisms. : h

Though being diversified fro? the real mechanlsm, the time-
dependent friction can still be used as an approximation of
maximum transient energy without inducing significant error.

8.3.5 Discussion of time-dependent friction model

A fundamental ,difference 1In theoretical background 1is
concluded from the present analysis of the time-dependent
friction model. The physical phenoménon of '‘the time-
dependent friction factor (£.) itself cannot be justifled,
and hence the model should be rejected in general.

On the other hand, by hypothetically increasing and altering
the behavior of the unsteady friction factor (fu.}, the time-
dependent friction model can be used effectively and
accurately to predict the transient energy 1n an unsteady
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friction system, if encugh physical data 1is avallable for’

the necessary computations. For the time belng, the model

has been verified by two physical tests, one for laminar and
one for turbulent flow conditions.

Furthermore, it has been demonstrated in thls research that
the general +transient propertlies of £flow, pressure and
internal energy loss (except the unsteady friction factor)

can be appropriately Iinterpreted by the pime—dependent-

friction model (directly or indirectly).
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"This time-dependent friction wodel is therefore
‘condltionally accepted for the purposes of predicting

translent energy in an unsteady friction system (for both
unl-directlional and bl-directional flows). This work Is
descrlbed ;n the next section. '

~The term ‘unsteady friction (factor) system' ls retained in

thls thesls for the sake of consistency with other systems,
such as non-friction, steady f£frictlion and quasl-steady
f;lqtion factor systems.

8.4 Maximum Transient Energy in Unsteady Frictian System

8.4.1 Maximum surge and counter-surge energy

As previously discussed,'the non-friction  dissipation (EDa)

is considered insignificant during the flow closure period.'

Hence, the application of a time—dependént friction model 'is
neither recommended nor reguired. However, results almost
identical to the quasi-steady friction model simulation can
be found during the £flow closing or early decaying be;iod.
The relationship below is therefore a valid assumption:

mel(fu) = Eﬂ\xl(fq) B.l?a

Furthermore, the effect of unsteadiness (f.) in the fricfion'

factor should also not be significant for the counter-surge

enerqy, slnce the time ,duration during this period 1is .

relatively short. Similarly, the above relation of equalit&
can also be approximated without significant error induced.
This means that: : '

me::(fu) = Ennxz(fq) ?17]3
™~ s

8.4.2 Peak decaying energy (Eio1)
. 9

8.4.2.1 Parameters governing decaying enerqgy

*

" The non-friction energy (EDw) accumulated aftexr the end of

flow closure 1increases with time. This can be seen from the

P

&
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peak decaylng energy at T = 101, which |1is presented in )

Figs. 8.10 and 8.11. As directed by Eq: 4.7, the

relationship between the peak decaylng energy and its
rélevant paraméters can be expressed as:

-~

Eaoa(fu) = F(He, S, Tq, R) | 8.18

. -y . . -
where the effect of unsteady friction can be determined by
comparing the difference in 'peak decaying energy between a,
quasi-friction Eiocal(fg) and a time-dependent Eioga(fu)

'frictidn_model.

8.4.2.2 Criteria for evaluating decaying enexgy

The peak decaying energy 1in a lamlnar flow !s.presented Iln
Fig. 8.10 for.three typlcal flow cloging conditlons.:  This

+ Eiox{fu) = F(He, Ta) - : 8.18a

where R < 2000 and § = -2, 1 and 2. :

E | | ﬁ' . A
The effect of unsteady friction o translent decay can be
evaluated from the following,rﬂggteady decay reductlion
(ERugp) :

0 : o '
ERugp.= 1 - EBrga(fa)/EBirox{fqg) ) : : 8.19 |

where ERugo is based on a relative comparison basis.

Fig. 8.11 41ocates the hyﬁraulid‘conditioné for achieving the_

saméﬁénergy reduction as ERugn. This can be expressed as:

1S

ERugo = F(Hs, S, Ta, R) . 8.20

Three isoquants of ERees = 0.25, 0.50 and 0.75 are plotted

in Fig. 8.11.



8.4.2-3 Results of model simu1;¥ion

As shown JAn Flg. 8.10 the patterns of energy reduction
obtained from the time-dependent frictlon model are similar -
to those obtained from the guasi-steady £friction model
. (Flg;7.9). However, the magnitude of the peak 4decaying
energy Bioa(fu) 1is greatly reduced. Fig. 8.11 provides a
roader representation of the analytical results. 7
'1) Frictlon head (Hez) as a relevant %?rameter‘(Hg) -—-
'As shown' in Fig. 8.10 the unsteady decay reductlon {ERuan)
due to unsteady friction 1is lncreasing with frictlon. It
should be noted that thls-translent property of éRqu is due
to the rapld decrease ofythe denominator Eica(faq). The

unsteady decay. transfer‘(ETqu) is actually decreasing with
friction. ~

‘2) Flow -regime as a relevant paraméter (R) ——-

The significant effect of Reynolds Number on the unsteady
friction transient behavior can be seen 1in Fig. 8.11. For
example, ‘ >

1) Laminar . £low --- More than 50.% of the surge energy
can be §§mped out at He < 0.1 for laminar  £flow
conditions.

L 11) Turbulent £flow --— In'a typlcal tuALulent flow
(R=10%§, less than 50 % emergy reduction can be
achlieved even for Hes = 5. ‘ L

"3) Time of flow'cloéure as a relevant parameter (Tgq) ---

As shown 1in Fig. 8.11, the effect of unsteaay friction 1is
increasing with the‘decféase in time of flow closure, with
an insEantaneous £low closure ‘mé&imizing the effect. The
analysis in Flg. 8.11 only covers up to Tq < 10.
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'Normally, for Tq > 10," the non-friction dissipation (EDa)
assoclated with th perlodic fluctuations becomes very
small. o - S

4) Shape of flow closurée” as a relevant parameter (S) —-—-
The effect of unsteadj\{riction on transients is increasing
with the shape of fldw closure |S|. For |[§| > 5, the
transient in normal flow closure behaves in a manner similar
to that of an instantanecus flow closure.

8.4.3 Discussion of maximum transient energy

The exlstence Pf unsteady frictlon factor does not affect
‘signiflcantly the maximum surge (Emxa) and counter-surge
energy (Emsxz): =

However, a tlme-dependent friction model must actually
predict translient behavior for both laminar and turbulent
flow conditions if the time (Tq) of flow closure is short
and the time (T) of decay 1is long, particularly when the
Reynolds Number (R) is small. ) : .

8.5 Friction Models for Surge Control Devlices

R

Application of unsteady frictlon models in pipe systems with
surge control devices is discussed in this section.

8.5.1 Current apblication of unsteady friction model

Application.of a current unsteady friction model to a surge

tank system has been demonstrated in this research. to be

unsuccessful (8.1.3.3). In this subsection, two more cases

of model appllcations are extracted from the literature and

arﬁ discussed below.

8.5.1ﬁé:§§neg;l conclusion from current practice

Shuy and Apelt (1983) adapted and incorporated - various
frictional models 1nto the method of chaxacteristics to

271
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analyze hydraulic transients in turbuient plplﬁg. systems

'caused‘by valve closure and pump.-txip-out. '

- No significant deviation is fodnd from the comparison of

- results simulated by dlifferent friqgion models. As a result
of the non-effective unsteadiness of frictlon on transients,
Shuy and Apelt (1983) concluded that:

"A new and better unsteady frlction model of general
transient problems is lacking and urgently needed."

fETS.l.Z Re-simulations of current work in control devices

-'In order to have a better understanding of° these two
authors' view of analysls, the following two cases are
numerically reproduced 1in Flg. 8.12 and 8.13, for a valve
and a pump system, respectively.

The equivalent _hydraulic condltions for the hﬁmerical model
simulation are: '

Valve: Hs

il

0.17, Ha = 0.09, S = 1, Tq = 2.5 and R = 5%10%

Pump: He 0.18, Hs

0.40, Tm = 0.10 and R = B8*10°
Various friction models used by Shuy--and Apelt are:

1} Steady friction model;

11) quasi-steady friction model; -
11ii) Time-~dependent model with Trikha's version (1975});
iv) Unsteady mass oscillation model (Hino, 1977); and
v) Momentum friction model (Carstens and Roller, 1959)

8.5.1.3 Results of analysls related to current works ---

Some of\ deficlencies in Shuy and Apelt's (1983) work have
been fou in thlis research and are summarized below:

f/
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1) Improper selectlon of friction models ---

I
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_Thé unsteady‘ffiction theorles of Carstens and Roller (1959)

and of Hino (1977) were developed under the assumption that

the unsteady flow in a plpe acts as a rigld water column
while the wall ’shear stress will wvary according to the

.unsteady flow condition. Investigations of the translent

histogy in these systems show that both valve and pump cases

‘are governed by the elasticity of the system during the flow

closing period. Naturally, the rigid water column
assumption should never be applled during the 'decay of
transients. In applying these two *friction models in the

method of characteristics by Shuw and Apelt (1983), the
basic assumption made for these two £friction theories 1is
violated.

The frequency period of Ta = 4 adopted for Hino's thedry is
not a cbrzecb%assumption for the transient flow movement in

a plpe prior to the complete closure of the valve (or check--

valve at the pump). The original work by Hlno et al was
based on the concegt of a U~tube mass oscillation.

in the 'applicatlon of current unsteady friction models.
Shuy-ahd Apelt's work related to time-dependent friction
model 1s the focus of the discussion below.

2) Limits of Trikha's simplified model ---

Trikha's equation can only be used for Z > 10—+ (Trikha
1975, page L 102). As shown in Fig. 8.5, both numerical

" examples (valve- and pump) are far below this lower boind

(where Z < 10-2 in both cases).

Consequently, the malfunction of this time-dependent
friction model would be expected in the corresponding
transient simulations.

-As discussed throughout Sec. 8.1, serious constrainﬁs-exist.

-
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3) Insufflcient time of slmuiatioh (T) ~--
) ' . ' J"‘.‘;_‘ -U o

It should be nobed&lthatﬁmgygkggéﬁect of\ unsteadiness of
frictlon factor in a _turbufantﬁglow‘ system can only be
obsexrved for a sufficiently . long decay time. For example,
at T = 101, a clear and significant . impact can be seen
(Figs. 8.12 and 8.13) £or the application of both guasi-

steady and time-dependent friction models in both numer lcal
examples. '

As indicdted’ in Flgs. 8.12 and 8.13, no significant
difference is obtained In the present analysis of time-
dependent friction, for times of simulation less than 20.

8.5.1.4 Discussion of current control devices

In contrast. to the conclusion made by Shuy and Apelt (1983)
that a new and accurate unsteady friction theory is needed
for transient analysls, the present research suggests that a

new and better understanding'ﬁk transient flow phenomena is
reguired. =

\ The available time-depefident friction models can also be
used effectively in common surge control devices 1if the
physical phenomena are properlykaddressed.

\.

8.5.2 ©Selected unsteady friction model in practices

As previously discussed, the exlstence of unsteady frictlon
does not materiallj‘affect the transient behavior during the
surge (Emxa)} o0r early decaying (e.qg. Emxz) perlod. The
present analysis\ of unsteady. friction In a pipe system with\
a surge control device 1is focused on the transient energy
‘decay at T = 101. '

Four common surge control devices are considered, and thelr
general responses to the existence of unsteadiness of
friction are summarized in Table 8.2.
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§.5.2.1 Unsﬁéadyufrict{gp_model in alr. chamber or surge tank
1) Two-way .operation --- -

Transient flows in a two-way alr chamber or a two-way surge
tank functlions in a manner similar to a one-armed U-tube
mass oscillation. In these cases, the unsteady friction
model. 1s not required because>the periodic fluctuations are
virtually non—existing. 

2) One-way operation ---

If a check valve 1Is installed, a one-way alr chamber or
one-way surge tank is set-up. 1In these cases, the time of
flow closure 1is long - (Tg >> 10) and consequently the flow
velocity of the periodic £fluctuations in the pipe line is
relatively 1low. The application of a time-dependeﬁt
frictlion model deces not appear to be necessary.

8.5.2.2 Unsteady friction model in Pump trip-out.

1) Pump with check valve ---

The time for the pump flow to dlminish to zero is usually
short, 'of the order of Tq << 10. The step-wise pump flow
closure induces much higher magnitudes in the periocdic
fluctuations during the decay of transients.

—

Should a check valve be lnstalled at the pump, the analysis
of transient decay can be better approached with a time-
dependent friction model for both laminar -and turbulent flow
conditions.

2) Pump with check valve --- -

However, if the flow is allowed to reverse back to the pump,
,the transient condition will. be dominated by the static head
(Ho), which 1s the source of energy to drive the flow
reversal, The adoption of a time-dependent friction model
becomes unnecessary for this condltion,

-
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* ‘1) Current unsteady friction model --- P

¢

8.5.2.3 Unsteady friction model in valve closure
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For a typlcal low head valve (e.g. Ho = 0.01), the closure

of the wvalve producég a high shape (S >> 1) of categorlzed
flow closure. In this case, the flow momentum change in
periodic fluctuations would be relatively high, in which the
decay of transient energy becomes relevant. ;

Unless the time of valve closure ' is very flong,‘ such as
Tg>>10, th application. of time-dependent frlction to the

analysis of translent decay ls desired for both laminar and
turbulent flows. )

P

8.5.2.4 Discussion of model in control device systems

The application of time-dependent frictlon model in pump and

valve systems may be deslred if the decay of trans%;nt
energy hecomes an lssue. '

8.6 Conclusions

- i ’
Analysis in this chapter has 'resulted 1In a number of

conclusions, related to current unsteady friction models.
n unsteady friction model has been adopted which |is

suitable for general practice. ¥

Further to the literature review conducted in Ch. é, current
unsteady friction theories and their appllications have been
critically examined in this chapter.. This is made possible

with the presently established:

1) interpretation tool by means of the Energy Balahce
Concept; and . _ .

ii) knowledge of transient phenomena, including energy
dissipation and mechanical transfer.

[}
.The current unsteady frictlon theorles and applications in a

plpe transient flow consist of:
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1) First &0d second derlvative momentum models, used
for'uni—directional flow systems;

ii) llnear transfer, viscous 1ayer,'vand alternative
. time-dependent friction models In bi-directional flow
systems; and ’ '

111) surge tank, pump, and valve control devices
applied in various.unsteady friction models.

It is concluded in this research that the current unsteady

friction models and thelr - applications may not be well

addressed until now, and may need majoxr revisions. The

problems and constraints related to these models include:
11) Inheritance of unsteady frictlion theories developed
from mass oscillation;

i) adoption of Newton's basic equation of motion for
non-rigid flow motion; —

iiil) neglect of 1inaccuracy measurements induced by
physical modeling instability;

1v) inadequate .dimensional analyses and improper scale
effects; and

v) constralnts In boundary conditlons-and time of model
simulations. '

One among these models, Zlielke's time-dependent frictiqn'
model is however suggested -for further analysls because of
its potential In practical application.

\u
2) Selection of a general unsteady friction model ---

J’ .
In addition to Zielke's experimental work, transients have
been numerically modeled with a longer +time duration and
wider range of wvarious hydraulic conditions for the
evaluation of -the time-dependent friction model. The

following two conclusions gan be made. i
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1) Theoretical. background --- The lﬁportant role of
-unsteadiness in the frictlon factor (£fu) has been
vastly exaggéerated In time-dependent friction models.
This can be explained as follows: \ >

a) By adopting this model, the decay of the

transient is hypothetlically induced by a mechanlism

of unsteady decay transfer (ETuan). ,
"b) The additional decay of transient enexgy |is
actually caused by the energy losses (EDa) due to
the existence of perlodic fluctuatlons, but s
unrelated, to the unsteady friction factor
(as expressed -in ETugo)- '

In current practice, the assdﬁptiqn.of.EDu = ETugo 13
generally assumed.
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11)"Application of unsteady friction model --- The.

time-dependent friction model |is Aselected in th}s
thesls as an unsteady friction model £for predicting
translent  behavior proV¥lded that the physical
phenomenon of unsteady friction factor (fu).1is treated
with caution.

Two conditions for model applicatlion are classlfied:

a) The time-dependent friction model (f£.) is not

required duiing the flow closing and early
decaying perlods.

b) Oon the other hand, the model . can predict

_ transient behavior with better accuracy at
sufficilently long times after the end of £flow
‘closuze.

In general, the effectiveness of model application
increases with ' the decrease of Reynolds Number (R) and
the time (Tg) of flow closure. o
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3) Application of friction modeldf ---

Based on the analysls of typlcal events of flow closure and
of the maximum translent energy ln a wide-range of hydraullc
conditlons, the followlng conclusions can be made.

i) Alr chamber or 'surge tank =--- The time-dependent
friction model 1is not requlred for analysis of alr
chamber or surge tank installation since there 'lIis
inzrgﬂ{ficaﬁt.periodic fluctuations Induced during and
i after the f£low closing perioed.

11) Pumﬁﬁ and valve --- Appllicatlion of a time-dependent
friction model for valve closures with short time of
closure, and for pump trip-out with check valve, .is
.effective for sufficiently long times of decay.

It should be noted that the decay of transient enexrgy is an
important design criteria for the resumption of a normal
system operation. o



'~4' Table 8.t Summary of Unsteady Qgggz;l;ingﬁg;-

He = 0.01
He = 0.1 -

Table 8.2 Friction Model in Surge Control Device

u QZe dy Decay tr jEe
= 2000 *R =104
0.42 " 0.28
0.15 0.12

<0.001 <0.001
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ETyan(T=101
R =10¢
06
___‘
.03
<0.001

- ) Effectiveness
Control Devices on enerqy decay
Surge Tank-two way Nil
{turbulent)

-one way small
Air Chamber-two way Nil
(turbulent)
-one way small
Pump trip -turbulent vary
(with c.v.)
-laminar high
(no c.v.) Any Nil
Valve -turbulent vary
-laminar high

Decay at T=i01

Reference
Fig. 8.3
Flg. 8.3

aAny
_ Any .
Fig. 8.13

blood vessel

Fig. 8.13
L .
Fig. 8.12

machine fuel

ERuap

S %

5 %
35 %

75 %

25 %

50 %

. ERgzp |

15 %

10 %

30 %

Note: ERuaqr for assessing tlme-dependent frictlon model;

ERo#» for assessing quasl-steady friction model.
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a) Flow Velocity
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b) Flow Acceleration
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- a) Schematic of Surge Tank
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a) Hydraulic S Jsfem
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9.0 PRINCIPAL CONCLUSIONS AND RECOMMENDATIONS

9.1 Princlipal Conclusions

A number of principal conclusions are 1listed below, and

detalled concluslons appear in- the text where they are
substantiated. \

’

9&1.1 Generai analytical approach -

In order to carry out a hlgh quality comprehensive
analysis of hydraulic translents, a new analytical

épproach has been adopted in this work. This approcach lIs
based on: ‘

1) dimensional analysis --- The functional relatiocnships
established by dimensional analysis, reflects the
transient characteristics under wvarious conditlions and
thus serves as a guide to the research direction.

