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1. Brief History of Surge Analysis
1.1 The Beginning
The story of surge analysis is a truly international one.

Dutch mathematician Diederik Korteweg derived the wavespeed
equation for fluid in cylindrical pipes in 1878.

Nicolai Yegorovich Zhukovsky (generally romanised to Joukowsky
or Joukovsky) in Moscow in 1897 carried out field tests for the
Imperial Water Works which showed that the pressure rise caused
by sudden valve closure was identical to acoustic phenomena. He
published a paper with the ‘Joukowsky equation’ in 1898. He also
studied surge protection devices such as surge vessels and safety
valves. He derived the equation for the maximum (instantaneous)
pressure rise due to a sudden valve closure.

Independently, J P Frizell in the USA also published a paper
containing the ‘Joukowsky' equation, but his contribution was
criticised and not accepted by his American contemporaries.

Lorenzo Allievi in Italy derived and was the first to solve the basic
waterhammer equations in the early years of the 20" century.

However, there were earlier researchers who discovered the
existence and many features of pressure surge, although they did
not use this term.

Wiliam Rankine (Scotland) in 1870 had also derived the
Joukowsky equation, but in a more general context.

Thomas Young (England) in 1808 wrote a paper on linear wave
propagation that derived the wavespeed in an incompressible
fluid and implicity derived (but for elastic solids rather than
fluids) an equivalent of the Joukowsky equation.

Johannes von Kries (German) carried out experiments on blood
flow in arteries, some using rubber hoses, and demonstrated
pressure transients. He published a paper in 1883 as well as a
book. He was also aware of the phenomena of line packing and
fluid-structure interaction. In addition, he looked at frequency-
dependent damping and phase velocity, the first steps in the
investigation of unsteady friction which is one of today’s ‘hot topics'.
His work was limited by the instrumentation available at that time.

L-F Ménabréa (Italy, 1858, 1862) knew of the existence of
pressure surge, introduced the technique of energy analysis and
came close to deriving the Joukowsky equation.

Jules Michaud (France, 1878) was familiar with the concept of
pressure surge and also looked at surge suppression measures.

So the existence of and/or the equations for the propagation of
pressure waves in pipes have been known for up to two centuries!

Korteweg

Joukowsky

Allievi

Jumtannes von Kries
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Solution methods have also been available. Analytical solutions are available for very simple
cases. Numerical solution methods were also available, but incredibly time-consuming to
carry out by hand. What was lacking, until comparatively recently, was a practical method of
solving the equations for more complex systems.

1.2  Approximate Solutions

Graphical techniques produced by O Schnyder (?Switzerland, from 1929) and L Bergeron
(France, from 1931) allowed practical analysis of pressure waves along pipes for a range of
boundary conditions.

However, this could not deal with non-linear
(i.e. friction) terms so pipes had zero
friction. This was overcome by placing & |
orifices with a suitable loss at intervals !
along the pipelines.

B0 FLUND TRANSIENTS

Although only very simple networks could
be analysed using graphical methods, they
were popular with many users because the
method gave an insight into the physical
processes.
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Figure 4-18 Valve opening. v Figure 4-17 Gradual valve-closure solution.

1.3 The Arrival of Computers

With the arrival of computers in the 1960s, the first attempts at programming were focussed
on automating the graphical methods, although this was abandoned fairly quickly.

From the 1970s, advances in computer software allowed the analysis of increasingly
complex systems with branches and loops, using smaller timesteps and more complex
boundary conditions. '

In the 1980s, the availability of commercial software with graphical interfaces brought
pressure surge from the academic world to the consulting engineer.

The continued increase in computing power allows modelling of larger networks and more
complex control.

1.4 Current research areas

Until recently, if the software correctly predicted the timing and the size of the first pressure
peak (high or low), analysts were satisfied. Usually, the magnitude and/or timing of
subsequent peaks could not be used for design with confidence.

