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ESDU 83046
ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.
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FLUID TRANSIENTS IN PIPES AND TUNNELS
SPEED OF PROPAGATION OF PRESSURE WAVES
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ESDU 83046
FLUID TRANSIENTS IN PIPES AND TUNNELS
Speed of Propagation of Pressure Waves

1.  NOTATION AND UNITS

Any consistent system of units may be used in the equations in this Item

Units

SI British

internal cross-sectional area of pipe or tunnel m2 ft2

wave speed in fluid contained in pipes or tunnels m/s ft/s

wave speed in large, unconfined body of fluid m/s ft/s

wave speed in large, unconfined body of liquid/gas or 
liquid/solid mixture

m/s ft/s

mean diameter of circular pipe m ft

, , internal diameters of concrete lining, rock tunnel and steel 
lining, respectively (see Sketch 4.4)

m ft

, , internal diameters of lining and pipe and external diameter 
of pipe, respectively (see Sketch 4.5)

m ft

width of flats of regular polygon (see Sketch 4.3) m ft

Young's modulus of elasticity N/m2 *lbf/ft2

shear modulus of elasticity N/m2 *lbf/ft2

bulk modulus of fluid N/m2 lbf/ft2

pressure (absolute) N/m2 lbf/ft2

†reference pressure, taken as one atmosphere
(101 325 N/m2, 2116.22 lbf/ft2)

N/m2 lbf/ft2

gas constant (typical value for air = 287.053 J/kg K,
3090 ft lbf/slug K) 

J/kg K ft lbf/‡slug K

absolute temperature K K

pipe wall thickness m ft

term defined by Equation (A1.2) – –

ratio of gas or solid mass to primary liquid mass – –

For footnotes see end of Notation section.

A

a

a0

a0′

D

Dc Dr
Ds

D1 D2
D3

d

E

G

K

p

pref

R

T

t

W

x
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ESDU 83046

Subscripts

ratio defined in Equation (3.3) – –

ratio defined in Equation (3.4) – –

ratio of specific heat capacity of a fluid at constant pressure 
to that at constant volume

– –

term defined by Equation (4.8) deg deg

Poisson’s ratio – –

area strain factor (see Section 4 and Table 7.3) m2/N ft2/lbf

term given by Equation (4.13) or (4.16) – –

density kg/m3 slug/ft3

pipeline restraint factor (see Section 4.1) – –

term defined by Equation (4.14) or (4.17) m ft

* 1 lbf/ft2 = 1/144 lbf/in2.
†  is taken as the pressure in the International Standard Atmosphere at sea level and 15°C.
‡ 1 slug = 32.174 lb (pounds mass).

refers to concrete

refers to gas

refers to lining inside pipe

refers to liquid

refers to mean value

refers to rock

reference

refers to solid

refers to steel

For footnotes see end of Notation section.

αt,p

βt,p

γ

θ

ν

Λ

λ

ρ

φ

ψ

pre f

c

g

i

l

m

r

ref

s

st
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ESDU 83046
2. INTRODUCTION

This Item provides data that may be used to estimate the speed of propagation of pressure waves, or wave
speed, in a homogeneous body of fluid contained in a pipe or tunnel, following a disturbance to the flow.
Typical causes of such disturbances are the rapid opening or closure of a valve, or the run-down of a pump
pumping fluid along a pipeline. This Item is the first in a series of Data Items concerned with fluid transients
in pipelines and tunnels. The magnitude of the pressure change in a system, following a disturbance to the
flow, is proportional to the wave speed, and it is therefore necessary to obtain a good estimate of the wave
speed for fluid transient design calculations. The magnitude of the wave speed in a fluid is dependent upon
the physical properties of the fluid and the elastic properties of the conduit containing the fluid. The
additional elasticity introduced by the expansion or contraction of a conduit with the passage of pressure
waves may reduce the wave speed by a significant amount. For example, the wave speed in a fluid contained
in very flexible hoses at low pressures* may be only of the order of 5 to 10 per cent of the wave speed in
a large, unconfined body of the same fluid. Similarly, the presence of free gases in a liquid may introduce
additional elasticity and lead to a reduction in the wave speed. Typically, in water supply lines at normal
conditions, an accuracy better than  per cent in the wave speed estimate, and hence the estimate of the
pressure change, may be expected using this Item.