2) transient modeling ~--- A computer model (Otthammer,
1987) based on previously well-established princlples,
i.e. method of characteristics (Wylie and Streeter, 1978),
has been developed <for the 'sclentific research and
engineering applications. This model 1s used to quantify
the relevance of the governing parameters.

" In addition to_this numerical techniquk, physical modeling
~data obtained from avallable Illiteratu

« been used to
identify transient phenomena which may be ‘unaccounted for
numerically.

3) transient 1hterprététion ~-- Physical pipe systems are
grouped under four surge control devices (i.e. wvalve,
pump, air chamber and surge tank). For ease of analysis,
these are represented numerical{y by the shape and time of
flow closure, where the shape of closure reflects the rate
of £low deceleration and the time of closure reflects the
time span of uni-directional flow. '
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Whereas traditional methods rely on at-a-polnt pressure
measurements In plpe flow analyses, in this work, the
state of the entire pipe system 1ls descrlbed by adopting

~ the use of”a pressure envelope.

When this technique is used In the framework of a mass
balance equation,L. a whollstic perspective of
interpretation on  transient (elastic) phenomena is
provided, This is formally refered to as the energy
balance concept. )

9.1.2 Transient phenomena

1) Energy relation --- The term used to denote the

295

pressure envelope 1n this work is called the ‘transient‘

.{elastic) energy. Using the energy balance concept, it is
~shown that this energy 1is a function of two components:
i) the energy flux into the system which is quantified by
the mass balance over the pipe control volume (mechanical
energy transfer), and 1i) the decay of internal energy
which happens due to a) pipe wall friction dissipation;
and b) the energy loss In the water column itself due to
perlodic flow fluctuations (non-friction dissipation).

- During the flow closing !péribd, the governing parameters
describing the transient bhenomena is the mechanical
enerqgy transfer [case (i) abovel. With the passage of
time, the non-friction dissipation [case (iib) above] may
also become important, while +the friction dissipation
(case (ila) above] is always insignificant during the
transient period. &
>

2) Elastlclty --- strictly speaking, pipe flow movement is
always non-rigid (elastic) during the period of
transience. However, for - the purpose of performing a
simplified analysTs, wunder certain conditions, the flow
may be assumed to act as a rigid body (and hence Newton's
Second Law is sufficient to describe plpe flow phenomena).
These conditions have been precisely identified in this
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work. In ge

onditlons are satisfied during part of
the time B

or to flow closure.

Also rary to the tradltional view, it has also been - 4 -
shown In this work, that though the maximum pressure

envelope is linear, the flow movement may still be highly
elastic-and hence Newton's " basic motion eguation alone

cannot be applied. : -

3) Friction classification --- Limitatlons inherent in
traditional analytical techniques have led to conflicting:
results of the role of friction In transient phepomena.
In this work, its effects have been classiflied according
to: 1) whether it causes an increase 1n the maximum surge
enerqgy of 11) a decfease; and, whether - the transient
phenomena are 1i1) dominated by friction or , i1v)

independent of .friction. .-

4) Optimal surge energy --- It is commonly considered in
transient flow hydraulics that a gniform flow clostlre
produces the least translent energy in the system.

However, ‘it has been demonstrated in this research that
the optimal shape of categorized flow clos
the friction head and the time of. £low clogu

e varles with

this finding, a procedure has been "deveiobgd the
determination of the region of optimal dondrtion for
- common surge control devices. '
e oo
9.1.3 Developme(fiif unsteady friction thegry -
i
1) Common understanding of friction thqories -—- Several

well acknowledged concepts related to friction have been
reviewed, and the following conclusions can be made.

1) . The general belief that friction will always
reduce the transient energy 1is in reality only
conditionally true. For example, exceptions exist In
both surge and counter-surge condifions.
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1) The weli—known ,assumptibn ‘that the unsteady
friction factor increases rapidly wlth Iincreasing
flow deceleration 1s not Justified. ~ Instead, this
theory should in fact be stated that the unsteadiness
of friction increases with decreasing flow
deceleration.

— -
11i) It 1is commonly held belief that the unsteady
friction factqr for laminar flow conditions has been
thoroughly analyzed, but significant reseaf%h is
still needed for turbulent flow regimes. However,
much more work has been done on turbulent. flow
conditions than on laminar ones in the case of uni-
directional flows ahd the  related surge control

applications.

. O o
iv) 1t isqsurrgntly held that thg,existence of an
unsteady friction factor may gncrease transient
-energy or may decrease it, depending on the flow
regime and hydraulic conditions, However, the
systematic analysis done in this research suggests
that the unsteadiness of friction can only have aiﬂ
one-sided effect in which™ the transient energy will

al&ays be reduced. '

v) Considerable effort has been devoted by’ many
researchers to the mathematical treatment of friction
terms, for achieving better accuracy. However, a
sensitivity analysls shows that a basic numerical
treatment, i.e. 1linear £irst order iteration, has
served equallxﬂ well for a complete range of
frictional conditions.

2} Fundamental conéepts - Many unsteady £friction
concepts developed from mass oscillation have been applied
to general transient conditions. This assumption may have
mislead many previous research works tackling the
transient problems 1in pipe systems. It is shown in this
work that additional concepts need to be applied for the
analysis of water hammer: - o

£
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1) Elasticity of the pipe systems --- In contrast to
previous studies which adopt Newton's baslc motion
egquation to interpret the bhyslcal phenomena of
uni-directional f£lows, it is found herein that the
effect of periodic surge fluctqations and the
imbalance  of net - flow flu dominate thé&
characteristics of water column movement ddring thé]
whole flow closing period. |

ii) Friction dissipation -—- Contrary to
Interpretation-of previous reseaxrch, the frlction
dissipation term is found to be an insignificant part
of the total energy exchange in general translient
conditions. Instead, it is found that the mechanical

process iIs the primary cause of decay of translent
energy. )

~

1i1) Nomffxiction dissipation --- It is well known
that-the unaccounted for decay of translent energy
observed In physical medeling, is caused by the
distortion - of the shear streéiéJprofile, due to
periodic flow fluctuation. Whil®/this concept |is
true, the discrepancy In transient energy has
traditionally been accounted for. through the
unsteadiness of the friction factor. However, 1in
this research it is concluded that this anomalous
energy loss 1is due to internal energy dissipation
unrelated to the wall-water interface.

3) Current unsteady friction models --- It is concluded
from this research that -the theoretical background and
application of current unsteady friction modeld has to be
rethought. These traditional analyses «can be grouped as:
1) first and second derivative momentum frictlion models;
and ii) 1linear transfer, viscous ,layer and time-dependent
friction models for periodic transient flows.

Although all of these models are unsatisfactory from a
theoretical point of view, the time dependent fgiction

S,

AN D
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~model can, on a practical level, be applled. This- i3
possible because} the actual energy loss due to the
perlodic surge fluctuation may be indirectly determined by
the manipulation ™of the unsteady friction £factor of the

model.

4) Application of‘frict;on models --- Condltions have been
defined for the application of steady, quasi-steady and
unsteady (time-dependent) friction models in general
transient analysis:

1) The time-dependent (unsteady) friction model must
be used 1if an investigation is required over a long
decay perliod and the time of flow closure is short.

This is applied in valve (with relatively rapid
closure) and pump (with chetk valve) systems
associated with long decay periods. This is
important from a deslgn point-of-view 1in the
consideration of the resumption o©f normal system
operation. -

ii) The sophistication of the quasi-steady friction
model is necessary lf the friction in the system is
high, the$regime is laminar and the closure is of the
decreasing deceleration type.

This condition 1is sometimes found in valve or pump
installation in machinery, oil pipelines or
biological circulatory systems. ;

1ii) otherwise - the steady friction model is adequate
to describe the transient phenomena of all four surge
control devices as long as the extended decaying
period is not the time of interest. -

-~
9.2 Principal Recommendations

A l1st of recommendations 1s proposed to extend the -
present research (in the appropriate application of

{n
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fr;ction'models; realistic interpretation of transient

phenomena), and, to indlcate potential areas In future
research.. .

9.2.1 Recommendations f&% present reseaxch

l) Development of an unsﬁéady friction model --- Further
physical tests are recommended, to provide necessary data
of anomalous losses for the verification of the welghting
function 1In . the time-dependent frictlon theory. At

presept, only . two sets of physical test data are
avallable.

In addition to the three existing equatlons [These are:
(i)} Continulty; _(ii) Motion and (ili) Statel], the fourth

one [i.e. (lv) Non-friction dlssipatlon] may be required
in the method of characteristics, for the apalygis of
transient decay. Further analytical work in thi% sublect

may however be pursued by the incorporation of edergy
losses in flow separation or boundary layer movement. In
this case, the disturbance of flow streamlines related to
the periodic flow fluctuation should be investlgated 3ased
on the actual lnternal energy loss, which is in a form of
heat dissipation (not the hypothetical unsteady friction
transfer, as assumed in current.unsteady frictlon models).
In the meantime, the time-dependent friction model (fu)
should remain in use for predicting transient flow
behavior until a better unsteady friction model is
devefoped (or the method of characteristlcs 1s updated).

2) Analysls of common surge control devices --- By
adopting a proper friction model, -~ transient
characteristics can be accurately simulated by an
numerical model, Results of such an analysis should then

be summarized in a form which can serve a twojfold
purpose: - '

1) sclentiflc meanipng --- Thls analysis should be
appropriately formulated to reflect and quantify the
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relevance of parameters governling transient
phenomenon.

ii) General practice --- It should also facilitate
praétical application of the results obtalned in this
research. Comprehensive design nomographs should be
completed for common surge control devices.

9.2.2 Recommendatiohs for future research

Recommendations for further research can be put in the
following four categories: 1) non-elastic pipe properties;
1i) minor 1losses; 1il) wvapor pressure Iimpact; and iv)
network looping.

Although the magnitude of energy losses induced by the
above four areas 1is- such that the basic conclusions
rendered in this research are not affected, future
research may be undertaken to quantify this potential
effect and refine the assumptions made above.

1) Non-elastic behavior --- Pipe fixation, material
plasticity. and soll compactlon are affected by the
periodic shocks during the transient period. As a result
for example, an unsteady surge wave speed may be adopted
for the transient simulation.

2) Minor losses --- In current practice, minor logses (at
junctions or bends) are usually either approximated as
uniformly distributed losses along the whole pipeline, or
they are considered as concentrated at the polint of
initiation. Although the former case may somewhat affect
the analysis during the transient period (Wylie 'and
Streeter, 1978, page 51) the agssessment of the overall
transient condition 1s not adversely altered and the
present approach to analysls remains appropriate.
' ; &

?he latter case may 1in some situations be of consequence '
in general practlice. Examples include orifice head losses



at surge tanks and air chambers; and system losses Inside
a pumpling station.

3)‘Vapor pregsure --- The impact of vapor pressure has not
been direct incorporated In the present research and
represents /a limltation In scope of this work. Although
vapor pressure is an important aspect of transient
phenomena difficulties assoclated with this subject
include: i) the existence of a two-phase flow condltion;
1i) spurfously high pressure due to mathematical errors;
and iiy)) data accuracy in physical modeling.

4} Network looping --- A plipe network is commonly found In
municlpal water supply -systems. In some situations, a
single pipeline can be simulated, while the network
hydraulics can be taken into conslderation through the
method of equlvalent kinetic enexrgy (A. Fok, 1978; J.
Parmakian, pers. comm., 1977).

-On the other hand, there are conditions where a detalled
representation of a network system Is reguired (M.
Chaudhry, 1979; R. Ruus pers. comm., 1984).

It is recommeriiled that these four areas of future work

should be assessed by physlical experiments in conjunctlion
with mathematical model studies.
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APPENDICES

Appendices enclosed in thlis thesls consist of the following
subjects_related to transient characteristics in a pipe

system. §
Reference in

L
Section Title Main_ text
A.0 . ANALYSIS RELATED TO THE PRESENT RESEARCH
- A.1l Practical Range of Friction Head Ch. 4
- A.2 Selection of Maximum Transient Energy Ch. 4
- A.3 Boundary of Alternate Fluctuating Flow Ch. 5
- A.4 Optimal Energy in Uni-directional Flow Ch. 6
- A.5 "Classification of Friction -~-Ch. 6
- A.6 Investigation of Oscillating Flow Ch. 8
B.0O RIGID WATER COLUMN THEORY IN PIPE FLOW Ch. 6
c.0 . TRANSIENT ANALYSIS OF CONTROL DEVICES
- C.1 Transient Analyses of Valve Closure in a Pipeline
- C,2 Transient Analyses of Pump trip-out in a pipeline
- C.3 Transient analyses of Alr Chamber in a pipeline
- C.4 Transient analyses of Surge Tank in a pipeline

—-—/
D.0 SOME CONTRIBUMNONS FROM THE THESIS
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A.0 ANALYSES RELATED TO THE PRESENT RESEARCH
A.l Practlical Range of Frictlion Head (He)
A.l1l.1 Parameters governing friction head

The dimenslonless friction head (Hes) adopted 1in this
research ranges from 0 to 10. 1In order-to assess this range
of practical applicability, Fig. A.l has been constructed by
relating the frictlion head to only two parameters (i.e. plpe
diameter and flow velocity) £or a 1000 m long smooth
watermain with concrete or steel material (i.e. surge wave

speed, a = 1000 nm/s). Then 'the functional relatlon
expressed in Fig. A.l is:

3 e He =F(d, v ){ . © Al
where the £friction ‘He' 1is non-dimensional, while system
diameter ‘d' and velocity ‘v' are dimensional terms.

A.1.2 Practical frigpjional ranges

Results obtained from thg figure suggest that under a normal

operational condition, the friction head will not exceed the
value of:

'
t

1) unity, even for an abnormallly 1long (say, 10 km)
concrete or steel watermain; ‘

ii) ten, for an abnormally low wave speed, 100 m/s
(e.g. the pipe is replacéd by plastic material); and

4 .
iii)‘ten, for the 500 km steel pipeline carxying oil
(say, 10 times the water viscosity) with normal oil

pipeline diameter (d > 0.5 m.) and oll flow velocity
(v< 2 m/s.).
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A.1.3 Practical ‘pipe hydraulics related to friction

In additlon to these, several points ref%ﬁgd to the
practical range of the friction head should be noted:

1) A plastEE:pipe would rarely be used for a steady
pressure greater than 100 m. This 1is due to |its
relatively low deslgn pressure (Ho) In the plastic -
plping deslign (1.e. Ho = Ha + Hg << 10, where Ha Is the
static head); '

1i) A Hazen-William friction factor of pipe is seldom
below 130 in new 1long water or oil mains. This
frictional condition of new pipe corresponds closely to
the vicinity of the hydraulically-smooth zone;

iii) The main line between the supply source (pump or
reservoir) and the receiving end  (reservolr or
standpipe) 1s frequently cleaned or relined in order to
minimize the energy loss in an operational water or oll
supply network. It has been found that the Hazen-
William friction factor In the main 1line is wusually
above 120 1in which a smooth pipe can be considered. It
should be noted that hydraulic conditions (for both
steady and unsteady flows) 1in the main line normally
dominate the rest of the network system;

iv) The bfbe roughness of an old sewerage forcemain is
" much higher and cannot be considered as a smooth pipe.
However, a seweraqe forcemaln 1is wusually assoclated
with a relatively low heads {(e.g. ho = ha + hs < 50 m.)
resulting in He << 10; and )

v) The pipe friction factor would be high in a system
with very small diameter, highly elastic material and
large £fluid viscosity (such as blood vessels).
Possibly it becomes a laminar £flow. ©On the other hand,
the flow velocity in thils system would be very low
(say, v < 0.1 m/s.). Consequently, the friction head
would not llkely exceed the value of 10.
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A.1.4 Conclusions of frictional head ranges - \\\

From abov discussions, 1t appears that the range of the
dimensionless friction head adopted 1in the present study
(0 < He < 10), covers all the normal hydraullc conditions in
a closed conduit system. Furthermore, £flow closure with
higher friction head (He > 10) does not 1likely Induce
transient pressure high enough to requlre surge.protectlon.

Although this work focuses on water systems, it |is noted
that the range of conditlons tested far exceeds this scope}

and implies the ready application of the results contalned
here to non-hydraulic systems.

A.2 Selection of Maximum Transient Energy

A.2.1 Definition of maximum .energy

. L] )
The maximum wvalue of translent energy (Emx) was previously
defined in the main text as:

1
-Emse

1}

Hm(X, Tems) dX - (4.10)

It records the maximum value of transient energy encountered
during the time the transient existed in the system, and

hence can be considered as the time-maximum transient energy
(Ema) .

Another term wused in this research to evaluate the critical
transient events 1s the envelope-maximum transient energy
{Emx'), which 1is defined as.the integration of Hmx(X) along
-the pipeline. Here Hmx(X) is the maximum transient pressure
encountered at a point X over the entlre time history of the
transient period. The envelope-maximum transient energy can

» be shown as below: ‘

P



R
Emw' = Hms (X} dX o A.2
JO ‘

"l [Tens ‘
= Hl(X,T) 4™ dx
JoJo .

where the energy is developed from a dquble integration, in
which the time-maximum value, . Emx (defined in Eq. 4.10) s
part of 1it.

Since the maximum pressure envelope contains. points from
different times, the envelope-maximum transient energy is an
imaginary term which has not existed 1in the transient
history.  However, the adoption _ of this conservative
envelope-maximum transient energy (Emx') is preferred |in
practical engineering analysls and design.

A.2.2 Deviatioﬁ,of results

If the difference between these two energy terms Iis
relatively small, they can be merged iInto one term for the
purpose of simplicity. with this in mind, a comparison
between the envelope and the time-maximum translent enexgy
has been conducted for various hydraulic conditions,
Including both non-frictional and f£frictlonal systems. The
results of this comparison are summarized in Flg. A.2. For
simpliclity, the analysls related to the non-frictional
system woyld be interpreted at Hs = 0.0l in the figure. The
.main findings of thls comparison are that:

i) In a non-frictional pipe system, the envelope-
maximum surge enerqgy seldom exceeds 5 % of the time-
maximum for an increasing deceleration flow, and 10 %
for the flow with decreasing deceleration;

ii) For an instantaneous flow closure, difference of
greater than 5 % between the envelope and time-maximum
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surge energy occurs at the friction head (Hes) between
0.2 to 2 with the maxlimum error 15'% at abolut He = 1;

1i1) For a rapld flow closure (Tq > 2), the difference™ .
between ' Bhese two terms (l.e. Emxa VvS. Eumda')
diminishes with the increase of friction (He); time

(Ta} and shape factor (| S |) as for both deceleration
flows; )

iv) At very high Zriction head (say, He > 2.5), no
difference can be found as friction plays the major
role during the flow closing periody and
v) The deviation between the envelope and time-maximum
surge energy decreases wlth the progress of time.
Hence, the present comparison results of maximum surge
enerqgy . (Fig. A.2) can be used: as a conservative
" conslderation for the maximum counter-surge energy, and
other subéequent peak decaylng transient condltlions.