Fluid transients PSE05 Nov 2009

Page 2



Cranﬁeld

UNIVER

SITY

For many pump trip or valve closure events, it is the primary peak that is of most interest and
the basis of the design of surge suppression equipment. However, for multiple events, or in
complex piping systems, the timing and the magnitude of the subsequent peaks can be very
important.

With the increase in computing power, it is now possible to start including ‘second order’
effects to improve the solution accuracy.

Research is actively taking place at present in the following main areas:

Unsteady friction the changing velocity profiles during transients change the friction and
hence the damping

Visco-elastic pipes  plastic pipes are visco-elastic, which means that there is noticeable
damping within the material as the pipe wall expands and the strain
(i.e. increase/decrease in pipe diameter) depends on the time since
the change in pressure — this results in a changing wavespeed with
time and additional damping

FSI fluid-structure interaction is a challenging field that links transient fluid
software (CFD as well as pressure surge) to stress analysis (FEA)
codes to look at both the effects of the forces caused by fluid flow on
the structure (e.g. due to pressure transients) and the effect of
movement of the structure on fluid flow (e.g. due to earthquakes,
external loadings)

Air work is being carried out to enable predictions of air movement in
pipelines which, hopefully, will feed through into the software to give
more accurate predictions of surge effects when air does not remain
at the point of admission

Leakage generating (small!) pressure transients in networks to locate leaks or
blockages — often a frequency domain analysis is used

Multiphase flow work is starting to be carried out on transients in muitiphase
(gas/liquid) flow — this is particularly challenging as steady state
multiphase flow is still not well understood for may pipe geometries
(however, due to the gas content, the flow is closer to ‘unsteady’ than
‘transient’ in this context)

2. Concepts and Definitions

Pressure surge ‘fast’ changes in pressure (also known as pressure transients, fluid
transients,waterhammer)

Unsteady flow ‘slow’ changes in flow
Wavespeed, a (or ¢) the speed at which pressure waves travel through the fluid

Pipeline period time for a pressure wave to travel the length, L, of the pipe and come
back (= 2L/a)

Fast or Rapid describes an event which occurs in a time less than the pipeline
period

Slow describes an event which occurs in a time greater than the pipeline
period
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Pressure surge with a positive head rise is often described using the analogy of a train with a
number of carriages, or masses connected by springs to reflect the compressibility of liquids.
The locomotive, or first mass, is brought suddenly to a halt and the carriages (or following
masses) progressively crash into the back of each other, propagating the pressure wave
upstream. The compression of the springs reflects the rise in pressure.

Pressure rise upstream of a rapidly closed valve (flow left to right):
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Pressure drop downstream of a rapidly closed valve (flow left to right):
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Pressure variations following valve closure in the middle of a pipeline:
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Joukowsky head

The Joukowsky head is the head change (in metres of fluid) that would occur if the fluid was
brought to rest instantaneously

Joukowsky head, Ah = - aAV
g
where a wavespeed
AV change in fluid velocity
g acceleration due to gravity
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Useful indicator of the likely scale of the problem

(Some people refer to the Joukowsky equation as the Joukowsky-Frizell or Allievi equation,
presumably depending on which country they are from!)

IMPORTANT NOTE
The Joukowsky head is NOT the highest pressure rise that can ever be seen in a system.

Higher pressures can be generated by interactions between pressure waves, especially in
more complex systems, due to pipeline network configuration and/or scheduling/control of
pump/valve operations and/or line packing.

Line packing

In long pipelines, or systems with high initial steady flow frictional losses, the neglect of
frictional effects can result in a gross underestimate of the peak pressure rise following valve
closure. In these cases, the initial pressure at the valve is considerably less than the
upstream reservoir pressure level. As the flow is retarded by valve closure, frictional
pressure loss along the pipe is reduced as flow velocity falls and the pressure at the valve
rises towards the reservoir level. As each layer of fluid between the valve and the reservoir
is brought to rest by the passage of the +p pressure transient, so a series of secondary
pressure waves, each of a magnitude equal to the friction pressure loss recovered within
that cross sectional layer is transmitted towards the closed valve, resulting in the full
frictional recovery effect being felt at the closed valve at the end of the first pipe period, 2L/c
As the flow reverses in the pipe during the second pipe period, 2L/c to 4L/c, the opposite
effect is recorded at the valve, due to the need to re-establish the high frictional loss. In long
distance oil or water pipelines, these effects may contribute a large part of the pressure
change on valve closure.