The wave speed data presented in this Item are in the form of design charts and simple equations that have
been shown to correspond well with experimental data. Typical data for the properties of some liquids and
the elastic properties of some commonly used conduit materials are given in tabular form. In Section 3 of
this Item, data are presented for the estimation of the speed of propagation of pressure waves in large
unconfined bodies of some common fluids. Simple equations for the estimation of wave speeds in
homogeneous, pure fluid flows in pipes and tunnels are given in Section 4. In Appendix A, simple
expressions for the estimation of the wave speeds in homogeneous liquid/gas mixtures and liquid/solid
mixtures are presented. Some data concerning the wave speed in steam at various temperatures and
pressures are given in Appendix B. The effects of plastic deformation of the pipe walls upon the wave speed
are considered in Appendix C.

* In very flexible hoses, the elastic properties of the pipe (and hence the wave speed in the fluid contained in the pipe) may be dependent
upon the internal pressure and the rate of change of internal pressure. Consequently, great care must be taken in the estimation of the wave
speed.

10±
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ESDU 83046
3. ESTIMATION OF THE WAVE SPEED, , IN LARGE, UNCONFINED BODIES OF FLUIDS

Data are given in this Section for the estimation of the speed of propagation of pressure waves* in large
unconfined bodies of some common fluids. This parameter is commonly referred to as the speed of sound
in the fluid. These data may be used to give an estimate of the upper limit of the wave speed in a particular
fluid contained in a conduit. The general equation for the wave speed, or speed of sound, in a large,
unconfined body of a homogeneous fluid may be expressed as

, (3.1)

where  is the ratio of the specific heats of the fluid,  is the bulk modulus of elasticity of the fluid, and
 is the density of the fluid. This equation may be used to estimate the wave speed, , for most liquids

and gases in most practical applications. Great care must be taken in the estimation of the parameters for
use in this equation. In particular, a reliable estimate of the bulk modulus, , is required in order to obtain
a good estimate of the wave speed. Typical values of  are given for some common liquids in Table 7.1.
The application of the general equation to the estimation of this wave speed, , in liquids and gases is
discussed below.

3.1 Application of the General Equation for the Wave Speed in Liquids

By assuming the liquid to be nearly incompressible, the ratio of the specific heats, , may be considered
to be approximately unity, and Equation (3.1) may be simplified to

, (3.2)

for normal temperatures and pressures. If greater accuracy is required, it will be necessary to consider the
effect of the ratio of the specific heats, and Equation (3.1) must be used to determine the wave speed. In
general, it is unlikely that such accuracy will be required. Some data from which the wave speed, , in
water at pressures from 1 to 1000 atmospheres, and over the temperature range 0 to 100°C (32 to 210°F),
may be estimated are presented graphically on Figure 1. These data, derived from the experimental data
presented in Derivation 1, are given as a ratio of the wave speed at the chosen temperature and pressure to
the wave speed at a temperature of 15°C (59°F) and the reference pressure,  (atmospheric). From
Figure 1, a value of this ratio, , for the required temperature and pressure may be estimated, and the
corresponding wave speed is calculated from the equation,

 , (3.3)

where  m/s (4811.4 ft/s). In Figure 2, data are presented for the estimation of the bulk
modulus of water over the same range of temperatures and pressures. These data were derived from the
experimental results for wave speed,  given in Figure 1 by using Equation (3.2). In the derivation, a
value of the ratio of the specific heats of water, , of unity was taken, and the values of water density, ,
were taken from Reference 8. The data are presented as a ratio, , of the bulk modulus at the chosen
temperature and pressure, . The bulk modulus may then be estimated from the equation,

 , (3.4)

where  GN/m2 (  lbf/ft2).

* Strictly, the theory applies to small amplitude pressure waves only, but is a suitable approximation for practical fluid transient calculations.

a0

a0  
γK
ρ

------=

γ K
ρ a0

K
K

a0

γ

a0
K
ρ
----=

a0

pref
αt,p

a0 αt ,p a0( )
ref

=

a0( )ref 1466.5=

a0
γ ρ

βt,p
pref

K βt ,pKref=

Kref 2.148= 4.49 10
7×
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ESDU 83046
Some values of the wave speed, , and the bulk modulus, , for other liquids at selected temperatures
are given in Table 7.1.

3.2 Application of the General Equation for the Wave Speed in Gases

In gases at temperatures and pressures at which the perfect gas laws apply, the bulk modulus of the gas, ,
is equal to the pressure of the gas, . Hence, from Equation (3.1), for such a gas, the wave speed in a large,
unconfined body of the gas is given by

(3.5)

or, alternatively, since  for an ideal gas, by

, (3.6)

where  is the appropriate gas constant and  is the absolute temperature (in kelvin). In a gas contained
in a pipe or tunnel, the effect of the elasticity of the pipe or tunnel walls upon the wave speed is usually
negligible compared with that of the compressibility of the gas itself (see Section 4). In general, the wave
speed, , in a gas contained in a pipe or tunnel is approximately equal to the wave speed, , in a large,
unconfined body of the gas.