A.2.3 Applications of energy terms . ‘

i) Due to the relative small difference between these
two terms 1in the majority of practical applications

(i.e. lessl the 5 - 10 % error in Tg > 0, as shown in
Fig. A.2), the envelope-maximum syrge (Ewmxa) and
counter-surge (Emsea) energy may be used (on the

conservative side) as the time-maximum whéﬁ—deplctlng
the transient history by the use of design nomographs
available in the literature; anﬁ

‘ f

ii) Conversely, only the time-maximum surge energy is
used for the analysis of the peak decé ing energy (Exr)

due to the following reasons:
_. NS

a) it is extremely difficult to update the
decaying maximum surge preSsure envelope due to
.the small change of maximum pressure (&t each
pofht along the line) 1in each surge fluctuation’
period;

P yid
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b) the dlfference between the time.and envelope-
maximum surge energy dimlinishes as .the time
progresses; and —_ ‘

c) 1t Iis more convenlent to 'plot the _translent
history by the given magnitude and the time of
occurrence of the peak decaying events.

A.2.4 c?ncluslons for selectbqi enerqgy terms kl

For the purpose of simpliclty and conslstency, unless
otherwise specified, the present ' thesis adopts the symbol
Emx (l.e. the term Emx' has been eliminated) to represent:
i) the envelope-maximum enerd} during the investiggtion
of maximum surge (Emxa) and maximum counter-surge
ﬂénergy (Emxz); and '

ii) the time-maximum energy for the historical event of
- transient energy assoclated with the energy balance.
application, and the peak decaying energy which occur’

after the first counter-surge perjod (i.e. Ex, for:’~

T)me:) - k

A.3 Boundary of Flow with Alternate additive Fluctuation

»

A.3.1/criteria governing the flow interception

Recall t.e equation of source flow closure with Increasing
deceleratipn, and rewritten as below:

Qa(T) = 1 - (T/Ta)® . (4.21)
. o’ 7 .
In order to achieve an alternative additive flow, the pipe-
end flow must drop below the source flow during the period
of first wave reflection at pipe-end (1 < Tza < 3). Hence,
applylng the constant rate of wave reflectlon (RQms = 2),
the pipe-end flow becomes: -

3 . 309
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1 -fﬁom.(Tr X[ (T - 1)/Tg) 1% ‘ A.3
=1-/2 %[ (T-1)/Tq 1°

I.

Qwm(T)

where 1 < T < 3.
A.3.2 Shape of flow closure for flow lnterception

"The time of the firs&\;ntercqpting point of two flows (Twma)
can be obtained for the shape of £flow closure (S), by
solving the E£following equatlon which combined Eg. 4.21 and
A.3. This IS Qs = Qm, which implies that: |

az_\
1 - (Tea/Tq)® =1 - 2 % ( (Tea - 1)/Ta) 3® A4

It can be restruﬁtured and simplified as:

{ Tea/(Tos - 1) )sr= 2 A.5
Solving Eq. A.5, the {C;ion boundari&s of alternate additive
fluctuations can be derived as:

g
i) for 1 < T=xa sjz, g < 0;

o~ ;
ii) for Tmae = 2, S = 1; and
i11) for Txs = 3, S =1.70

Case 1) should be omitted as Eq. A.5 is not developed for
flows with decreasing deceleration.

——

From the results of Cases ii) and 1iii), it appears that the
range of shape factor should fall somewhere:

1 <5 < 1.7 A.6

A.3.3 Conclusion of alternate fluctuatlon

The upper boundary of alternate additlve fluct ations} which
has been adopted 1in the maln text, 1s wvalid £for the
transient analysis in a non-frictional pipe Syg;em. )
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Relevant transient properties in uni-directional flows

In genéral, relevant properties related to uni-di;ectional
flows have been. introduced during the course of the
analysis. Three most lmportant among these are:

1) -Rigid water column theory;
i{i) oOptimal surge energy; and

£11) Frictdon classification. -

The first one, Rigid water column theory, due to its brocad
scope of analysl% and lengthy dlscusslons, will be presented
separately 1In Appendix B. The other two are however
discussed in A.4 and A.5.

A.4 Optimalg%yrge Energy in Unl-directional Flow
A.4.1 Functional relationship of optimal shape factor
.4.\) K
An analysis - of: the optimal flow clodﬁ;e on maximum surge
energy has been conducted ahd summarized in Fig. A.3. The
relationship in the figure can be expressed as: ‘
8" = F(He, Ta) ) AT

A.4.1.1 Non-exlistence of periodic fluctuations

As shown In the figure, for Tg < 2 the optimal shape factor
{S™) of flow closure is:

5 =1 A.8a
where He is any value.

This finding 1s reasonable since the perlodic alternate
fluctuation has not been created for Tq < 2..



A.4.1.2 Bffect of periodld‘fiﬁctuatlons

On the other ‘hand, the optimal shape of flow closure
decreases with the lncreasing friction for Tq > 4. For
example, the optimal shape factor is:

where Hs = 0. '

-

Then at, He = 1, the optimal shape factor varles as:

8" = -1.25 for Tg= 4; and : A.8c

Y‘j'—moo for Tq = 100. A.84d

A.4.1.3 Friction dominant zone
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The plots of tﬁe optimal shape curxves in Flg. A.3 terminate

at the boundary of the Frictlon dominant zone where the
effect of flow closing characteristics on maximum surge
energy disappears. ) .

A.4.2 Practical appllcations  'ln optimal operation

Techniques for the determination of optimal surge energy are

not well developed. Thls 1s demonstrated through examples
provided in the following subsections.

]

A.4.2.1 Optimal flow closure for Physical tests

Uniform flow closure has most often been -selected ;or
experimental tests (Daily 1956, Carstens and Roller 1959
etc). One «of the main reasons for this cholce is that based
on Newton's second law of motion below:

Neser = (]/g) * (dv/dt) + £ * (3/4) * (v?/2q) A.9



unlform deceleration '(dv/dt = 1) should produce the optimal
transient condition. '

However, thls finding contradicts what has been presented in
the Figure A.3. '

A.4.2.2 Optimal oriflce in Air chamber installation

In thelr publications (Ruus 1977 and’ Chaudhry 1979), both
authors suggested that optimal surge pressure in air
chambers occurs without the installation of an orifice.
That is:

- Hox = 0 A.l0a

Actually, a low oriflce 1loss (Hex) may frequently induce a
more 1deal flow pattern (e.g. § = 5" = 1.5 in. low friction).
For example: :

Hox = 0.1 * Hn* A-lgb
where Ho™ 1s the chamber head,

This low orifice head. (Eg. A.10b) may result in an optimal
transient condition (Fok 1978). Without the orifice
installation, the high pressure inside the chamber often
discharges flow into the line ghen S > §* = 1.5.

A.4.2.3 Optimal valve operation
1) Non-frictional system ---

A slmllar condition can be found In publications of valve
operation (Wood and Jones 1973, and Ruus et al 1980). The
authors suggested that the optimal surge pressure occurs at
the highest wvalve head, 1in the absence of friction. For an
example of butterfly valve (an equivalent shape factor of
valve closure}, the optimal surge ehergy occurs at [see
Flg. 4(f) eﬁ the paper]: '
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Ho > 0.5 - © < A.lla

Analyses from the present model simulations shows that the
optimal surge energy of the butterfly valve 1ls located at:

Ho = 0.1 - , ' A.1l1b

In reallty, for the shape (S) of valve closure\jess than
1.5, the optimal surge energy occurs at:

0.1 < Ho € 0.5 A.llc

These consist of at least half of the common types of valves
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presented in thelr publications, including uniform, ball,

square gate and butterfly valves.
~

2} Frictional system---

Condltions required for achieving optimal valve closure have

been developed. Fig. A.4 covers seven common surge control
devices (equivalent to -1.85 < § < 2.75). . '

As shgwn 1in the flgure, in the case of low friction and low
valve head, the optimal valve shape factor approaches minus
infinity, such as:

-

- -

5% << - 1.85 A.l2a

where He < 0.01 and Ha < 0.01.

p—

Thls 1s consistent with the findlngs from Wood and Jones.

{1973) and Ruus et al (1980).

On the other hand, at high valve head conditlon, the optlimal
shape factor of valve closure approaches:

8% = 1.35 o ' A.12b

///where He > 10.

\



A.4.3 Concluslons of optimal surge en€rgy

1) It has been found that the optimal shape factor (5*) is
1.5 in a non-frictional system. This decreases with the
increasing friction hegd (Hsz) and time of flow closure (Taq),
until it reaches the friction dominant condition.

Z)V}raditlonal analysis concelved: that the uniform' flow
closure produces the least surge energy. This misconceptlion
has beeén felt in engineering practices in,

i) the selection of physical modeling test;

11} the analysis of low-loss orifices in air chambers,
and

iil) the application of low shape factors for valve
design. '

-

3.5 Classification of Frictlon

A.5.1 Traditional theoretical concepts
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There has not been a good understanding of the role of.

friction affecting the maximum surge energy. Inconsistent
conclusions have been made as discussed below.

A.5.1.1 Maximum transient energy decreases with friction

It has 1long been a general beliéf that the exlistence of
friction weculd only result in less trapsient energy in the
piping system (e.g. Stephenson 1966). 1In reality, the
introduction of Eriction in the system can also increase the
.maximum transient energy as previously discusged in Ch. 6.0.
The incompleteness of the traditional concept is partly due
to the misconception regarding the lmportance of frictlon
dissipation (EDe). It may also be partially attributed to
the current use of the rigid flow motion in interpreting the
transient phenomena. Based on the basic motlon equation
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(Eq. A.9), 1t is held that the highegr the friction tesrm, the

smaller the maximum surge enerqgy that gould be obtalned.

The analyses of both non-frictional (ET=) and £rictlonal
transfer (ET=) processes affec¢ting the maximum surge enerqgy
(Emxa) and maximum counter-surge energy ({(Emxz) have not
previously been established,

A:5.1.2 Surge energy decreases with friction

Concluslons opposite to the above have been made qulte
frequently by some researchers. For example, Ruus concluded
that maxlmum surge pressure increases with friction in his

publications on air chamber and pump design charts (1977,
1981 and 1985}.

In his analysis, the dfmenslonal.maximum surge pressure head
(hmxa'') at pump was used, such as:

l hmx:."l = ha + [hmu:l.l A.13
= h: + ha + Ihm;g;.[

where he 1s the static head at the source (Refer to Flg. 1.1
for the schematic of a pump system).

As refer by Eg. A.13, in the event of the Iincrease of
friction head (he), the maximum surge pressure | Remaex ' | will
definitely increase, 1if the decrease of real maximum surge
energy |hmea| 1is Yelatively small (i,e. |hmea| < he).
Therefore, It could be concluded that the adoption of thlis
traditional, ,dimensional parameter (hmxa'') falls to reflect
the real relationship between the maximum surge pressure
(hmxa) and frictlon (h:) parameters.

Further, conclusions drawn from the application of this
traditional dimensional parameter can not be Justified; from
dimensional reasoning.
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A.S,1.3 Numerical experimental observation

During the analysis of a uniform valve closure, Stephenson
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(1966) observed that the maximum surge pressure (Hmsxa).

increased with friction (Hs), such as:

1

Emxa(He > 0) > Emxai{He = 0) A.14
The author of the paper explained the relation of Eg. A.14
as an abnormal event and attributed its possible cause as an
excessive lncoming flow due to the malfunction of wvalve
operation.

In reallty, the hydraulic condltlons used Iin his numerlcal

experiment consisted of a relatibely wide'range in friction

head (0 < Hz < 1), a long time of flow closure (Tg > 4) and
a small wvalve head (Ho < 0.1) in a uniform valve closure
(s = 1). It should be noted that the combination of small
valve head (Ho < 1) and uniform valve closure (s = 1)
results in an equivalent high shape factor of flow closure
(l.e. 5 >> 1.7). This specific event falls into the region
where the maximum surge energy should actually increase with
friction. Perhaps, this misinterpretation came from
Stephenson's assumption that the friction will naturally
function as an energy damper during the entire flow closing
period. ‘ T T '

A.5.2 Friction classification in hypothetical flows

A comprehensive analyszé of friction effects on maximum
surge energy has systematically been conducted 1in this
researxch, covering the wide range of frictional (He) and
flow closing conditions (S and Tg).

A.5.2.1 Deflnition of zoning on frictlon classification

} Y

b \
Basically, the effects of frictlon on maximum surge energy
can be cﬁtegorized into four zones, namely:



T

1) Frictlon - free --- in which the change of frlctlon
does not significantly effect the magnitude of maximum
surge energy (i.e. dEmxa(He) / dHe = 0);

i1) Intermediate - I --- in which the maximum surge
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energy decreases with friction (l.e. dEmwa{He)/dHe< 0);

1ii) Intermediate - _II --- in which the maximum surge
energy increases with friction (l.e. dEmwa(Hz)/dHe> 0);
and - '

iv) Friction - domipant --- in whlch the same maximum

surge energy . would be obtalned Iindependent of the
individual characteristics of flow closure (l.e.
Emxa = F(Hes), where S and Tq are.eliminated). In this
condition, maximum surge energy also decreases with the
increasing friction head (i.e. dEmxa(Hz) / dHe < 0).

A.5.2.2 Characteristics of zoning

The characteristics of the friction classification are
summarized in Fig. A.5 for various hydraulic conditions.

<

1) Increasing deceleration (S > 1) ---

i) Friction - free zone --- For flow with ah increasing
deceleration, the £friction is Insensitive in the low
~friction head area, i.e. He < 0.2. '

-

'11) Intermediate - I =zone --- For the case of rapid

flow closure In a moderate-high frlction system (Tq < 2
and. H= > 0.2), maximum su&ge energy decreases with
increasing friction. However, this condlition
diminishes with increasing time of flow closure.

iii) Intermediate - II zone --- The energy would
increase with friction when £flow closes slowly with
moderate to high frictional systems, i.e. Tg > 4 and
0.2 < Hs < 2.

¢ .
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iv) Friction - domlnant =zone --- The friction will
entirely dominate the surge conditilons when it |is

sufficiently high, e.g. He >> 2.

2) Decreasing deceleration (S < -1) ---
1) Friction -~ free 2zone --- For flow with decreasing
deceleration, the 1insensitive friction condition Iis
reduced to a very small area where the friction head is
small, but the time and shape factor of flow closure

. are high.
11} Intermediate - I zone --- The maximum surge enerqgy
decreases with frictlon withlin low to moderate friction
heads.
iii) Intermediate 1II zone ~-- The maximum surge energy

will increase with friction for the slow flow movement
in a high friction system, e.g. Tq > 10 and Hes > 1.

. 1v) Friction - dominant 2zone --- §Similarly, friction
wlill dominate +the +transient conditions when it Iis
sufficiently high, e.g. Hes >> 2.

A.5.3 Frlction.ciassification for practical applications

The effect of friction on common surge control devices has
been classified:

A.5.311_Valve operation_in friction classification

Results for 0.01 < _He < 10, 0 < Tq < 100 and 0.01 < Hs < 1
. are summarized in Fig. A.6.

1} High valve head (Ho = 1) S\['

In a high valve head conditlion (He = 1), a similar condition
to that 1In categorized £flows (Flg. A.5) is found, because
the effect of the wvalve head (Ho) 1is 1inslignificant.
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Consequently the flow through the orlflce follows ;the
pattern of the valve shape factor. '

2) Low valve head (Ho = 0.01}) —--

However, towards the low valve head r(HQ = 0.01), Emxx
increases "with  friction for most of the hydraullc

condltions. In this case of low head valve, the flow
decelerates with § >> 1.7,

A.5.3.2 other devices 1In friction classificatlion

Flg. A.7 summarizes the £frictjon classification for three
other control devices, l.e.

1) Pump;

ii) air chamber; and
iii) surge tank (with orifice).

Thé mechanical time scai;fﬁgkﬁxthe device can not be

predetermined, and Tm >< Tgq. With the adoption of (Twm), two
friction zones are established:

i) Friction - free, where the friction is insensitive
to the translents during the surge period; and
- ii) Intermediate =~ I, where the maximum surge energy
decreases with friction. '

A.5.4 Conclusions of friction classification

1) Theoretical background —r?\'The effect of ffiction. on
maximum surge energy (Emxa2) has not been well Interpreted.
Some research workers concluded that friction should reduce
the' maximum transient enerqgy, while others did the opposite.
The cause of this conflict is due to:

320 &
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1) Brror In dlmenélonalr;easoning for the formation of
grouped parameters; ,

11} misconception of friction dissipation concept for
the ‘analyses of transients; and '

1it) lack of a systematic and compréhensive analysis of
friction effects on transients (with steady factor).

2) New friction classification —--- The role of friction has
been re-classified into four zones for categorized flows.
These are: '

i !

i) Friction - free --- where the existence of friction
does not affect the transient;

/
ii) Intermediate - I --- where the maxlmum surge energy

decreases with the increasing friétion;

i11) Intermediate- - II --- whexre the energy increé\es
with friction; and i\\\_,/
i%) Friction-dominant _ --- where frictlion dominates the
transient condition, independent of flow closing
characteristics. ' '
3)yPractical application --- Friction .classification has

bden made on four common surge control devices, namely
valves, pumps, air chambers and surge tanks.
. L -

—

A.6 Investigation of Oscillating Flows

An investigation of unsteady flow phenomena .in mass
osclllations is necessary for a complete understanding of
the history of current unsteady friction models developed
for general transients.
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A.6.,1 Theoretical Background

A 37{ube configuration 1s commonly used in the investlgation

’\\}of oscillating £flow movement in a gravitational £ield.
Newton's second law of motlon forms the ~basls of the
investigation, where the préssure head (h) 1in. a non-
frictional system is:

he = }/g * dv/dt ¢ ~ A.15
and the equation 1ln a (steady) frlctlonal system is updated:
hem = }/g * dv/dt + £ * v3/2q aA.l6

As shown 1In the L.H.S. of Fig. A.8a, the U-tube mass fow
oscillates ags a nigld water column and its motion has
traditionally been derived as: '

d*h/dt® + 7w * (dh/dt)"™ + 29/} * h = 0 A.17

where n is an exponent = 1 and 1.75 for thellaminar and
turbulent flow respectively, and ¥w reflects the properties

of wall shear stress which can theoretically be determined
as:

Tw = 0.5 p * v2 * f, ' A.17a

The relationship of Eq. A.l17 is basically the same as the
well known Newton's Second Law of Motion (X.16), except that
the friction term has been modified to account for the
effect of a quasl-steady friction factor. THls quasi-steady
friction term (Eq. A.17a) has long been of concern.
Numerous laboratory experiments have been conducted in order
to refine this equation. The general conclusion of these
investigations is that: ' ¢

——

L4

In addition to the quasi-steady friction factor, the
wall shear stress also depends on the frequency (w) or
acceleration’ {dv/dt) of flow oscillation.
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_ 3 ‘ :
For example, Vardy (1980) and safwat el al (1973) suggested
a relatlonship (equivalent to that of Eq. 2.1 and 2.2}, in
which the unsteady shear stress thus proposed is in a form
as: '

Tw =0:50 % v * £o + b *p * (dv/dt) A.17b

where the ; coefflclent, b, is determiqed from physical model
tests. ' : . '

A.6.2 Numerlcal model set-up and verification
T N |

In this research a hypothetlical piping system is set up for
the use of the present numerlcal model (by means of method
of characteristics) £for the U-tube simuL@tIdn as shown in
R.H.S8. of Flg. A.Ba. This contrasts with prior work where
an analytic solution is applied, and incidently serves as a
secondary validation of the computer model. Furthermore,
the adoptlion of this hypothetical system provides a means to
bridge work between "experiment in Physics" and "application
in Engineering". :

The hypothetical ‘U-tube system possesses the fo;lowing
features: ~

1

.
1) Same diameter as, the U—tube\system;
q)
i1) Same length of the frictional pipe being placed
horizontally, which results the same frictional head in
the system; and t\\

iii) same height of vertical (frictionless) standpipes
at two ends of the system, which provides th fggﬁg
effect of gravitational force but does not induce any
additional friction effect.
An example Is selected from Streete and Wylie (1981,
page. 485) for the model verification and for the later
discussion of unsteady flow phenomena in the t
subsection. The system is under a laminar flow condition.
Another two examples have been established from the same

‘1
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system ;onflgurati;n but with /Some  modification. of the
frlction factor, one for frictionless and the other for.
constant friction factor systems.