3. Wavespeed

31 Liquid only
Wavespeed depends on fluid AND pipe material.

Please note that the Young’s modulus of GRP pipe, and other composite pipes of similar
construction, depends both on the materials used and the method of construction (wound,
chopped strand). Individual pipe manufacturers should be able to provide guidance on
suitable values to use. In the absence of this data, the Young's modulus can be estimated

from:

E = V{Es + (1-V)Ep (Thorley)
where subscripts f and b refer to the fibre and bonding material and V; is the volume fraction
of fibre

For thin-walled pipes, wavespeed, a =

(of circular cross-section)

where D pipe internal diameter

Young’s Modulus of pipe material
bulk modulus of fluid

pipe wall thickness

fluid density

restraint factor (usually taken as 1)

S T ® XM
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Thorley and Wylie & Streeter suggest the use of the following values of ¢ for different end
conditions (where v is Poisson’s ratio):

Pipeline anchored at upstream end only
e=1-v2
Pipeline anchored against longitudinal movement throughout its length
@ =1
Pipeline has expansion joints throughout its length
o=1
In practice, none of these idealised conditions will be fully realised and taking ¢ as 1 will not
introduce significant error.

For thick-walled pipes of circular cross-section (D/e ratios of about 10 or less), the
wavespeed equation is the same, but the values of ¢ are given by:

Pipeline anchored at upstream end only

9= 2—}__j(1+v)+ DD (1—1)

+e 2

Pipeline anchored against longitudinal movement throughout its length
2e D (1 B v2)
e

= —(\l+v)+
0=22(1+v)
Pipeline has expansion joints throughout its length

2e
= —(1
? D( JrV)-'-D+e

As can be seen, the type of constraint has little effect on the wavespeed. As e becomes
small, the values approach those of the thin-walled pipe.

For circular tunnels, allowing the values for e to become larger and larger, the equation
becomes: 1

%+Ei(1+v)jl

R

Wavespeed, a =
p[

where Er modulus of rigidity of tunnel material
v Poisson’s ratio of tunnel material

For lined circular tunnels, e.g. steel lined rock tunnels, neglecting Poisson’s ratio effects in
both steel and rock, the equation becomes:

1
Wavespeed, a = 1 2D
Pl
K E,D+2Ee
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The equations for rectangular and other non-circular cross-sections are considerably more
complex. Refer in the first instance to Wylie & Streeter.

3.2 Gas with Liquid
Assuming homogeneous flow and a ‘small’ proportion of gas

2

Pel,
Wavespeed,a ~,[————
P \ pa(l-a)

where ag wavespeed in gas
Pg gas density
o] liquid density
o ratio of gas to liquid by volume

1% of gas by volume would reduce a wavespeed of 1400 m/s without gas to 120 m/s

3.3 Ranges of wavespeeds
Ranges of wavespeeds (with water as the fluid) for common materials:
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3.3

Physical properties of some common fluids at atmospheric pressure

Fluid and material properties

Liquid Temperature | Bulk Modulus Densit
(°C) K (GN/m?) p (kg/m®)
Benzene 20 1.1 879
Ethyl Alcohol 20 1.32 789
Kerosene 20 1.32 805
Methanol 20 1.0 791
Mineral Oils 25 1.5-1.9 860-888
Phosphate Esters 25 0.9-0.95 1265 - 1315
Sea Water 15 2.27 1025
Sulphuric Acid 30 2.7 1330
Water 20 219 998

Wavespeeds of various liquids (in infinite volume of liquid, i.e. the maximum possible value)