Some data, from which an estimate of the wave speed, , in compressed gases can be made, are given in
References 5, 6 and 7.

a0 K

K
p

a0
 γp
ρ

--------=

p/ρ RT=

a0 γRT=

R T

a a0

a0
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ESDU 83046
4. ESTIMATION OF THE WAVE SPEED, a, IN PIPES AND TUNNELS

The elasticity of the walls of pipes or tunnels containing a fluid reduces the wave speeds in the fluid by a
factor dependent upon the size, cross-sectional shape and material of the pipe or tunnel. Additionally, the
method of fixation of a pipeline may affect the wave speed (see Section 4.1). The wave speed is not usually
dependent upon the profile of the pipeline. The general equation for the wave speed in a fluid contained
within a flexible conduit is usually expressed in the form,

, (4.1)

where the term   is the variation of the area strain with the internal pressure in the conduit,
and may be considered to be a modification to the bulk modulus of the fluid to allow for the pipe effects.
For gases contained in a pipe or tunnel, the pipe wall elasticity is usually neglected, and the wave speed,

, is given by the wave speed, , in a large, unconfined body of the gas (see Section 3.2). For liquids, a
value of  of unity is usually taken. In this Item, the area strain term is referred to as the area strain factor,
and is denoted by . For the pipelines and tunnels considered in this Section, the expressions for  are
summarised in Table 7.3. In a perfectly rigid pipeline, or an infinite, unconfined body of liquid,  tends
to zero, and Equation (4.1) takes the form given by Equation (3.2).

In this Section, methods of estimating the wave speeds in single phase, homogeneous liquids contained in
circular and non-circular pipes, lined or unlined tunnels and lined, buried pipes are presented. The pipe or
tunnel wall materials are assumed to be homogeneous with uniform dimensional and elastic properties. The
main uncertainty in the estimated wave speeds using the methods presented in this Section concerns the
specification of the elastic properties of the liquid and the pipe or tunnel wall. In particular, the value of the
bulk modulus, , of the liquid is important. The bulk moduli for most pure liquids are well defined. Some
typical values for liquids commonly used in engineering applications are given in Table 7.1. Typical values
of the physical properties of some common pipe and tunnel wall materials for use with the methods
presented in this Section are given in Table 7.2.

If entrained bubbles of gas or lumps of solid matter are present in a liquid, the value of  may be modified
significantly. Some relevant data are given in Appendix A. The wave speed data given in this Section are
derived using the methods presented in Derivations 2, 3 and 4.

4.1 Wave Speed in Liquids in Circular Pipes

The wave speed, , in a fluid contained in a thin-walled pipe of circular cross-section (see Sketch 4.1) may
be estimated using the equation,

, (4.2)

a ρ 1
γK
------ 1

A
--- ∂A
∂p
------+ 

  ½–
=

1 A⁄( ) A∂ p∂⁄( )

a a0
γ

Λ Λ
Λ

K

K

a

a ρ 1 
K
----
 Dφ

tE
-------

+
½–

=

Copyright Engineering Sciences Data Unit 
Provided by IHS Markit under license with ESDU Licensee=/, User=, 

Not for Resale, No reproduction or networking permitted without license from IHS

-
-
`
,
,
`
`
`
,
,
,
,
`
`
`
`
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-

Full document details: ESDU 83046 A 2007

http://www.avadocuments.com/doc/esdu-83046-a-2007
http://www.avadocuments.com/doc/esdu-83046-a-2007


 

ES
D

U
 C

op
yr

ig
ht

 m
at

er
ia

l. 
 F

or
 c

ur
re

nt
 s

ta
tu

s 
co

nt
ac

t E
SD

U
. 

7

ESDU 83046
where ,  is the internal diameter of the pipe,  is the nominal wall thickness,  is the modulus
of elasticity* of the pipe wall material, and  represents the pipeline restraint. For pipeline materials with
a high elastic modulus, such as steel or concrete, or for pipelines with frequent expansion joints (Sketch 4.1),
a value for  of unity may be taken. For pipes completely restrained against axial motion,  may be
approximated by

, (4.3)

where  is the Poisson's ratio of the pipe wall material. For pipes in which axial motion occurs due to
increased pressure at a closed end away from the source of pressure waves, the pipeline restraint factor is
given by,

. (4.4)

Sketch 4.1  Circular pipe cross section and pipeline restraints

In practice, these idealised restraints very rarely occur. As the influence of this parameter is usually small
compared with the inaccuracies of other parameters, a value of  of unity is usually taken with little
additional error in the wave speed estimate.