The relevant data for these three examples is summarized in
Fig. A.Ba. The transient flow and pressur \(history have
been plotted in Fig. A.8b and A.8c. This //;hematic model
should be considered to reliably Trepre ént real U-tube
hydraullc conditlons because:

Exact unsteady flowlmovement aqglpressure variations
have been simulated 1n compizisbn to t?;%fderlved from
i

Bq.’ A.17, in both non-fr onal ahd gquasl-steady
frictlon (factor) systems. . :
Results derived \frpm these numerical simulations are used

for the Investlgation 6f energy relations in U-tube mass
oscillation. )

A.6.3 Unsteady flow phenomena' . -
A.6.3.1 Elasticity in the system

The case of the non-frictgknal U-tube system is proposed for
the investigation of its rigidity in ynsteady flow movement
The relevant data consists of:

p——

a = 1000 m/s, vo = 0.5 m/s, he = 50 m, tc = 0.003 sec.

ff—\\\\

1) Elasticity in a U-tube,system ---

The time duration from the instant at maximum flow veloclity
v = 0.5 m/s to the moment at v = 0 1s'considered as tpe time
period of flow closing. In this example, tq = 0.6 seconds
which is one-guarter of the oscillating period (ta = 2.4 3).
Consequently, the dimensionless time of £flow closure. 1is
Tq = .ta / te = 200. As shown in Fig. A.8b, the flow
varlation In the U-tube oscillation can be approximated to
an equivalent shape of flow closure § = 2.

- . ——

o o—
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The control volume of the U-tube system (R.H.S. of

Flg. A.8a) 1s defined 1in a manner similar +to that of the
pipe system. The maximum drop of presgure head (hmsa= 0.4m)
is equivalent to: i %ip
\Hw/= hmx:.L / hc
N = 0.4 / 50 o
0.008

i : P
In thls case, the Iincoming and outgolng flow rate are
ldentical, resulting in zero netflux during the £low
oscillations as expressed below:

Qa(Tx) = Qu(Ta)
and -
Ew(T:L} = Ewn:(T:.) - Ewa(T:L)
Ta Ta
= Qe{T) 4T - Qa(T) 4T
0o - g .
= 0 i

where Ta 1s -any time during the unsteady flow motion.

This non-elastic behavior can be shown in the' H.G.L. of
Flg. A.8a. The elastic energy in the system remains at zero
(referreéﬁto the datum), independenk of the water level
fluctuations inside the tube.

2} Elasticity in a pipe system ---

Assume a4 flow closure with the above mentigned flow closing
properties of Tg = 200 and S = 2 in'a pipe system. Since
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the water -level a; both source and plipe-end does not vary,.

the change of pressure along the system has to be
transformed into. a form of elastic energy stored 1in the
system, and consé&bently the net energy flux accumulated
during the flow closling perlod 1s no longer zero. '



In)this example, the Inflow at the source would vary exactly
the same as shown in Flg. A.8b. However, the outflow at the
pipe-end would have a secondary component of periodic
'fluctuations with a perlod Ta = 4, to be superlmposéa on the

source inflow. These periodic surge fluctuations are
similar to the flow conditions shown in Flg. 5.4a, but with
a , much smaller scale. The maximum energy outflux

accumulated during the flow closing period {assume T = 0 at
the instant of maximum £low velocity) would be:

Ew(Tq)

Emixa * v/a * I

(0.5 * 0.008) * 0.5/1000 * 1§
2%x10-6 * 1

6 * 10~ m. of plpe

3 * 10-2 cc of water

Instead of a drop of 0.4 m water level between.both ends of
the pipe as a U-tube, the klnetlc energy of the pipe system
has been converted to the compression oxr expansion of the
water and plpe wall, which 1s equivalent to *2%10° times the
pipe capacity. )

This demonstrates that even though the £flow movement in a
pipe system may be accurately predicted by the rigld water
column theory, the real phenomenon governing the transient
flow conditions is the elastic energy induced by unbalanced
flow motions along the system (no matter how small it is).

A.6.3.2 Friction dissiéation in a steady friction system

An example of a constant friction (factor) system is used
for the investigatlion on the oscillation damping. The
mechanlcal process of frictlion transfer (ETe} is certainl;
not the governing phenomenon 1In a U-tube system, since the
essential condltion .of the elastlc energy does not exist.
Instead, the decay of unsteady flow movement depends
entlrely on the friction dlissipation (EDe), 1In a form of
heat exchange. C

The relevant data In the present example conslists of:

326



——— ———

~ . | h ‘ ‘ 327

Dimensional --- £ = 0.051 and hes = 0.062 m at vo = 0.45 m/s;
he = 45 m and tc = 0.003 5. -
Non-dlmensional --- He = 0.0014, Tq = 200 and Ta = B800.

Within a complete period of oscillation,p §he energy loss
induced by friction dissipation would be app;bximated as:

st
. 3

Ta

ED:(TQI
A

Q(T) dT = v/a * Tg * Es
0 .
0.45/1000 * 800 * (0.5 * Hx) = 0,18 * H=
0.011 m. (written iIn a dimenslonal unit)

|1}

The friction dissipation of 0.011 m 1is comparable to that
observed in the drop "of water level within a period of
oscillation (Fig. A.8c). ‘ T

The significant effect of £riction dissipation on damping
the oscillating movement in a U-tube can b? observed in
Flg. A.8b and A.8c.

A.6.3.3 Effect of Quasi-steady friction (factor)}

The case of the orfginal example (Streeter and Wylle 1981,
page 485), was actually based on the quasi-steady friction
model. The lamlnar flow with R = 1250 occurs at the Ilnstant
of maximum flow velocity (il.e. t = 0.6 sec. in Flg. A.8b).
The significance of the guasi-steady friction factor effect
can be clearly observed In Fig. A.8b and A.8c. This finding (7
is reasonable as thls speclflic U-tube system possesses two
important propertles related to friction: ‘
1) The magnitude of friction energy in this system is
significant in relation to the energy loss induced by
frictlon dissipation during each oscillating period
(l.e. EDz > 0.18 * He for 0 < T < Tgq); and
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‘ [,
11) The laminar flow (R = 1250 in this examplg) is the
most effective £flow regime 1in terms of the t pact of

quasi-steady friction factor on the damplng of Ynsteady-
flow movement. ' '

A.6.3.4 Energy loss due to flow reversal

Analyses conducted in this thesis (Ch. 8) show that Zlglke's
time-dependent friction model realistically predlct. the
enexgy loss Induced by the flow reversal process In the
bi-directional flow. This time-dependent friction mddel {3
now adopted for the”U-Eube Q?steady flow simulation.

The effect of this unsteady friction model applicatlon is
zero in the present example of U-tube oscillation

This
finding should be expected as the process of flow réversal
in the U-tube system is slow and gradual (in terms o surge
wave travellling). This 1s in contrast with the l\abrupt
change of perlodlc transient flow direction and magnitjude in
the plpe system with the period of fluctuation (Ta = 4)
Consequently, this U-tube oscillation results in only large
scaled periodic oscillation (the perlod of £low 1 much
greéfé} than that of surge wave, Ta) and/or flow separatlion

upon flow reversal (if there is any).
A.6.3.5 Distortion of shear stress distribution

It is well acknowledged that the shear stress profile may be
disturbed with the increasing frequency (w) or acceleration
(dv/dt) of oscillating flow movement (Richardson and Tyler,
1529). Consequently the unsteadiness of the friction factor
is lincreased. This finding 1is perfectly possible and
reasonable based on the following evidence:

1) The essentially rigid £flow movement In a U-tube
system elimjnates elastic behavior otherwise so
important in determining the transient characterlistics
in pipe systems. These include the rapid perlodic
fluctuations resulting from the wave reflection.
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i) The absence of the friction transfer eliminates
energy exchange phenomena unrelated to the traditional
friction dissipation concept. For example, the cases
where potential translent energy increases due to the
existence of frictlon, i.e. Emx{He>0) > Eme{Hez=0), will
never occur 'in a U-tube system.

_ 1ii) The osclllating flow reversal is relatively slow

-~~and gradual, thus virtually eliminates the occurrence
of other potential energy losses unrelated to the
friction factor. '

The above three events reduce the effect of other potential
energy losses regardless of the friction disslipation, thus
simplifying the analysls of unsteady flow phenomena in a
U-tube 'system, This also ilmplies the validity of Newton's
basic motion equation for application in U-tube systems.

.iv) The relatively slow flow movement (in terms of
surge wave travel time, in which Tgq >> 100) provides a
sufficiently long duration for the E£riction to
dissipate a large quantity of heat energy during the
oscillating period. e .

v} The continuocus whole body water movement increases
substantially the potential effect of friction
dissipation; compared to a partial and non-uniform flow
movement present in general transient conditions.

The above two events greatly increase the Importance of
friction energy affecting the unsteady £low phenomena.
Consequently, the unsteadiness of the friction factor due to
the change of flow regime (v) or due to the distortion of
shear stress distribution (dv/dt) becomes much more
relevant. '

A.6.4 Conclusions of U-tube oscillating flow

Analysis has been carried out on several cases of U-tube
systems, and conclusions made as follows:



1) The dlscrete exéregg;Qnm_oE Newton's Second Law of
Motion 1s directly wvalld 1In the mass escillating
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system, as the whole water mass moves as a rigld body."
Elastic properties, which govern the translient

phenomenon In a pipe system do not exist here.

11) The decay of U-tube flow movement Is entirely
governed by the friction dissipation (ED:)}, which ls in
contrast to the mechanical transfer phenomenon as
observed in a pipe system.

111) Enerqgy losses othef than friction dissipation have
not been detected during oscillating flow reversal.
This is not true 1in a pipe system as the incidence of

flow separation has been reported in laboratory works
(Zielke, 1966).

iv) The real form of shear stress distortion in a pipe
flow has not yet been observed In physical tests. On
the other hand, the distortion of shear stress
distribution was actually measured from a U-tube
oscillation test more than half a century ago
{Richardson and Tyler 1929).

Therefore, it can be concluded that rapld changes of flow
regime (v) and flow acceleration (+dv/dt or -dv/dt) may have
a large frictlon disslpation 1Iin a mass oscillation, and

conséquently affect significantly the decay of oscillating
flow movement.
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B.0 RIGID WATER COLUMN THEO?Y IN PIPE FLOW

—

B.l1 Introductlioen

Analysis in the maln text of this thesis concluded that the
elastic propertles of the pipe wall and water column govern
the physical phenomena for a transient pipe flow. However,
there has been substantial effort devoted to define the
region where the rigid— water column theory (RWCT) can be
assumed for general practice. In the literature it appears
that a 1limited success with RWCT had been achieved for
appllication to valve systems with uniform closure, and to
simple surge tanks without orifices.

This appendix reviews the historical development of RWCT,
identifieSVthe constraints of :the current theory, utilizes
theconcept of energy balance for analysls, introduces a new’
methodology for RWCT classlflicatlion, and flnally classifles
the regions of validity of RWCT for both hypothetical flow
and surge cobntrol device systems. '

The transient properties of uni-directional flow is the main
theme of the present research into RWCT in pipe flow motion.
'Some of the theoretical background related to the rigid flow
movement was previougly introduced during-the development of
energy transfer conéepts. Several notations and figures
from the maln text are adopted in this appendix.

B.2 Historlical Development of Rigid Water Column Theories.

This section describes the theoretical background of rigid
and non-rigid water column theories, and ‘summarizes the
results of current literature related to this area.

a -

B.2.l Classical rigid. water column theory

E
+

At the turn of the century (1915), Johnson derived a method
for estimating maximum surge pressure (hmxa} at a valve In a
pgn-frictional system (He=0) with' uniform wvalve closure

iy



(§=1). Two equations were used by Johnson for the
development. The first one is Newton's basic law of motlon:

h = }/g * dv/dt ' : B.1
= pressure head at valve,

= length of pipe, :

gravitational acceleration, and

dv/dt 1s the flow deceleration.

£
o
o
(a1
)
-
Qe o
N

The second equation ls the orifice flow loss relationship,

which is expressed as:
Q = Ca*(2g)®-5 * Aa*(h)°-3 | B.2
where, Q@ = orifice flow,
Ca = discharge coefficient, assumed to be constant

during the valve closure, and
Aa = valve area opening..

By the combination of thede two equations, the well-known

classical Rigid Water column Theory (RWCT) was formulateg,
expressed as: '

Nmx2/Na = Ki/2 + (Ka + Ki2)©°-5 ' B.3

where, hmxa Is the maximum surge pressure at valve,
occurring at the end of valve closling period;
Ki = {(}J*ve / g*ho*tg)?; and
ho = vdlve head. . & >

B.2.2 Elastic water column theory

ra. .
For the sake of -completeness in assessing the current RWCT,
t elastic water column theories are described below.

B.2.2.1 Joukowski theory

In 1898, Joukowskl established a theoretlical relatlionshlp
between pressure and velocity change during transient flow
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conditions. The ‘elasticlty‘ of both the water and the pipe

walls is then reflected by the surge wave speed, ‘a'. This
relation can be expressed as: _ : ) \\\E~}
") an = aszg * dv - o B. 4
P
here, dh = change In pressure head; and

dv = change of flow velocity.

Wwith an instantaneous flow closure, the préssure head (h)
becomes the well-known Joukowskl's head (he = av/g).

'B.2.2.2 Allievi's theory of elastic flow system

In 1925, Allievi's\‘Elastic Theory' (1902) was tfanslated‘by
Halmos and introduced to the WNorth American engineering

community. In addition, +two dimensionless quantities were
introduced, equivalent to valve head (Ho) and time of valve
closure (Tg). These can be written as:
Hol= = g*he / a*ve

he / hm
and ‘

ta / te

7
Assuming a uniform valve closure, the maximum pressure rise
was derived by Allievi. as:

Hmaca = 0.5 (Ha*Tq)‘“Q: (1 + (4 (Ha*Tg)? + 1)°-5) B.5

These two elastic ‘theories (BEqs. B.4 and B.5) ' are
fundamental to most modexn developments 1in hydraulic
transients. They forh the background for the subsequent
developﬁent of the ‘'graphical method' and ‘“characteristic
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method' for the transient .simulation in pipe hydraulics‘

‘adopted in thils research.
B.2.3 Current literature related to classical RWCT

Since the publication of .Johnson's classical paper on the
rigld water column approximation (Eq. B.3), the subject of

/

[ 4

~—



rigid water column theory has been and stlill is pbpular in
transient analysis. Substantial effort has been devoted by
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numerous researchers and englneers to improve the accuracy -

of the classical RWCT, to determine the range of Its
application, and polish the form of its presentation. Some
of these works are discussed below. Virtually all the
‘analyses focused on the non-frictional system,. Only a

scattered and random investlgations were undertaken for
frictional systems. 7

1) Quick (1933) --- Allievi's elastic water column
theory (Eq. B.5) was confirmed by a serles of
experimental tests. At,the same time, Quick also found
that the rligld water column theory (B.3) shows a close
comparison with that of the elastlc theory for He< 0.5.

On the other hand, the RWCT may provide only half of
what obtained from Alllevi's equation.

ii) Parmakian (1963, page 7) --- Based on results of
his semi-empirical analysis, Parmakian suggested that
the dlmensional time (tql 0f valve closure should be

greater than 0.003 * pipe length (}}, for the use of
classical RWCT.

- In a normal concrete or steel pipe, the pipe length

' 1= 1000 m and the surge wave speed a = 1000 m/s.
Accordlingly, the imensional (tg) or non-dimensional

/ {(Tg) valve closing time required for the adoption of
Johnson's RWCT 1Is 3 seconds or 3 units respectively
(where }/a = 1 sec.).

iii) valentine (1965) --- Based on numerlical analysis
by graphical methods, Vallentine concluded that the
classical RWCT agrees with'Epe Allievi's ‘solution only
for values of ha/ve < 50 (which is equlvalent to a
non-dimensional valve head, Ho < 0.5, in a concrete or
steel pipe) and.only for, valve closing times Tg > 16.
Substantial error would be induced for cases‘outside
this range.



iv) Wood (1973 and 1974) --- With the aid of computer
modeling, Wood devoted tremendous effort to establish
corrections for the use of the rigid water column
theory. In general, the relative errxor of the RWCT
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method decreases with the increase in the time of valve

closure (Tq).

v) Wylie (1981) -~- Wylie suggested. that a wvalwve
closing time of Tq = 20 may be considered a slow
stopping time, and therefore the rigid water column
theory might be applied. '

Conclusions made by these authors are summarlzed In
Fig. B.5, and will be discussed later in light of the new
RWCT.

In addition to the above work, considerable analysis and

discussions related to this classical RWCT also appeared 1in

many other papers (e.g. Stephenson 1966, Wood and Jones
1973) and text books (e.g. Stephenson 1984 page 106, Watters
1984, page 63}.

B.2.4 'Discussion of current treatment in RWCT

The general £findings and conclusions of these publications
can be summarlized as follows:
N - |
i) Classical RWCT simplifies the procedure of
estimating the maximum valve surge pressure (Hmxz) and
has proven to be quite accurate in very low head valve
systems.

11) However the degree of inaccuracy in this treatment
lncreases rapldly with increasing valve head (Hs) and
decreasing valve closing time (Tq).

7
11i) Past research on this subject has been neither
complete nor satisfactory.
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/This last statement canrbe'supported in a number of ways, as
will be shown in the next section.