Liquid Temperature Wavespeed
(°C) aorc (m/s)
Ammonia -77 2000
Ammonia -33 1715
Crude oil 20 1400
Cyclohexane 20 1280
Ethylene glycol 20 1670
Ethanol 20 1170
Methane -160 1320
Toluene 20 1330
Water 20 1480

Properties of common pipe materials

Material Young's Modulus Shear Modulus Poisson's ratio
E (GN/m?) G (GN/m?) v
Aluminium, 69 27.6 0.33
Aluminium Alloys 69-75 26-28 0.33
Asbestos Cement 24
Cast Iron 90-160 40-50 0.25
Concrete 20.3- 8.6-13 0.15
Ductile Iron 172 83 0.3
Glass 7-8 3 0.24
GRP (but see note above) 50 3.9 0.35
Mild Steel 200-210 80-84 0.28
Phosphor Bronze 120 43 0.38
ABS 1.7 0.65 0.33
Nylon 1.4-2.8 0.4-0.90 0.5
Perspex 6.2 2.3 0.33
UPVC (20°C) 3.3 1.1 0.5
Reinforced Concrete 30.60
Stainless Steel 200-215 80.85 0.28
Titanium 103 45 0.34
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4. Reading List
4.1 In Print
Fluid Transients in Pipeline Systems, A R D Thorley, 2nd Ed, Prof. Eng. Pub., 2004.

If you are only going to read/buy one book, it should be this one! Excellent coverage
of methods of surge suppression and a very good chapter on the benefits and
dangers of air valves. One of the few that assumes you will have access to
commercial software and don’t want to write your own! Very readable. There is a
copy in the Cranfield University Library.

Pressure Transients in Water Engineering: A Guide to Analysis and Interpretation of
Behaviour, J. Ellis, Thomas Telford, 2008.

I haven't actually seen a copy of this book as yet. Ellis was at Strathclyde University
for many years lecturing on pressure transients before he retired and wrote this book.
It seems to cover much the same ground as Thorley and the others.

Fluid Transients in Pipe Networks, A Betdmio de Almeida & E Koelle, Comp. Mech. Pub. /
Elsevier Applied Science, 1992.

Written by two of the most well known people in the industry (from the Universities of
Lisbon and Sido Paolo), this is another basic textbook covering similar ground to
Wylie & Streeter, Thorley, etc. Contains sections on hydro-electric power stations
and open channel transients. The book has an extensive bibliography at the end
referencing books and papers. May not be in print but new copies were available on
the internet in 2008 (from Computational Mechanics Publications). A little difficult to
read due to the authors’ style — neither are native English speakers.

Internal Flow Systems, D S Miller, 2nd Ed, BHR Group, 1990.

A key reference to pressure losses in components - free with Flowmaster New User
training courses.

Proceedings of Pressure Surges conference series organised by BHR Group: 7th in 1996,
8th in 2000, 9th in 2004, 10th in 2008.

Case studies and discussions on surge protection and general surge issues plus
academic ‘state of the art’ papers.

4.2 Out of Print
Fluid Transients, E B Wylie & V L Streeter, FEB Press, 1983.

The classic text for those who want a deeper understanding of the theory and the
Method of Characteristics.

Transient Flow in Pipes, Open Channels and Sewers, J A Fox, Ellis Horwood Ltd, 1989.
Good general readable book including open channel surges.

Applied Hydraulic Transients, M H Chaudry, 2nd Ed, Van Nostrand Reinhold, 1987.
Good general text covering several industries as well as surges in open channels.

Fluid Transients, C Jaeger, Blackie & Son Ltd, 1977.

Concentrates on hydro-electric schemes.

5. Acknowledgements & Credits

The illustrations in the slides were mostly taken from Thorley or Wylie & Streeter. Pictures of
valves, pumps and surge suppression equipment were taken from manufacturer’s websites.
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Theory and Method of Characteristics
These are extracts from Wylie & Streeter “Fluid Transients”, Corrected Edition 1983, FEB

Press. (This book is now out of print.) The nomenclature is at the end.
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