4.1.1 Graphical presentation of wave speed in circular pipes

The value of the wave speed, , in water in thin-walled circular pipes may be estimated for a range of
values of the pipe wall modulus of elasticity using Figure 3. These data, derived from Equation (4.2)
assuming a unit value of the pipeline restraint, , are given for water at a temperature of 15°C (59°F) and
atmospheric pressure, . The value of the wave speed in various common liquids in steel thin-walled
pipes may be estimated using Figures 4a and 4b. All these data are given for a range of values of the pipe
wall thickness to pipe diameter ratio, , between 0.001 and 0.1. The data were generated using

* For orthotropic materials (i.e. those having uniform elastic properties in three mutually perpendicular directions), such as glass reinforced
plastic (GRP), care should be taken in the selection of the appropriate values of  and  for use in the equations in Section 4.1 (see the
note relating to GRP pipes below Table 7.3). The problem does not arise in the case of isotropic materials (i.e. those having the same
elastic properties in all directions).

Pipeline restraints

Frequent expansion joints

1

Restrained against axial motion
along entire length

Restrained at closed end away
from source of pressure waves

Dφ tE⁄ Λ= D t E
φ

E ν

φ φ

φ 1 ν2
–( )=

ν

φ 1 ν
2
---– 

 =

D

t

φ

1 ν2
–( )

1 ν
2
---–

 
 

φ

a

φ
pref

t D⁄
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ESDU 83046
Equation (4.2), which is based upon thin-walled pipe theory, and are valid for values of  less than
approximately 0.1. The bulk modulus and density data considered in Figures 4a and 4b are given in
Table 7.1.

4.2 Wave Speed in Liquids in Lined, Circular Pipes

The wave speed, , for a liquid contained in a lined pipe of circular cross section (see Sketch 4.2) may be
estimated using the equation,

, (4.5)

where  is given by

. (4.6)

In Equation (4.6), ,  and  are the modulus of elasticity, and the mean diameter and thickness of the
pipe, respectively, and  and  are the modulus of elasticity and thickness of the internal lining,
respectively. In this expression, the same value of Poisson’s ratio, , is assumed for both the pipe wall
material and the lining material. This assumption is valid for most pairs of isotropic materials as the
expression for  is relatively insensitive to variations in .

Sketch 4.2  Cross section through a lined circular pipe

4.3 Wave Speed in Liquids in Non-Circular Pipes

The wave speed, , for a fluid contained in a thin-walled pipe of regular, polygonal cross section with an
even number of flats (see Sketch 4.3, which illustrates such a pipe with six flats) may be estimated using
the equation

, (4.7)

t /D

a

a ρ 1
K
---- Λ+ 
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=
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2
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Pipe, modulus of elasticity = E

Lining, modulus of elasticity = Ei
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K
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E
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t
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 
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where  is the width of the flats,  is the pipe wall thickness,  is the shear modulus of elasticity, and 
is given by

. (4.8)

Equation (4.7), for wave speed, is based upon the assumption that large deformations of the pipe do not
occur. If such deformation does occur, the pipe cross section would tend towards circular, and the wave
speed would increase. If plastic deformation occurs in the vicinity of the corners of the polygonal cross
section, the wave speed would be altered. Some guidance on the effects of plastic deformation upon the
wave speed is given in Appendix C.

Sketch 4.3  Cross section through a regular, polygonal pipe

4.3.1 Graphical presentation of wave speed in non-circular pipes

The values of the wave speed, , for water at a temperature of 15°C (59°F) and atmospheric pressure, ,
in thin-walled, non-circular steel and reinforced concrete pipes may be estimated for several regular,
polygonal cross-sectional shapes from Figure 5, using the typical values of the pipe wall elastic properties
given in Table 7.2. These data are given for a range of values of the ratio of the pipe wall thickness to the
width of flats ratio, , between 0.001 and 0.1.

4.4 Wave Speed in Liquids in Tunnels

Data are given in this Section for the estimation of the wave speed in lined and unlined tunnels through
rock. The main uncertainty in the estimation of the wave speed in a tunnel through rock lies in the accuracy
with which the elastic properties of the rock are known, as they may vary along the length of the tunnel
due to the non-homogeneity of the rock. Additionally, there may be trapped pockets of air or gas in the
tunnel if the surface of the tunnel is not smooth and uniform.

The data for the estimation of wave speed in unlined tunnels are given for any cross-sectional shape,
although it is assumed that the tunnel is completely full of liquid.

d t G θ

θ
180°

number of  flats
--------------------------------------=

d

t

a pref

t d⁄
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