B.3 Coqstralnts Assoclated with Classical RWCT

. F
This section revlews varlous constralnts related to the

classlical RWCT which has been adopted since 1915,
. B.3.1 Constraints in the scope of applicatlon

‘The classical RWCT can only be applied under very limited
conditions as describeﬁ.below: '

344

i) valve operation in control surge --- This representgv

. only one of the four common surge control devices and
presently, the classical RWCT cannot be applied to
pumps, surge tanks and air chambers.

ii) Uniform closure (S=1) in a valve operatlon ---
Again this represents only one of many common types of
valves in general practice. No consideratlon of RWCT
application has ever been given to the others; six
among these are: butterfly (S=-1.85); ball (5=-1.35);
square gate (combination of §=1.35 and S§=-1.35);
circular gate (S=1.35); needle (5=2) and accelerated
circular gate valves (8=2.75).

111) Low head (Ho << 0.5) in a uniform closing valve =--
Similarly, thls represents only part of the broad range
of potential valve heads. Hence, the classical RWCT
fails to be applicable in many pipe systems. 1In
particular, while "low head conditions were generally
applicable the advent of the wide-spread use of plastic
plpes has made common high non-dimensional heads (Ho).
This substantially widens its practical range (e.qg.
0.5 < Ho) of valve head conditions.

lv) Non-frictional system (He = 0) --- Thls condition

is rarely approachea in real englneering applications.
Rather, appllications of RWCT in situations of high
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friction head are frequently encountered- iIn general
practice (e.é. 0il pipeline or plastic pipe).

B.3.2 Constraints to correction methods.

There are procedures recommended 1in the current literature
for the modification of results estimated from Johnson's
(1915) theory, but these tend to be tedious and sometimes

confusing. It appears to be much simpler and more

stralghtforward to directly use a nomograph of uniform valve

closure in a non-frictional system, instead of applying the
simplé‘classical RWCT equation (Eq. B.3) plus complicated
corzections, recommended by various authors.

/

In ordex to appreclate the complexlity of these
‘modlfications, works «can be referred  from the following
publications: 1) Figs. 6 and 7 in Quick, 1933; ii) Figs. 1-3
in Valentine, 1966; iii) Fig. 1 in Wood 1973 and iv) Fig. 5
in Wood 1974.

B.3.3 Constraints to theoretical background

With the increase of valve head Ho, the importance of the
orifice head-loss relationship (Egq. B.2) begins to decrease.
Consequently, the valve flow closing characteristics follows
in exactly the same manner as that of a valve area closing.
Should the classical RWCT still be applied, Newton's basic
equation (Eq. B.l) becomes the only governing function In
the RWCT (Eq. B.3).

. This implies that based on Johnson's RWCT:

The rigid water column movement approximation is valid
for a "uniform flow closure$y which 1s equivalent to a
uniform valve closure (S=1) with a high valve head.

This finding contradicts the previous concluslion made in
Chapter 5. As shown in Fig. 5.4a, periodic fluctuations
with the same magnltude domlnate the entlire flow c¢losing



period. An upper bound for the valve head muat be set for
the use of the classical RWCT.

B.3.4 ‘Discussion of RWCT constraints

The constraints discussed above ralse a great concern:
It is questionable whether or not the classlical rigid
water column theory (Eqg. B.3),'ls‘an appropriate tool

for transient analysis.

One of the main tasks In this appendix is to resolve this
gquestion.

B.4 Analysis of Rigid Flow Motlon in Typical Flow Closures

346

A
This section attempts to explain the fundamental background

of rlgid flow motion theoxry In a non-frictional system.

The concept of energy balance, characterized by the periedic

flow fluctuations at the pipe-end is adopted for the present
analysis. : ’

B.4.1 Rigldity determined from f£low velocity

B.4.1.1 Rigid water body movement In a closed conduit

For a rigld water column movement, flow rates should be the
same at the source and pipe-end, that:

Qa(T) = Qu(T) ' B.6

This represents a very strict condition imposed £for the

'rigid water column movement.

Equation B.6 is a valid assumption®™ for some laboratory
works, such as U-tube or pulsating mass oscillation.
However the assumption of this lideal rigid water column
movement 1s not wvalld 1In a <fransient plpe flow. Some



guldelines for defining the rigid water column region with a
realistic allowance of error should be proposed.

B.4.1.2 Transient flows in plpe sysFems fd; T <1

It takes one wave trabel time for the surge wave to travel
from one end of the pipe to the other. Hence at time T % 1,
the effect of wave reflectlon is non-exlstent since the
surge wave has not yet arrived at the end of the pipeline.
Therefore, the £flow Ileaving the system (Q=z) should be
independent of the incoming flow (Qa) characteristics. This
means that:

Q=(T) = 1 > Qa(T) | o B.7
where 0 < T < 1.
B.4.&.3 Flows in pipe systems for T > 1

If there 1is no wave reflection effect at time T > 1, the
flow rate at the plpe-end, Q=(T), should be 1identical to
that at the source at the time preceding one wave travel
time, Qa(T-1). Thls means that the followlng relationship
holds true in tterms of magnitude and direction:

o

Qe(T) = Qa(T-1)* B.8a
Referring to the transient history plotted in Fig. 5.1, it

can be seen that a 100 % wave reflectlon can be induced with

an instantaneous flow closure (Tq = 0) In a non-frictional
system, such as:

Qe(T) = -Qa{T-1) S . B.8b

In reallty, at a time longer than one wave travel time after
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the surge initiation (T > 1), a transient event with normal

flow closure is affected by the reflectlion of the surge wave
In a manner between that described by Egs. B.8a and B.8b.
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4 .
B.4.2 Fl w-dedé;eratlon In a pipe syatem
B.4.2.1 Wa&e reflection as a criterion

As s wella nown, the chagacteristics of peri&dic flow
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- fluctuation axe generally governed by the flow deceleration

at source and\the wave reflection at the pipe-end. A new
relationship of\ translent propertles between the source and
pipe-end should'be establlished according to the variatlon of

dv/dT, which 1is far more complicated than either Egs. B.S8a
or B.8b. ' ‘

During the perlod of the Initial surge wave reflection at
the pipe-end (i.e. 1 < T < 3), results from the numerical

model show that the rate of flow change at the pipe-end is
" twice the inflow at the source at the preceding one wave
travel ¢time <(l.e. dQ=(T)/dT = 2 dQa(T-1)/dT. This |is
independent of the shape (5) and time (Tq) of flow closure.

In this research, this property, RQmza(T) ls termed the rate
of wave reflection and is defined as: °

RQza(T) = | dQ=(T)/dT / dQe(T-1)/4T I B.9

]
Then, the characteristics of first wave reflection Is:

RQea(T) = 2 B.9%a
where 1 < T < 3.

It should be noted that after the period of ‘first wave
reflection, the rate of wave reflection (RQma) will deviate
from 2 and vary as a superposition of the past wave
reflection. This means:

RQea (T) >< 2, for 3 < T < Tq B.9b
General characteristics of Eq. B.9 can be observed by the

example cases shown in part b_of Filgs. 5.2 - 5.4, In which
three typical types of flow decelerations are lLllustrated.



As shown, during the perlod of 1 < T < 3, the relatlonshlp
expressed In Eq. B.9a 1is valid £for any shape -of flow.
However, during the period of 3 < T < Tq, Eq. B.9b becomes:

1) Uniform £low closure (S 1) --- the rate of wave
reflection (RQea) Ffluctuates intermittently between
zero and two. ' '

ii) Decreasing decelerating closure (8§ < -1) ~---
RQma(T) begins with 2 and then increases steadily wlth
time; and . '

1il) Increasing decelerating closure (S > 1} --- the
magnitude of RQua(T) decreases qgradually from 2 to 1,
as time progresses.

The disadvantage of Eq. B.9 is thé/;ifficulty in deter%ining
the exact value, of RQma(3 < T < Tg), because the time
difference of one wave travel time between two flow
decelerations (at the source and plpe-end) is required.

B.4.2.2 .Deceleration between flows as a Criterion

An alternative criterion is used in this appendix. A new
term elasticity of water column movement ( RQaa ) is defined
as below:

RQaa(T) = | {dQ=(T)}/dT - dQa(T)/dT] / dQa(T)/dT | B.10

where RQaeaa is a good indicator of the rates of flow change
at the source and the pipe-end of the system.
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In this research, the upper bound of rigid water motion is’

defined as Egqg. B.ll. This gﬁfinition is arbitrary, but
reasonable in -the practical application. This leads to
that:.

RQae(T) < 0.1 . B.11

where Te'< T < Tq.
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Here T=' 13 the time requlred £or a tranalent flow to
function as a riqld water _column following the inltlation of
transient £flow. The time Tx' > 3 should be used, for
consldering the effect of first wave reflection period.

B.4.3 Rigidity for normal flow closure cases

Typlcal characteristics of each type of deceleratlng flows
related to pipeline elasticlty ate discussed here at a
screening level as shown in Part b of Figs. 5.2 - 5.4 which
are re-inserted at the end of this section.

B.4.3.1 Uniform flow closure (5 ="1)

Within the whole period of flow closing, the elasticity of
"flow movement is: .

(

RQes(T) = 1.>> 0.1

Thus it can be concluded that the water column In a uniform
flow closure is not rigid. ’

B.4.3.2 Decreasing deceleration (8 < -1}
The elasticity of the water column increases with time as:
A

RQaa(T) > 2 >> 0.1

This indicates that during the whole period of flow closure,
the unsteady flow is governed by the elastic phenomena.

B.4.3.3 Increasing deceleration (S > 1)

The elasticity of the water column continues to decrease
with time as:

diRQsx(T)1/dT < O



‘351

L)

‘This indicates that flows with increasi  deceleration may

reach the state of rigld water, column motion'if the time of
flow closure (Tg) and time of transient {¢T) are sufficiently
long. ‘ ' ‘

B.4.4 Discussion of rigid flow in a typlcal flow system

The physical phenomena of an unsteady pipe flow is governed
by its elastic behavior. '

For the purpose of general practice, a guideline (Eq. B.1ll)
has been established in this section, to determine the
eligibllity of the assumption for the wuse of rigid water
column movement (RWCT) in a uni-directional flow.

At the screenling level, It Is "indicated that for a non-
frictional pipe system, the minimum requirement for a rigid
water column movement is that the sggpe of flow closure (S)

must be greater than 1, and the time of flow closure (Tq) -

must be longer than 3.
B.5 Analysls of RWCT Classificatlon in Hypothetlcal Flows

Further to the screening discussed in the previous section,

"a systematical classification on RWCT is carried out hereim,

based on the guideline of Eg. B.1ll. The existence of
friction is included in the present analysis.

4
B.5.1 Theoretical development of rigid flow movement
B.5.1.1 Rigid motion equation in frictional systems
The effect of friction has been traditionally considered in

Newton's basic equation by the incorporation of a friction
term:

hmsesx = }/g * dv/dt + £ * J/d * v2/2g - B.12

This equation has been regarded as a unilversal equation for
rigid water column movement in a frictional piping system.
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The present research -determines where Eq. B.12 can be
applied without ' inducing signlficant error in deplcting

transients in unsteady pilpe flows. Two cases are consldered:

¢ 1

. below.

B.5.1.2 Rlgid behavior during flow closure (Tx') .o
Based on the criterion expressed in Eq. B.lZ,'%he-hydraullc
conditions have been classifled for the valld appllicatlon of
rigid water column motion, and these are shown in Fig. B.l.
The relatlonship expressed 1n the figure can be summarized
in the following form: )

ot

mn

Px' = F(Hz, S, Ta) . B.13

.where'Tz' .represents the minimam time required for flow
motion to become rigid. This* equation can also be
interpreted in such a way that approximately the same flow
energy will leave and gnte; the plping system as:

'Qa( T ) = Qu( T ) ' ' B.14

where T='< T < Tgq.

The relationship expressed in Eq. B.14 is conslidered to be

the most' restrictive condition imposed on the approximation
0f rigld water column movement ln a pipe system.

=
i

B.5.1.3 R1gid behavior at the end of flow closure (T<'')

If the flow motion can be considered rigid until the end of

the flow <closing period, Eq. B.1l should be adjusted as
below:

RQaa (T} < 0.1 C _ B.15
where To''= T = .Tq; Here T<'' is the time required to

achieve the rigid water column condition at the end of flow
closing 'pericd.

> P
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Acpordingly, the relationship between T-''and its govetning
parameters can be graphically presented In Flg. B.2 as

below: /ﬂj

Te''= F( He, é;y’ - ' .- - B.16

It should be noted. that one of the restrictions imposed by
Eq. B.1ll1 has been removed, where RWCT is required over part
of *the flow closing period (i.e. Tx'< T < T<).? In the
applicatioh of Eq. B.16, the effect of pipe elasticity can
be evaluated towards the end of f£flow cioslng pérlod
(Te''= T # Tq). ' : :

g%gce the maximum surée energy {Emxa} occurs at the end of
.the closing - §griod’fdr the increasing- deceleration flow
condition, the =zone of rigid water column motion (shown 1ln
Fig. B.2) deflnes the region where Newton's equation can be
uséd_to estimate the mdximum surge energy. As shown in the
figu;e} Newton's basic equation becomes difficult to apply

for § < 2. This 1is due to the increasing periodicity of
alternate surge.—fluctuations, durinéﬂmihg‘whole perlod  of

flow,clb\su.pe/./ \ ks

It 1s noted thét results expressed in Flg. B.1 shoﬁld be

kept as a tESthf elastic behavior 1f the tr@nsient history
during the flow closing period is of dbncerF{

¢

- B.5.2 Characteristics of the rigid water column region

- B.5.2.1 RWCT in non-frictional systems
. . o

-

dﬁhelelastic behavior of transient pipe £flows can be most
fonvenienply ahalyzed in a 'noh—frictional system (Hz=0).
F iy, Q; shows_tbe elast};lty of the’ flow motioh during-the
closing eriod. The relationship of Fig. B.l can be
simplified, and presented in Fig. B.2,. in whish the flow
mqﬁioﬁ becomes rigid towards the end of flow closing period.
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AThé Wewton's basic equatlon of motion (Eq. B.1l) can be used

. as an_ approximation in the rgngQ:‘of RWCT, 1identified in

v

Figs. B.l and B.2. s .

3 - -
, . ) Y .
s ML .
-v-. ) B . ) N
. .

ot
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1) Shape of flow closure (S) --- The source (Qa) and
the pipe-end (Qx) outflows at § = 2 have the most

frequent collinearity in comparison with other shapes of

flow closure (reference in Fig. 5.5). cOnsequentl§, it
requires the least time for the flow to be closed as a
rigid body.

It takes a prdgressiveﬂi ionger time to:approach rigid
watexr colummr motlon as the shape factor departs from

s = 2. In particufar, it takes a much longer time to
reach the state of rigid water column for 1 < s < 2.
For example, at S = 1.5, the time requlred to achieve

rigid flow. motion exceeds T.' > 100. This increase of
T=' 1s due to the existence of alternate perlodic

fluctuations, which create considerable elasticity in
the pipe system.

1
For the case of an increasing deceleration with a shape
factor (S) greater than 2, Newton's basic equation
(Eg. B.1l) generally overestimates the maximum surge
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energy. On the other hand, with the shape factor (S):-

of flow 'closure less than 2, the basic equatlon
(Eq. B.l) underestimates” maximum surge energy (Emwa).

“1i) Time of flow closure (Tg) --- Newton's basic

equation (Eq. B.l) should be applied only after the end
of the first wave reflection period, i.e. 3 <Ty'< T<Tq.
Prior to that, the effect of the.flirst wawg\fgflection
dominates the transients in the system (i.e. RQma = 2).

Generally, the longer the  time for the flow to close
(Ta), the faster the flow becomes a rigid water column
(T<'). For e€xample, in an increasirng deceleration flow
with Te > 40, the elastlicity of. J/the plping system
almost disappears at the end .of the fi;st wave
reflegtion period (i.e. T=' = 3, for 2 </S < 10).
" , : '

111) 'Uniform £low closure --- For a flow wlth uniform
closure (8 = 1), only half the maxlmum surge pressure

[‘-‘

. [ . \
) . . ‘ .
- o ~ . N )
Ny . .
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would be obtained by the‘basic flow motion equation.
The translent energy estimated by Eq. B.l 1Is constant
throughout the whole period of flow closure while the
actual translent osclllates between Hmxa and zero,
symmg;rical with the axis determlined from Eqg. B.l.

iv) Decreasing deceleration flow closure --- The rigid
'Elow motion equation (Eq. B.l) is not applicable in any
part of decreasing deceleration (S < -1) flow-
conditiogs. This f£inding should not be a surprise as
Newton's basic equation would give the maximum value of
surge pressure at the first instance of such a flow
motion which could only be found with an instantaneous
flow closure, i.e. Hm(T = 0) = Hmx.

N .
B.5.2.2 RWCT in frictional systems
The reglions of RWCT in frictional systems are also
Identlfled in Figs. B.1 and B.Z2. Eq. B.12 Is the updated
equation for rigid flow movement in a frictional system.

1) Flow closure with S8 > 2 --- 1In the absepce of
alternété3 periodic fluctuations, the " increase of
frictlon (He) separates the source (Qa) and the
plpe-end (Qz) flows further apart, during the flow
‘closing period. Consequently, this results in a longer
time (T=') 1In arrlving at an equillibrium state.

The effect of friction on transienyj behavior was
previously showmr in the transient history (as shown in
Fig. 6.4), which results 1in an increase of frictional
transfer - (ET=} exceeddng its steady friction Energy
(Ez). Figs. B.1 and B.2 summarize effects of fridtion
on T='" and T.'' respectively.
ii) Flow closure with 1 < §'< 2 --- In the presence of,
~alternate periodic fluctuations, thq} existence of
friction (He) tends to damp out these £fluctuations,

resulting a shoxter time (Tx') In achleving the rigid
flow motioq. | -

v
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'periggic surge fluctuatlions have been ellminated.
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As shown In Flgs.‘B.l and B.2, the time (T.') required
to achleve the equivalent to a rigid water column

movement will be greatly shortened with increasing
friction head (up to He = 0.5).

1ii) Flow closure with S8 < -1 --- One of the important
results in the analysis of fridtional systems ls that
the rigid £flow movement can be épplied to flow closure
problems with decreasing deceleration if the time of

flow closure is sufficiently long and the friction head
is adequate.

For example, the rigid flow motion can be extended to
decreasing deceleration flows, for 0.5 < .He < 1 and
20 < Tq < 100 (see Figs. B.1 and B/2).- ~

iv) Evaluation of ffiction‘effecté-——; The function of
the friction acting as a damper can be,seen better in
the example of a unlform flow closure with ‘various
frictlion heads 1in the system. Fig. B.3 traces the
history of f£flows at. both source and plpe-end. Flow
closing properties of 5§ =1 and Tq = 20 are selected
with H=s = 0, 0.1, 0.5, anai2.5 being utilized.

As shown in the figure, severe surge fluctuations stlll
exist in a low frictional system (e.g. He = 0.1).
However, a collinear. relatlonship can be observed
between the incoming (at sohrce) and outgoing (at
plpe-end). flows for He = 0.5, long prior to the end of™
the flow closure (i.e. T=' >> Tq). In Ehis .event, the

R

Conversely, an excessively high friction head may
p;event the unsteady flow from reaching its equilibrium
state! For example, in the case of He = 2.5, the aboqe
event of ‘flow closing falls to achleve conditions

‘applicable fo the RWCT, as the outqging. flow at

pipe-end “ 1s  still far' greater than that of the

b

*



incoming, éven though the surqg fluctuations have been
totally removed. '
‘ .

Results of. the present analysis suggest that the most
efficient friction head to reach the rigid water column
movement is He = 0.5, for 8§ < 2.

B.5.3 Discusslon of RWCT classification

RWCT has been classifled on categorized flow movément, based
on the perlodicity of trapsient flow fluctuation (Eq. B.1ll).
This has covered both non-frictional and frictional systems.

B.6 Region of new RWCT on maximum surge energy

This section attempts to derive a new method for the RWCT
classification, with emphasis”on the maximum surge energy.

B.6.1 General purpose

In general practice, the maximum values of transient energy
(Emse) usually cause the greatest concern rather than the
transient history during the flow closing period. 1In such a
circumstance, the establishment of RWCT should fulfill one
prlnciple:

"The new RWCT to be developed in this reseaxrch should

act as a tool to investigate the effect of elasticity

on the maximum transient energy (Emx), Wwhich |is

expressed in a form of pressure envelope along the

pipeline."

' ?
The traditional RWCT (Eq. B.3) was originally developed as a
tool for application on uniform wvalve closure 1in a
non-frictional flping system. In reality, for s > 2, the
use of rigid water motion equation (Eq. B.l?} inside the
RWCT region in Fig. B.2 serves the similar-purpose for the
- estimatjon of elasticlty on maximum surge energy (Emxa). In
thls case, the maximum surge energy occurs at the same time
of the flow'closu;e'(i:e. Tensea é'Tq).

357
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As “discussed earlier, a severe constraint to general
application. of -RWCT was noted. This can also be observed in

the small RWCT region applicable in flows with S < 1, as
shown in Fig. B.2. '

A new approach to classify the RWCT region for a more-
general application is established as follows.

B.6.2 Relevant parameter governing RWCT on Emaxa
B.6.2.1 Relevance of RWCT extenslion to § < -1

A statement was made previously that the RWCT (Tx') can
never be applied in non-frictional flows with unliform or
decreasing deceleration, due to the existence of periodic
surge fluctuations. A question can also be ralsed as to:

"whether or not the periodic surge fluctuations would

affect the magnitude of maximum surge energy for flows
with s ¢ 1."

In order to have a better insight into- this question, an
example is selected for the discussion below.

B.6.2.2 Dimensional reasoning for new RWCT interpretation

Assume a decreasing deceleration flow with He =0, § = -2

and Tg = 20. The maximum surge energy, Emsax, is found to be
0.05 from Fig., 5.6.

If the surge wave speed ‘a' is increased 5 times (perfectly
possible with a change of pipe "material), the new time of
flow closure Ta, 18 then 100, which has . the new
dimenslonless maximum surge energy, Emxa = 0.01 (Fig. 5.6).
The absolute transient energy f[e. =y * (a*v/g) * A * 11 is
now 5 times larger 'with the new ‘a’'. As such, the
dimensional maximum surge energy (emxz = Emxa * e.) would
still be 1identical for both types of plpe, lndependent to
~the change of surge wave speed. The same result can also be
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found for tests with other increased surge wave speeds in
the above piping system.

From dimensional reasonlng, the physlical  phenomenon
governing the ‘maximum sSurge energy induced by flow closure
should be ' the rigid 'water column movement i1f the effect of
surge wave speed, ‘a' disappears. ' )

Therefore the physlical case of flow closing with decreasing
deceleration may also be %overned by the rigid water column
movement for the maximum surge energy computation. This
conclusion could also be proven true for flows with unifor
closure by the similar method of testing.

’B.6.2.3 Energy Balance Concept for new RWCT interpretatio

For an explanation of the above conclusion from e
perspective of Energy Balance Concept, Fig. 5.2a and 5.3a
have been created. For flows with uniform or decreasing
deceleration, the maximum surge energy occurs within the
first round trip wave travel time (i.e. 0 < T < Tmxa < 2 }.
Within 0 < T < 1, the flow ocutflux is constant and equal to
the steady flow rate. buring 1 < T < 2, the rate of flow
outflux at the pipe-end is twice that of the flow influx at
- the source at one wave time earller [l.e. Q=(T)= 2 Qg(T%) 1.

In both cases, the transient behavior is independent of the
perlodlc surge fluctuation effects, in which the surge wave
speed *a' is considered as a relevant parameter to govern
the elasticity on the maximum surge energy. ' ’

B.6.3 New RWCT region in maximum'surge energy appilcation

If a rigid water column movement dictates the determination
of maximum surge energy, the maximum pressure envelope would
be linear along the plipeline, and the dimensionless surge
energy would equal half the surge pressure at source, i.e.
Bz = 0.5 Hixaz- In a normal piping system, the maximum
pressure envelope would be of a somewhat parabollic shape,.
depending on the degqree of pipeline elasticﬁty in the
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system. In orderij%p’assess this pliping e}astlcity} a new
term elasticity of ‘maximum surge energy ( Ey } 1Is introduced
below:

Ey = mel / (0-5 mel)‘ -1 B-l?

where Emxaz and Hmxa c¢an be obtained directly from the
outputs of the mathematical model.

The elasticity term Ey. =0 for the disappearance of the
surge wave reflection effect on the maximum surge energy,
while E, = 1 for an instant flow closure cgydltion.

Based on - this new guidellne _(Eg. B.17), the time (Tx)
required to obtain RWCT based on the maximum surge energy ls
redefined for the maximum surge energy, and thls was shown
in Fig. B.4 as expressed in the following equation:

T« = F(He, S) B.18

In addition to conditions required in Eq. B.15, another
restriction on this new RWCT is further relaxed since:

- The disappearance of system elastic effects on the
maximum surge energy (Emxax) does not necessary apply
equally to the transient history after the time
dccurrence of maximum surge energy (Tmwax).

For example, the maximum surge energy induced by a uniform
flow closure would not be affected by the system's
elasticity, for Hes = 0 and Tq > 2. This finding does not
contradict the fact that the transients during the whole

uniform £low closing period are governed by the perlodic
surge fluctuations. ' '

B.6.4 Properties of new RWCT region

The new approach to RWCT by maximum surge energy estimatlion
has thg following characteristics:



1) The analysis of. pipeline elastic behavidr can be
extended to cover a large portion of flows with uniform
and decreasing deceleration. This has been proven true
by both the dimensional reasoning and the energy
balance concept. As shown In Fig. B.A, the
relationshlp can be approximated in a broad sense as:

Exy( 5 ) = By( -8 ) : B.13%

11) The effect of perlodic surge fluctuatibné is
reduced to the new RWCT in flow with Iincreasing
decelerattion. This can be observed by the comparison
between Fig. B.4 and B.Z2. At S > 1.7, the new RWCT
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reglon is slightly smaller at Hs < 0.5. However, the-
use of new RWCT has extensively been enlarged for all-

frictional conditlions.

1ii) The procedufe for estimating the pipeline

elasticlity (Ey) on maximum surge energy, is simple and

straight-forward. It can be computed directly from the

ma&ximum surge pressure at source (melj and the maxlmum

surge energy in line (i.e. Bmxa, by integrating \the
3‘maximum surge pressure enveiope) which are or caﬂxbe
“:summarized in a numerical model output. No separate
computagion is required. :

B.6.5 Discussion'of new RWCT in pipe transients

The new technique of adopting the shape of maximumgsurge
pressuré envelope as a governing parameter is introduced ih
this research, for the zoning of RWCT on the estimation of
maximum surge energy (Emxz}.  The use of thls new criterion

greatly extends the effective range of RWCT application, .and
simplifies the procedures of estimating maximum transient:

enerqgy.

. The effectiveness of this new RWCT has been demonstrated in
this section for the wide range hypothetical flows, and this
will be further demonstrated below Iin the construction of
design charts for vdfious surge control measures.
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[

B.7 Practical application

~

-

In the conditlon of rigild water column movement, the
procedures requlred for determining transient behavior in a
surge control system can be greatly simpllifled. - For
example, the éurge tank installation and valve operatlion In
many hydraullic conditions can be simpllfied as follows.

‘B.7.1 New RWCT in non-frictional and #niform‘valve closure

The new RWCT region 1is first applied in a frictionless
system with uniform valve closure (solid lines in Flgq. BLS).
Results of the classical RWCT (Eg. B.3) and the correctlions
recommended by current researchers (dashed 1llines in
Flg. B.5) are also presented for the comparlson purpose..

B.7.1.1 New RWCT application

As shown in th; Figure B.5, the rigidity of maximum surge
energy increases with the valve head (Ho) and the ‘time (Tq)
of valve closure. The time (Te) required to produce a
" linear maximum surge pressure envelope (with error margin 10
%} varles from Tg = 18 at Ha = 0.01 to Tq = 2 at’H2\§ 10.

In the former case, the equivalent shape (S) of flow closuré
is high as 8 >> 2 for Ho = 0.01. On the other hand, s =1
for Ho = 10 in the latter case.

B.7.1.2 Classical RWCT application

For valve head (Hs) below 0.1, the equivalent shape of flow
closure (8) 1is increasing with the decrease of valve head
{Ho), with S > 2. 1In this case, both naw and classical RWCT
reglons are virtually the same (iee Ho < 0.1 in Fig. B.5).

Conversely, the eqguivalent shape of flow closure apﬁ}oaches
to s =1, as the valve head lIncreases from Ho > 0.1. 1In
this case, the rigid water body motion s dlfflcult to
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achieve during the flow closing period. Consequently, the

Ho.

At Ho = 0.5, the time requlred to reach the classical RWCT
exceeds 100, with error margin 10 % (Fig. - B.5). |

A.7L1.3 Current correctlcon factor

As shown 1in Flg. B.S5, Quick (1933) and Parmakian -(1963)
slgniflcantly overestimated the classical RWCT reglon, while
Vallentine (1965) and Wylie 11981) did the opposite. -

Though substantial effort had been devoted during his
research, the scope of Wood's work 1s actually very limited
(1973 and 1974). The range of hydraullc conditions analyzed
Ist Ho > 0.05 and Tq < 10, which iIs not sufficient f£for
» general practice.

B.7.1.4 Discussion of new RWCT in uniform wvalve closure

It is concluded from discussions in this subsection that the
new RWCT is preferred to the classical RWCT for general
application. This is due to:
i} Both new and classical RWCT are the same for
Ho < 0.1. |

11) For Ho > 0.1, the new RWCT 'can still accurately
predict the linearity of maximum surge pressure profile
along the pipeline, while the classical RWCT begins to
loge it capability.

It should be noted that this linear H.G.L. of maximum
surge energy is usually used as a guideline for the
development of the rlgid water column concept (Wylie
1981, page 162 and 164), -

classical RWCT region is diminishing with the increase of
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111) The New RWCT Is much easler to use, as all the
data (Hmxa and Emxa) can be dlrecfly obtained from
numerical applications..

iv) The classical RWCT can not be applied 'in other
surge control devices, other than a uniform valve.

The new RWCT is adopted ln thls reseaich for thelfollowing
practical applications. .

B.7.2 New RWCT in common types of valves

The region of the new RWCT has been established for all
seven common types of valves, with the valve shape factors
varying from -1.85 to 2.75 (see Fig. B6). Frictlon head
adopted hereln varies in a wide range (0 < Hes < 5).

As shown in the figure, the rigldity (Esy) of the pipe system
decreases wlth higher friction (He) and a higher valve shape
factor (S). Conversely, 1t increases with the valve hkad
{Ha) and the time of valve closure (Tq).

B.7.3 New RWCT in system with pump trip-out

As shown in Fig. B.7a, upon pump trlp-out the RWCT condition
is valid at low pump head (Ho), high friction head (He) or
large mechanlical time (Tm) condltions. This £flnding 1is
reasonable since the pump flow drops to zero in a step-wise
manner. Consequently, a greater time is required for pump
flow to approximate RWCT conditions. .

In the case of a step-wise pump flow closure, the maximum
surge enerqgy envelope is not linear. However, the shape of
this parabolic maximum pressure envelope (E)) may be
retained by varying the surge wave speed ‘a', resuting the
same dimensional maximum surge energy (em). Should this new
criterion be adopted for pump flow, the mechanlical travel
time (Tm) ‘required to achieve RWCT (Fig. B.7a) may be



further reduced to approximately 5 times. This criterion
related to the step-wise £flow is included In the present
appendix, for the simplicity and consistency.

"B.7.4 New RWCT in system with surge tank

In contrast to traditional analysis, rigid water column
_movement in a sutge tank system was found to be frequently
impré%tical during the course of this research.
Particularl} {n the conditlon of orifice Installation.

As shown In Flg. B.7b, the RWCT may Qg applied in conditions
cf a low orlfice (ngl, low friction (Hes) wlth high
mechanical time (Tw). -

B.7.5 /ui:jEWCT In system with alr chamber
'.i

Elastic water cblumn’moyement usually dominates transient
characteristics of an alr chamber installation. Asfshown in
Fig. B.8, RWCT can only be applied in the condition with
high chamber head (Ho") and high mechanical travel time
(Tm), but with low friction.’

The new RWCT can also be adopted in maximum counter-surge
energy for two way air chamber, though its results have not
been presented in this appendix. In contrast to -the general
belief (as suggested by Ruus, %980), the rigidity may
actually increase with the orifice head (Hex) and the ratio
of differential orifice (Kox). Very often, the orifice
throttling (Hoxr and Kex) reduces the shape of reverse flow
closure from a highly increasing deceleratlion (i.e. S >> 2).

B.7.6 Discussion of new RWCT in common cbntrol devices

~The region of inelastic flow phenomenon on the maximum shrgé
energy (Emsxa) has been defined in these surge control
devices.. This lIs made possible by the development of the

new RWCT (based on maximum . pressure envelope) 1In this
research. .

‘5:':’-'
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B.8 Storm Sewer Flow Slmulations

The followlng case may not be directly related to the
‘preseqf surge control systems. It is discussed here partly
- for its importance in general -englneerxing practice, and

partly for its-popularlty in academic research.

" \.The 1mportance of piping eIasticity,'Characterizeq by the
:\bériodic fluctuations, has been demonstrated from both
theoretical and practical points of view, throughout this
thesis. Significant errors could be introduced by the
assumption of rigid water column motion in hydraullic systems-

which are actually govérned by elastic phenomena.

On the other hand, the overemphasis of the impoxrtance of the
elastic prgbg;ties ihh @ closed conduit may lead to a gross
error inm a closed conduit. In a series of technlcal
publications on the 'subject of surcharged storm_ sewer
hydraulics (e.g. Wiggert 1972, Cunge and Wegner 1980  and

_Song €% 'gl 1983), quothetical slots were assumed to
accommodate the effect Induced by the surge wave travel.

\\Fnga surge wave -<speed of 1000 m/s, the width of the small
slot. has to be in the order of-1 mm, Severd transients were
indeed observed Yin such hypothetical systems from thelir .
‘numerical model simulations (the pressure head can fluctuate
more than 50 m.‘alonq_the system). ) '

The results of such a hypothetlcal system simulation do not
appear to be possible or reasonable. Thls statement can be
strongly supported by the followling evidences:

1 i) In a 10 km long and 2 m diameter storm interceptor
without amny manhole between (an abnormal scenarlo made
in this type of intérceptor), a linear decrease of
sewer flow veloeity from 5 m/s to zero in just fifteen
minutes is assumed (another conservative assumption in
the context of a large.sewer network). The hydraulic

_conditions of this system are:



\_ . e L e

r

Dimensional =--- te = 10 sec, hwm= 500 m, he=50 m, |

? e

107, £ = 0,008
v . § =1, Tq = 90 and Ha = 0.1 .

Non-dimensional --- ‘R

. - - . o . .
Baseq'on Fig. 6.7, the maximum surge energy Emx1=0.006,
Or Hmxz < 0.012. Therefore, the maximum surge pressure
fluctuating in the interceptor system should not' exceed

6 m (i.e. hmweax = 0,012 * 500 = 6 m). *

| Y - o |
1i) Assume that a single manhole (with diameter twice
that of the sewer, 1.e. d¥ = 4 m) was located at the

. upstream end of the 10 km .interceptor. This ‘size oF "~
manhdig'is a practical design if the 1inflows are '
properfy Intercepted from the upper sewer system.

. Under .an instantaneous £flow closure (an unrealistic but
conservative assumption), the manhole functions as a
simple surge tank, which buffers transient fluctuation
with its stored water body. In this assumed case of

surge tank, the equivalent values' Qf non-dimengional
parameters are:

5,

He =+0.1; and

T = [0.5 * (}/g)°c® * (a7/d)] / t. (4.14)
b - = [0.5 * (10000/10)°-% * (472)] / 10

3.2 v
As shown in Fig. B.7, thg- unsteady flow 1in this

r interceptor éystem with a’ properly dqéigned manhole

: becomes a rigid water column movement during the whole
transient period.

+Based on the design nomograph (Fok, 1980), the maximum

surge pressure fluctuating along the system shceould
still be less than 50 m.

.3 . .
In-reality, numerous large dlameter manholes along the
interceptor system could be found In a normal sStorm sewer
system with relatively slow flow varlations (in terms of
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surge "wave travel tlime). This reallstic arrangement between
_manhole dnd sewer system suggests that the hypothetical slot
“simulation needs to be rethought. '

r
+

Further discussions of this slot simulation have been
demonstrqﬁ:d by the work conducted by other researchers.

lll)jModeling ‘error --- In one of his comments on this
hypothetical‘%imulation, Papatakis (1984) pointed out
that the logic of the entlire hypothetical slot
simulation ls fundamentally wrong. The transients thus
induced were simply caused by the instability problem
of the modeling. ‘ ‘
iv) Air entrainment --- Based on the results of
laboratory' tests, Hamam and McCorquedale 'L1982)
suggested that the air entrainment in +the storm
intercéptor may contribute the interface 1instability
and conseguently rapld rise of pressure in the conduit.
v) Hydraulics in interceptor --- During the discussion
of the Song et al's publication, Fok (1984) ralsed
concerns on several basic assumptions made by the
authors. These include: a) excessively shgrp rise and
fall of flow wvariations in a large Iinterceptor;
b) unreasonably small slot on top of the condult;
c) neglect '0of the effect of ttansient‘damping from the
existence of manholes; and d) absence of the air
entrainment—induced by the drop of water.

vi) Elimination of manholes =--- 1In "their «closing
remarks of the publicatian,_the authors admitted that a
gross error of overestimation may be induced as a
resglt of the elimination of manholes in the simulation
(Song et al 1984). i
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B.9 Concluslons . - — o
. ¢ ) _ . ! : - ‘:1.“ . . :-.... . R % 1
B.9.1 Theoretical Background ... - " - g

b

: e . N '

1) The traditional sRWCT (developed by Johnson 1915) is found
In this‘ research to be applicable under some constralnts.
These constraints are related to: '

i) its narrow scope in relatlon to general practice,
“since. it is applicable only to uniform valve closure in
low head and~non-frictional conditlions; ¢

ii) the tlumey-methods of subsequent mediflcations;
preventing its effective use; and

111) errors in the assumed boundary condition, In which
the basic flow motion eqguation was wrongly applied in a
uniform f£low closure. ce-

5

di\-

2) Newton's second law of motion has been applied as a only
analytjical tool- to 1nte;pret phenomena of uni-dlrectional
flow closure. In reallty, this baslc equation (1f the
Eq. of state is not included) should be regarded only as a

tool for simplifylng the analysis of trénsients, and only

used inlthe region of RWCT.

3) Past research on. improving the traditlonal RWCT has
failed to achieve,its objective. One of the main calses of
its failure 1is due to the ﬁdh—depegtipn of the periodic
surge fluctuations during the flow -closing period. To
achieve this, the understanding of an Energy Balance Concept
developed in this research is essential.: -7

4) The exlstence of periodic surge fluctuations greatly
affects the rigldity of water column movement during the
flow closing period. However, their effect on maximum surge
energy may be greatly reduced for uniform and decreasing
deceleration flows. . ‘ '
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5) Friction may act as an effectlve damper,- reducing tﬁe;'

surge fluctuations, and consequently speeding up the flow

movement to reach the RWCT conditione (i.e. &, é 1.7).‘

- Conversely, for £lows with S > 1.7, friction may delay the
time arriving the RWCT state.

B.9.2 Classiflcatlion of RWCT

The region of RWCT can basically be classified from four

different approaches depénding on the imposed restrictionsﬂ

-

1) The most restrickive condition of RWCT regquires the-

identlcal flow entexing and 1leaving the system.  This
basically requires rigidlity of the entire water column in
the system, over the whole duration durlng the flow closing
period. This is. virtually“nbﬁ—existent in most pibé flow
conditions. ‘ -

2) The second most restrictive condition of RWCT requires
the.same flow leaving and entering the system only after

certgin time after the surge ‘initiation. The error margin’

of the rigidity is in the order of 10 percent. This
approach provides a realistic condition for the
classification of RWCT. ‘

3) The thlrd conditlon of RWCT 1s the rigid water column
movement consldered to occur toward the end of the flow
closing period. This condition can be considered as a
simplification of (2) from the above discussi&n.

. 4) The fourth condition 1is the.least restrictive. It could
be used effectively for the classification of. RWCT on the
maximum surge energy estimation. The key restriction
removed in this.approach 1s that the only requirement of
RWCT .is the disappearance of elastic effect on maximum surge
enerqgy (not of the ﬁistorical transienf}. This approach has
extended the area of application of RWCT to a lérge region
of uniferm and decreasing deceleration flow cqnditioné,
which Newton's basic equation fails to achieve.

- . /
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B.9.3 Practlcal applications '

T ‘h‘\"-

1) The new Rwéﬁ“hg&‘been effe ti ly applled In common surge:

control devices, fb: - the class Elcation f Rwer region.
These includes: . ' '
. > B o

1) seven common types of valve closure conditions;

ii) pump trip-out;

iil) surge tank equipped with oxifice; and
iv) air chamber installation. -~
2) Current analysis %f elastic behavior in a sur harged
sewer system tends to lead to an over—reagtl\n; and
consequently, t gross error.

—

‘? *
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C.0 ANALYSIS OF COMMON SURGE CONTROL DEVICES IN PIPE SYSTEMS

Analyses,, presented in thils appendix were conducted in parallel
to the research presented-in the main beocdy of the thesis.
Only abstracts of this work are appended, one page each for

the four devices.

Some of the work presented in the thesis applies to all four

devices. They are described and sumparized herein for each

-~

2
L
indivlidual abstract £for the purpose of 1independence and

compieteness.' The results of analysis are formulated in a

\‘,f‘ﬁuniform and consistent mannexr such that they can be used to

explore' the scientific meaning of the concepts developed as

well as to facilitate engineering application.

oy
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C.1 Transient Analysis of Valve Closure in A Pipeline

The  results of analyzling a broad range of friction, valve head
and tlme of wvalve closure, or opening are discussed In this
-gection. All seven common types of valve operation in a pipe
system are analyzed, namely butterfly, ball, globe, square
gate, clircular gate, needle and accelerating clrcular-type
gate wvalves. The valve may be located at either end of the
‘system, and 1lts 1nitial steady state contains both fully open

-and partially open conditions.. A set of wvalve closure

performance curves ls developed herein which can be expressed
in a simple equation.

T .

Maximum translient pressure at valve and energy in line are
presented to produce pressure envelopes along the system. The
maximum transients presented here include those for the surge,
counter-surge and decaying periods. Results of analysis can
be wused for ' the prediction of maximum or minimum pressures
along the line as ‘well as for an aid in ‘valve stroking'
synthesis, which selects the type and time of valve operation
under specified maximum pressure conditions. This decaying
transient analyslis alsé alds in the determination of when to
resume normal valve operation. :

Thé. optimal valve closing characteristics vary on fhe basis of

system ‘"hydraullic conditions. It 1s found that the, most
effective surge protection 1s the use of the butterfly valve
at the low head condition. Conversely, the circular gate

valve produces the best surge protection at high valve head.

The effects of friction on wvalve closure can best be
considered using four -categories: positive, negative,
independent and, totally dominant effect on transients. The
existence of friction may be, irrelevant or actually lncrease
the transients, partlcular in the low valve head conditions.

Traditional rigid water column theory in a non-frictional, low
head and uniform (globe) valve is critically reviewed. A set
of new criteria are established and applied to all seven type
of wvalves and a wide scope of frictional and head conditions.

¢In general, the rigidity of flow increases with valve head and

t{me of valve closure, but - decreases with the increasing
f\iction. .

A steady frictional model is adeguate during the valve closing
period or early decaying period. However, & gquasi-steady
friction model may be necessary for laminar or low turbulent
flow conditions where frictlonal energy is signlficant In the
analysls of the transient decay. Should a rapld valve closure
occur and the translent decay period become long, a time-

~dependent friction model Is recommended.

Numerical examplés are presented, illustrating the application
of the design tools formulated from this work.
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C.2 Translient Analysls of Pump Trip-out in a Pipeline

: J

The results of analyzing a broad range of frictlion and pump
heads are discussed in this section. The analysis consists of
three common types of specific pump speeds, covering from high
head centrifugal pumps te low head axial pumps. The existence
and non-existence of a check wvalve at the pump are analyzed
for the cases of preventing or allowing flow reversal back to
the suction system, respectively.

Maximum translent pressure at pump and enerqy Iin 1line are
presented to produce pressure envelopes along the system. The
max imum transient ‘events presented » here include those
occurrlng at the surge, counter-surge and decaylng periods.
Results can be wused for predicting maximum and . minimum
pressures along the 1line, as well as for determining the time
Lo resume normal pump operation for cases with a check valve
“installed, following a pump trip-out.

For the case where a check valve is absent, it is found that
the maximum upsurge translents are significantly reduced,
except at high pump head. Without a check valve at pump, the
magnltude and time of both maximum and £final reversed flows
are required to set up the closing performance curves of the
control valve to prevent dewatering.

The traditional use of centrifugal pump specific speed may
overestimate the resulting transients, particular for cases
where the pump head is low and a heavy pump inertial component
is added.

A set of new rigid flow motion <criteria are established and
applied herein. is found that pump flow can be considered
as a riqgid body for a%?ﬁw head system.

Maximum surge pressure generally decreases with increasing
friction. However, a friction-free zone can still be
identified for low friction but high pump head conditions.

A steady friction model 1s normally adeguate during both the
downsurge and upsurge periods. However, a quasl-steady
friction model may be necessary for laminar or low turbulent
flow conditions where frictional energy is significant in the
analysis of transient decay. Should the decay of transient
become an important 1issue, a time-dependent friction model is
recommended. ' .

Results of analysis
for engineering
several] numerical /examples.

re)formulagted such that they can be used
These are demonstrated by
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design tool formulated from the present work.
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C.3 Transient Anélysis of Alr ChamberAfnda‘Pipeline

The resulﬁs of analyzing a broad range of friction, and chamber

head are discussed - in this abstract. The analysis s -

performed on both two and one-way air chambers. For the
former case (a traditional " design), an orifice with a
different ratio of head losses between inflow and outflow is
considered.  For the case where the differential orifice ratio
is very large this becomes a oeone-way chamber.

Applications of an alr chamber to both pump forcemaln and
turbine penstock are considered. The popularity of the latter
case ls increasing, with a special emphasis on mini-hydro
projects. In a low frictional system, transient
characteristics induced from these two systems are similar.

Maximum transient pressure at chamber and maximum transient
energy in line are presented to produce pressure envelopes
along -the system. The magnitude and time of critical
transient events are also documented, including the maximum
surge, maximum counter-surge and peak decaylng energies, and
various peak flow rates and ailr volumes. Results.documented
hereln can be wused for the prediction of maximum and minimum
pressures along the pipeline and the determination of when to
resume normal system operation. The complete history of
pressure, flow and alr inside the chamber, from transient
initlation teo its decay, can be accurately depicted. )

A significant reduction of upsurge pressure can tbe achieved
with the lnstallation of a differential orifice. The variation
of air inside the chamber 1is also a principal \factor for
sizing an air chamber with an orifice installed.

It is concluded- in' thig- analysis that in contrast to
traditional design considerations, a small orifice at the
chamber produces the optimal transient pressure. )
A set of new criteria for rigid flow movement are established
and applied herein. In general, the «rxigidity of flow

increases with increasing chamber head and decreasing
frictional head.

A. steady frictional model is adequate during the transient
period in a pipe system with an air chamber.

Examples are.presented to demonstraté the application of the

-

>



C.4 Trangient Analyéis of Surge Tank in a Plpeline

The results of analyzing a broad range jof friction heads are
discussed 1in this sectlon. The analysis consists of both two
and one-way surge tanks. For the former case, an orifice with
different ratio of head losses between inflow and outflow is
considered. A oneé-way tank 1is equipped with a check valve
with the initial tank water level below steady pressure, and
the application of this: - one-way tank has been increased
substantially particularly in sanitary forcemains. -

Appllcations of surge tanks to both pump forcemaln and turbine
.penstock are considered in thls work.

Results for maximum ¢&ranslent pressure at tank and maxlimum
translent energy in 1line are presented to produce maxlmum
pressure envelopes along the pipellne. The magnitude and time
of critical transients are alsd~ documented, including the
maximum surge, maxlmum counter-surge, and peak decayling
pressures, and peak transient £flows. ' Results documented
hereln can be wused for the prediction of maximum and minimum
pressures along the pipeline and for the determination of when
to resume normal system operation. The complete transient
history, both pressure and flow, from transient initiation to
complete decay, can be accurately depicted.

The wldely used ‘Pressure Balance' design concept is used for
accounting the pressure difference between inside and outside
the ank due to the head loss of the orifice. The present
arklysis does not concur with this traditional concept and
coryections are made. Further, a significant reduction of
upsyrge pressure can be achieved with the installation of a
differential orifice. ’

The rigid water column theory is currently used for estimation
of the transient characteristics in a system. ° However,
present analysis concludes that inelastic water column theory
should be used for cases where a small diameter tank is
installed 1n a long plipeline, or an orifice is present. A new
non-dimensional parameter, mechanical travel time of tank, is
thus Introduced. ‘

A steady frictional model Is adequate ‘during - the transient
period 1in a pipe system with a simple surge tank. However, a
quasl-steady or -even a time-dependent friction model may be
required for the analysis of transient gecay In a one-way tank
system. )

Examples are presented to demonstrate the application of the
design tool formulated in the present work.:
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Transient Characteristics in a Pipe Flow
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Translents induced by Various T§pee of Valve . c.1
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A Design ald on Valve Stroking in a Pipeline c.l
- with Friction
Analysis of Pump Trilp-out Equlipped with a C.2
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Some Consideratlons on Analysis and Protectlon of 2.2
a Pipe System with the Existence of Vapor Pressure /
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Some.Conslderations in Surge Pressbre Simulations A6

of a Surcharged Storm Sewer System



394

\ A
LIST OF REFERENCES .

—

: ; |
Allievi, L., "General Theory of Pressure Variation 1in
Pipes", Ann. D. Ing. et Archit. Ital. Dec. 1902. English
translation by Holmes, E., ASME, 1925

-hbaird' M.H. Round, G.F. and Cardenas, J.N., "Friction
Factors in Pulsed TurbulentvElow" Canadian~J. of Chem. Eng.
Vol. 49, 1971
Bérgeron,AL., "Waterhammer In Hydraulics and Wave Surge in
Electricity", John Wlley & Sons, Inc., N.Y., 1961

Birkhoff, G., '"Hydrodynamics, a Study in Logic, Fact and
Similitude", Princeton, Harvard U. Press, Dover, 1955

Brown, F.T., ,"The Translent Response of Fluid Llnes", J. of
Basic Englir3>ans ASME Series D, Vol. 84, Dec. 1962

Brown, F.T§" and Nelson,'-S.E.,'"Step Responses of—Liquid
Lines wit Frequency—dependenﬁﬁgﬁﬁects of VIscosity", J. of
Basdc Eng. Trans ASME, June 1965

Carstens M.R. & Roller, J.E., "Boundary-shear Stress in
Unsteady Turbulent Pipe Flow", J. of Hyd. Div. Vol. 85, Feb.
1959 .

Chaudhry, M.H.,W"Applied Hydraulic Transientsﬂ%PVan Nostrand
Reinhold Co., N.Y., 1979

Chaudhry, M.H., discussion of Fok's paper on "Design Charts
for Air Chamber-on Pump Pipelines", J. of Hyd. Div., Oct.
1979 )

Chaudhry, M.H. and Yevjevich, V., "Closed Conduit Flow",
Water Resources Publication, USA 1981 ‘

Churxchlll, s.Ww.,, "Friction Factor Equatlon Spans all Fluid
Flow Regimes", Chem. Eng. No. 7, 1977

Colebrook, C.F., "Turbulent Flow 1n'Pipes, with Particular
Reference to the Transient Region Between the Smooth and
Rough Pipe Laws", J. Inst. of C.E., London, VII, 1938

Cunge, J.A. and Wegner, M., "Numerical Simulation of -Bane de
Salnt-Venant's Flow Equations by Means of Implicit Scheme of
Finlte Differences. Applications in the Case of Alternately
Free and Pressurized Flow in a -Tunnel", La Houille Blanche,
No. 1, 1%64

4
s

Dally, J.W. et al, "Resistence Coefficlents for Accelerated

and Decelerated Flows Through Smooth Tubes and Orifices",
Trans. ASME, Vol.78, 1956



395
-z ) , k“\

Denisov, S.V., "The Friction Coefflclent‘in Non-stationary.
Flows", J. of Englneering Physlics, vol. 18, Part 1, 1970

D'Souza, A.F. and Oldenburger, R., "Dynamic Response of
Fluld Lines", J. of Basic Eng. Trans ASME, Sept 1964

Fan, C. "Non-steady, Viscpus, Incompresslble Flow In
Cylindrical and Rectangula Conduits (withy Emphasis on
Periodically Oscillating Flow), Doctoral Thesis, U. of
Illinois, 1958 .

1

Fok, A., "Design Charts for Alr Chamber on Pump Plpeltines",
J. of Hyd. Div., ASCE, Sept. 1978

Fok, A.; "Deslgn Charts for Surge Tanks on Pump Discharge
Lines", BHRA 3rd Int. Conference on Pressure Surges,
Bedford, England, Mar. 1980

Fok, A., Ashamalla, A., and Aldworth, G., "Considerations in
Optimizing Air Chamber for Pumping Plants", Symposium on
Fluid Transients and Acoustics 1in the Power Industry,
Francisco, U.S.A. Dec. 1978 y : o

de\ A., "Waterhammer & Its Protection in Pumping Syst ms"
_ sHydrotechnical Conference, CSCE, Edmonton, May 1982

Conslderations", 23 AWWA\Conference of Design, Appllication

Fok, A. and Holme, Ry, "Hydraulic Transient Pres
and Corrosion in Water PiiéxJ

Toronto, Nov. 1982

Fok, A., Dlscussion of Song's paper on "Transient Mixed-Flow
Models for Storm Sewers", J. of Hyd., ASCE, 1984

Fak, J.A,, "Hydraullc Analysls of Unsteady Flow 1In Plpe
Network", Wiley, N.Y., 1577

Funk, J.E. and Wood, D.J., "Frequency Response of Fluid

Lines with Turbulent Flow" J. of Fluid Eng. Trans ASME, Dec.
1974 :

Gerxrard, J.H., "An Experimental Investigation of Pulsating

Turbulent Water Flow in a Tube", J} Fluid Mechanics Vol. 46,
1971

Gibson, N.B., "Pressure Penstocks caused by Gradual Closing
of Turbine Gates", Trans. ASCE Vol. 83, 1920

Hamam,'M.A. and McCorquedale, J.A., " Transient Conditions
in the Transition from Gravity to Surcharged Sewer Flow",
Canadian J. of Civil Eng., Sep. 1982

N,

»,

h“‘*\-—.

AN D



.

T

Hino, M. et al, "Experiments on Transition of Turbulence ln
an Osclillatory Plpeflow", J. of Fluld Mechanlcs, Vol. 75,
1976

(-
Hino, M. &t al, "study in the Transition to Turbulence and
Frictional Coefficient 1in an Oscillatory Pipe Flow" Trans.

of J. of Sclence, Vol. 9, 1977

Hirose, M., "Frequency Dependent Wall Shear 1in Turbulent
Fluid Flow", M. Sc. Thesis, M.I.T., Sept. 1971

396

Holmboe, E.L. and Rouleau, W.T., "The Effect of Viscous

Shear on Turbulence in Liquid Lines", J. of Basic¢ Eng. Trans

ASME Series D, Vol. 89, March 1967

Jaeger, C., "Fluid Translents in Hydro-Electrlc Engineering
Practice", Blackie & Son Ltd., 1977

Jayasinghe, D.A.P. and Leutheusser, H.J., "Pulsatlle
Waterhammer Subject to Laminar friction", J. of Basic Eng.,
Trans ASME, June 1972 . -

Johnson, R.D., Discussion of Warren's paper on "Penstock and
Surge Tank Problems" Trans. ASCE, Vol. 79, 1915

Johnson, R.D., Discussion of Gibson's paper on "Pressure in
Penstocks Caused by Gradual Closing of Turbline Gates",
Trans. ASCE, Vol. 83, 1920

Joukowski, N. Paper to Polytechnic Soc. Moscow, Spring of
1898, English translation by Miss 0. Simin. Proc. AWWA, 1504

Karaki, §., "Hydraulic Models of Closed Conduit Flows",
Ch.17. 1981.

' Kataoka, K., Kawabata, T. and Miki, K., "The Start-up

response of Pipe Flow to a Step Change in Flow Rate" J. of
Chem. Eng. of Japan, Vol. 8, 1974

Kita, Y. Adachi, Y. and Hirose M., "Periodically Oscillating
Turbulent Flow in a Pipe", Bell. of JSME, Vol. 23, May 1980

Lambossy} P., "Oscillations Forcees d'un - Liquide
Incompressible et visqueux dans un Tube Rigide et

Horizontal. Calcul de la Forcende Frpttement", Helv. Phys.
Acta, 1925

Langhaabf H.L., "Dimenslional Analysis and Theory of Models",
Jophn Wiley and Sons, N.Y., 1962

Maclaren J. Ltd., "Study of Waterhammer Protection for Lake
Huron to London Aqueduct, Ontario, Canada", 1976

L
. ¥

s



397

Maiuyama, T., Kurlbayashi, T.  and Mizushlina, T., "The
Structure of Turbulence to Transient Pipe Flows", J. of
Chem. Eng. of Japan, Vol. 9, 1976 .

Mizushina, T., Maruyama, T., and Shiozakl, Y., “bulsating

Turbulent Flow in a Tube", J. of Chem. Eng. of Japan, Vol.§,
1973 '

Mizushina, T., Maruyama, T., and Hirasawa, H., "Structure of

the Turbulence in Pulsating Pipe Flow", J. of Chem. Eng. of
Japan, Vol, 8, 1975 .

Moody, L. .F., *Frictlon Factors for Pipe Flow", Trans._ASME,
Vol. 66, 1944

Ohmi, M. & Usui,. T., "Pressure & Velocity Distribution in
Pulsating Turbulent Pipe Flow", Bull, of JSME, Vol. 9, Mar.
1976

Ohmi, M. et al, "Flow Patterns & Frictional Losses 1in
Pulsating pipe Flow", Part 1-6, Bull. of JSME, Vol. 23-23,
Dec. 1980 ~ Oct. 1981 -
O'Neill, I.C. and Graze, H.R., Discussion of Vallentine's
paper on "Rigid Water Column Theory for Uniform Gate
Closure®, J. of Hyd., ASCE, Mar. 1966 \ :

S
Otthammer, "A Computer Model to Analyigﬁﬂydraulic Transient
in Plpe systems",_University of Ottawa, 1987

Papatakis, C.N., "Per. Comm.", L.A. U.S.A. June 1984

Parmaklan, J., "Pressure Surge Control at Tracy Pumping
Plant", Proc. ASCE, Vol. 79, Dec. 1953

Parmakian, J., "wWaterhammer Design Criteria", J. of Power
Div., ASCE, Sept. 1957

Parmakian, J., "Waterhammer Analyéls", Dover Publication
Inc., N.Y., 1963

Phillips, E.M. and Chlang, §S.H., "Pulsatile Newtonian
Frictional Losses 1in a Rigid Tube", Int. J. Eng. Sci.
England, Vol. 11, 1973

Pickford, J., "Analyslis of Surge", Macmillian, London 1969

Popov, D.N.,. "Research into Unsteady Fluid Flow During
Transient Processes 1in Short Pipe", Russian Engineering
Journal, #54, Part 6, 1974 v

Proctor & Redggin Ltd., "Study of Waterhammer Protection for
the Sulphur Spring Well Field and Trunk Watermain System,
Ancaster, Ontario Canada", Jan. 1979



>

Quick, R.S;, "Comparision & Limltations of Varlous
Waterhammer Theories", J. of Hyd. Div., ASME, May 1933

Ramaprian, B.R. and Tu, S.W., "An Expetimental sStudy of
Oscillatory Pipe Flow at Transitional Reynold Numbers", J.
Fluid Mechanics, Vol. 100, 1980

Rich, G.R., “Hydraulic Transients", Dovexr, USA 1963
Richardson, E.G. and Tyler, E., "The Transverse Velocity
Gradlient Near the Mouth of Pipes in which an Alternating or
Continuous Flow of Air is Established", Proc. Phys. Soc.
.London, 1929

Rouleau, W.T. and Young, F.L., "Distortlon of Short Pulses
in Tapered Tube Pulse Transformers. Part II Viscous Liquid",
J. of Basic Eng., Trans ASME Series D, Vol., 87, June 1965

Ruus, E. and El-Fitiany, F.A., "Maximum Surge in Simple
Surge Tanks", Can. J of Civil Eng. Apr. 1977

Ruus,ﬁE., "Charts for Waterhammer in  Pipeline with Ailr
Chamber", Canadlan J. of Civil Eng. Vol.4, Sept. 1977

Ruus, E., Discussion of Fok's paper on "Design Chart for Air
Chamber in Pump Pipellnes", J. of Hyd., ASCE, 1980

Ruus, E., "Charts for Water Hammer 1in Pipelines Resulting
From Valve Closure", Can. J. of Civil Eng., June 1980

Ruus, E. "Head Loss" Chapter 2 in "Closed Conduit Flow"
edlted by Chaudhry M.H. and Yevievich, V, Water Resource
Publications, 1981

Ruus, E. and Karney, B., "Charts for Waterhammer in High
Head Pump Discharge Lines resulting From Pump Failure and
Check_Valve Closure", Canadian J. of Civil Eng., Dec. 1985

Safwat, H.H. and Polder, J., " Friction- Frequency
Dependence for Oscillatory Flows 1in Circular Pipe", J. .of
Hyd. Div., ASCE, Nov. 1973

Sarpkaya, T., " The Effect of Unsteadiness on Hydrodynamic
Resistences and on Mass Osxillation in Surge Tanks", Trans.
Engineering Inst. of Canada, Vol. 3, #3, Nov. 1959

Sauer, R.E., "Transient Viscous Losses During Tuxrbulent Flow
of a Liquid in a Pipe", M. Sc. Thesis, U. of Kentucky, 1969

]
Schultz-Grunow, F., "Pulsierender Durchfluss durch Robre",
Forsch. Eng. Wesen, 19£0

393{



399

Sedov, L.I., "Similarity and Dimensional Methods in
Mechanics", Academic Press, N.Y. 1959

exl, T., "Uber den von E. G. Rlchardso entdeckten
nnulareffekt", Z. Physik, 1930 (L_

Shuy, E.B. ~and Apelt,% C.J., "Friction Effects in Unsteady
Pipe Flows",  4th Ins. Conference on Pressure Surges, BHRA,
Sept. 1983

Sharp, B., "Waterhammer Problems & Solutlons", Edward Arnold .
Ltd., London 1981

Song, C.C. et al, "Transient Mlixed-Flow Models for Storm
Sewers", J. of Hyd. Div., Vol. 109, Nov. 1983

Song, C.C. et al,' closure of Author's paper on "Transient
Mixed-Flow. 'Models for Storm Sewers", J. of -Hyd. Div.
Vol.110, Jun. 1984 o )

Stephenson, D., . "Waterhammer Charts including « Fluld
Friction", J. of Hyd. Div. ASCE, Sept. 1966

Stepheénson, D.,"Pipeline Design for Water Engineers",
Elsevier, DIWS, Vol. 15, S.A. 1981 '

—— -

Stephenson, D., "Pipe Flow Analysis", Elsevier, Vol. 19,
S.A. 1984 ' '

Streeter, V.L., "Transient Cavitating Pipe. Flow" J. of Hyd.
Diwvw,, Vol. 109, Nov. 1983

y

Streeter V.L. and Wylie E.B., "Fluid Meznanlcs", McGraw-Hill
Ltd, uUsa 1981

Thorley, A.R. and Eney€¥, K.J., "Control and Suppression of
Pressure Surges in Pipellnes and Tunnels", CIRIA, Report 84,
England, 1979

Trikﬁa A.K., "An -Efficient Method for Simulating Frequency-

Dependent Friction in Liquid Flow", J. of F%nld Eng., Trans.
of ASME, Mar.l1975

Tullis, J.P., "Control of Flow in Closed Conduits", Fort
Collins, Colorado, 19871 ’

Uchida, S., "The Pulsating Viscons Flow Superimposed on the-
Steady Laminar Motlon-of Imcompressible Fluid in a Clrcular
Pipe", Zamp VII, 1956

Vallentine, H.R., "Rigid Water Column Theory £for Uniform
Gate Closure", J. of Hyd. Div. ASCE, July 1965



g

Vardy, A.F., "Unsteady Flws: Fact and Friction", Pro. 3rd
Int. Conf.f on Pressure Surges, England, March 1980

Warren, M.M., '"Penstock & Surge T&nk Problems", | Trans. ASCE
Vol. 79, 1915 : '

wWatters, G.Z., "Modern Analysf§ and Contxol of Unsteady Flow
in Pipelines", Ann Arbor Sci., 2nd Ed., 1984 -

Webb, T. and Gould, B.W., "Waterhammer"; Bokks,” Australla,
1973

ﬁiggerﬁ, D.C., "Translent Flow In Free-surface, Pressurlized

- Systems", J. of Hyd. Div., ASCE, Vol. 98, Jan. 1972

wood, D.J., "An Explicit Friction Factor Relationship",
Civil Englineering, Dec. 1966 4

Wood, D.J. and Funk, J.E., " & Boundary Layer Theory fot
Transient Viscous Losses in Turbulent Flow", J. of Basic
Eng. Trans ASME, Dec. 1970

Wood, D.J. and Jones, S.E., "Waterhammer Charts for Various
Types of Valves", J. of Hyd. Div., ASCE, Jan. 1973

Wood, F.M., '"History of Waterhammer", Civil Engineering
Research Report, #65, Queens University, Canada, 1970

Wood, F.M., "Comparision of the Rigid Column and Elastic
Theories for Waterhammer", Can. Hydraulic Conference, U. of
Alberta, Edmonton, May 1973

Wwood, F.M., "Th& Rigid Column and Elastic Theories for
Waterhammer ~Qurges including Friction Losses", C.E. Research
Report, #74 Queen's University,Canada, Feb. 1974

Wylle, E.B. and Streeter, V.L., "Fluid Transients", McGraw
Hill Int. Book Co., N.Y., 1978

Wylle, E.B.,l "The Micro Computer and Pipeline Translients",
J. of Hyd. Div. ASCE Vol. 109, Dec. 1983

Wylle, E.B., "Rigld Water Cclumn Theory", Ch. 6.7 1in "Closed
Condult Flow", edited by Chaudhry & Yeijevich, V., Water
Resource Publications, USA, 1981

Yalin, M.S., "Theory of Hydraulic Models", MacMillan,
London, 1971

Yalin, M.S. & Kamphuls, J.W., "Theory of Dimensions and
Spurious Correlation", J of Hyd. Research, #2, 1971

Zlelke, W., "Frequency Dependent Friction in Transient Pipe
Flow", Ph. D. Thesis, U. of Michigan, 1966

400



Ad -

. -

DEPT. OF CIVIL ENGINEERING U. OF OTTAWA

CURRICULUM VITAE

NAME Alan. T.K. FOK, Ph.D, P.Eng.
POSITION - Hydrotechnical Speciallist
EDUCATION Bachelor of Applled Science

(Cum Laude)
Cilvil Engineerling
University of Ottawa, 1972

Master of Science, water resources
¢ Queen's University, Kingston, 19765

Doctor of Phllosophy
Civil Engineerlng
Unlversity of Ottawa, 1987

MEMBERSHIP Asso. of Professional Englneers of Ontarlo
' Inst. of Civll Engineers of Britain (MICE)

PROFESSIONAL EXPERIENCE

Sept. 1983 to present: Dr. Fok has completed several research
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of the University ot Ottawzé These include hydraulic transients
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transport and eroslion; computer model development in the flelds
of hydraulic and hydrolegy.

June 1978 to Aug. 1983: Dr. Fok Jjoined the Proctor & Redfern
Group as a senlor Hydrotechnical Engineer. In addition to project
management and sSupervislon, his vresponsibllitles include the
application and development of computer programs ln hydraulles,
hydrology and stormwater management areas.

June 1974 to May 1978: Dr. Fok was with James F. MacLaren Ltd.
as a Junior - intermediate engineer. He was involved in varlous
aspects of water resources.

1/4, Contlnued over



‘(—\J’

HYDROTECHNICAL PROJECTS' {

During his professional career, Dr. Fok has undertaken work on a
wide varlety ot hydrotechnical projects which include: .

- Analysi& and design of varlous waterhammer protective measures
includlng (1) alr chambers for Lake Huron water supply malns.
(London), Easterly filtration plant (Toronto), 'and Longuil
sewerage forcemaln (Montreal); (li) surge tanks {for Deacon
booster pumping station (Winnipeg), and New Haven pumping station
(Ottawa); and (111) surge rellet valves for District #5a
watermains (Hamilton) and Kabul water systems (Afghanistan).

-~ Feaslbillty study of lrrigation, water supply, hydro power and
tlood control for Clarendon plalns development (Jamalca),

-- 011 waste disperslon study in St.. Clalr River for P.A.C.E.

-~ Ice Jam study for South Nation River, Ottawa River (Ontarlio)
and Churchill River (Newfoundland). T .

-- Physical model studies of wave effects for the site selection
of Point Lepreau nuclear statlon (New Brunswlck), and analysls
and deslgn work for Lepreau intake-outfall alternatives.

_-- Thermal heat dlscharge studies, both computer modeling and
tield dye diffusion tests for Dalhousie power plantbgand Polnt
Lepreau nuclear statlon (New Brunswick).

-- Water supplf and distribution studies for Hamilton-Wentworth,
Metro Toronto and Sue Ste. Marle (Ontario).

-

L-— Hydraulle structure design of treatment plants for Humber and

Thunder Bay, and a dlversion channel in Rambo Creek {Ontario).

_-- Erosion and sediment control studies on outlets of Rambo Creek
(Burlinton), Don River (Toronto), and Neebing/McIntyre River
(Thunder Bay).

-- Floo rellef to urban drainage areas for Calgary, Edmonton,
Winnlpeg, St. Catharine, Toronto and St. John. ’

-- Storm water management applicatlon for new development areas
In North Edmonton, Winnipeg Wonderland and West St. Catharlne.

-- Floodplain mapping and control studles for conservation
authoritles and cltles in Ontarlo and Eastern Canada.

During the above studles, Dr. Fok has improved and developed
technlques In computer modelling and application. Moreover, he has
also contributed numerous technlcal papers to varlous Journals,
conferences, elc.
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TECHNICAL PUBLICATIONS

‘ >
1. Hydraulle Translents (Waterhammer)

1) Fok, A., "Deslgn Charts for Alr Chamber on Pump Plpellnes"
J. of Hyd. Div., ASCE, Sept. 1978 -

3) Fok, A., Ashamalla, A., and Aldworth, G., "Considerations
In Optlmizing Alr Chamber for Pumplng Plants", Symposium on

Fluld Transients and Acoustics In the Power Industry, San
Francisce, U.S.A. Dec. 1978

2) Fok, A., "Design Charts for Surge Tanks on Pump Discharge
Lines”, BHRA 3rd Internatlonal Conference on Pressure Surges,
Bedford, England, Mar. 1980

4) Fok, A.; "Waterhammer and Its Protectlon 1In Pumplng
Systems™, Hydrotechnical Conference, CSCE, Edmonton, May 1982

5) Fok, A. and Hoime, RJZ "Hydraulle Transient Pressure
Consideratlons”, 23 AWWA Conference on Deslgn, Appllication and
Corroslon In Water Plipe, Toronto, Nov. 1982

6) Fok, A., Discussion of Song's paper on "Transient Mixed-
Flow Models for Storm Sewers", J. of Hyd., ASCE, 1984

7) Fok, A., Perks, A., and Fisher, D. "Alternative Approaches
for Waterhammer Analysis and Pipellne Protection ", Conference
on Advances in Underground Plpeline Englneering, ASCE,
University of Wisconsin, Maldison, 1985

I11. Computer Appllcatlons

8) Fok, A., and Robinson, M., "Computer Alded Hydraullc Deslign
of Treatment Plants™, Speclalty Conference on Computer
Application In Hydrotechnical and Municipal Englineering,
Toronto, 1978 :

9) Fok, A., Wigle, R., and Vatagoda, S., "Applicatlon of
Computer Programs In the Analysis of Water Supply Schemes”,
Specialty Conference. on Computer Application in Hydrotechnical
and Municipal Engineering, Toronto, 1373

10) Fok, A., Perks, A., and Pataky. L.,. "Applicatlon of
" Stormwater Management Technlques on an Urban Dralnage Relief
) Study”, International Symposfium on Urban Storm Rellef,
Sl Kentucky, 1979 . '
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I111. Stormwater Management and Urban Drainaée

11) Fok, A., et al, "Application for Stormwater Management
Concepts for a Master Drainage Planning Study", International
Symposlum on Urbap Storm Relief, Kentucky, 1979

12) Fok, A., and Tan, C., "Detentlon Lake Applicatlion In
Master Dralnage Planning™, SWMM Users Meeting, Toronto,, 1980

13) Fok, A., and Wolte, W., "Analysls of Heavily Infiltrated
Sewer Systems"”, 2nd Internatlonal Conference on Urban Storm
Dralnage, Illlnols, 1981

14) Vatagoda, S., and Fok, A., "A Revlew of Methodologles and
Technliques of Hydrologic Analysis", 5th Canadlan
Hydrotechnlcal Conference, CSCE, F?ederlcton, N.B., 1981

15) Fok, A., and Vatagoda, "Some Considerations Iln Detention”
Lake Destgn", 8th International Symposium on Urban Hydrology,
Hydraulles and Sediment Control, Kentucky, 1981

16) Vatagoda, S., and Fok, A., "Application of Stormwater
Management Criterla to New Development Planning", 9th
International Symposium on Urban Hydrology,” Hydraulics and
Sedlment Control, Kentucky, 1982 . .

17) Fok, A., and Fraser, H., "A Review of Methodologles and
Techniques of Sewer Network Planning and Analyslis",
International Conference on Planning, Construction,
Malntenance and Operatlon of Sewerage Systems, England, 1984

IV. <Coastal Engineering

-

18) Fok, A., and Marche, C., "Wave Ruﬁuééon Irregular Beach
Profiles”, Conference on Water Resource Engineering, ASCE,
Texas, 1977

¢ 1%) Fok, A., et al, "Experimental Veritication of Theoretical
Solutions for Wave Runup on Irregular Beach Profliles”,
International Conference on Water Englneering, Bangkok, 1978

20) Fok, A., Vatagoda, 8§., and-Blshop, C., "On the Estimation
of Scour Depth In a Channel Outlet™, ‘4th Natlonal
Hydrotechnlcal Conference, CSCE, Yancouver, 1979

21) Fok, A., and McNeely, D., "A Hydrotechnical 'Study of a
River Snow Dlsposal Facitlity”", 5th Canadian Hydrotechnlcal
Conference, CSCE, Fredericton, N.B., 1981

22) Fok, A., and Perks, A.," A Hydrotechnlcal Study for a
River OQutlet with Tidal Gate Control"”, S5th CSCW-CWRS Atlantic
Reglon Hydrotechnical Conference, Fredericton, N.B. 1982
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