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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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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 TRANSIENTSIN PIPES.
Useof air inlet/outlet valves as surge suppression devices

1 NOTATION AND UNITS

Any consistent system of units may be used in the equationsin this Item.
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AH
hav
K
L
ma
mmax
m

internal cross-sectional area of pipe

cross-sectional areas of air valve inlet and outlet orifices,
respectively

speed of propagation of pressure waves (speed of sound) in
liquid

non-dimensional discharge coefficients for flow through
inlet and outlet orifices, respectively

internal diameter of circular pipe

equivalent internal diameter of pipe of non-circular cross
section, defined as Dg = 4A/PE

"Fanning friction factor, f = gH; DE/(2LV02) (Note:
Dg = D for circular pipe)

acceleration due to gravity, g = 9.81 m/s? or 32.2 ft/s?
local value of absolute static head (see Section 4)
static lift from sump to downstream tank or reservoir
friction head loss (see Equation (4.3))

Tatmospheric head, H = 10.3 m or 33.8 ft of water at sea
level

maximum head change (see Section 4)

elevation of pipe above atmospheric datum at location of air
valve

friction head loss term (see Equation (4.4))
pipeline length (see Section 4.1)

air mass (see Equation (A1.5))

maximum air mass flow rate (see Section 4.3)

air mass flow rate

For footnotes see end of Notation section.
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internal perimeter of pipe
absolute internal pressure” in pipe

atmogpheric pressure’™, py = 101 325 N/m? or 2116.22
Ibf/ft

gas constant, typical value for air = 287 Jkg K or 3090
ft Ibf/slug K

absolute temperature of air in air cavity
absolute ambient air temperature
steady-state flow velocity of liquid

air volume (see Equation (A1.5))
maximum volume of air cavity

maximum volume flow rate of air

distance along pipeline from pump outlet valve to air valve

non-dimensional initial head/flow conditions parameter,
o = aVy/AgH,) (see Equations (4.1a) and (4.1b)

non-dimensional air valve elevation parameter,
B = (h,, +H)H, (see Equation (4.5))

non-dimensional mass flow parameter, u = m_.. A(p,AV)

(see Equation (4.6))

non-dimensional air volume parameter,
G = 2aV,,, /(ALV,) (see Equation (4.8))

liquid density

air density, typically p, = 1.23 kg/m® or 2.38x10°°
slug/ft3 at sealevel and 15°C

N/m?2
N/m?

Jkg K

kg/m®
kg/m3

ft
| bf /t2
| bf/ft2

ft Ibf/slug K

ft/s

ft3

ft3/s

ft

qug/ft3
qug/ftd

Another form of thefriction factor that isfour times as large as the Fanning friction factor isin common use. As the same sym-

bal, f, is often used for the other (larger) form, great care should be taken to ensure that the friction factor used is consistent
with the definition of the friction head loss used in this Item. More guidance and charts for the estimation of the friction factor
used in this Item are given in Reference 7.

T R istaken asthe value of head of water in the International Standard Atmosphere at sealevel and 15°C.

¥ 1dug = 32.174 Ib (pounds mass).

**In some cases, pressures are quoted in bar. 1bar = 10° N/m2.

T Po istaken as the pressure in the International Standard Atmosphere at sealevel and 15°C.
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2. BACKGROUND
2.1 Notes

Thisltemisonein aseries of ESDU Data ltems concerning fluid transientsin pipes. In this Item, data are
presented that may be used to guide the selection of air inlet/outlet valves for use in the protection of
pipelines that are running full of liquid against excessive surge pressures. Air inlet/outlet valves are
frequently used in long pipelines at points where the pressure may fall below atmospheric following the
loss of pumping power or following valve closure. Data are presented in ESDU 84038 that allow estimates
to be made of the magnitudes of surge pressuresin pipelines following pump trip. These data may be used
to indicate the likelihood of sub-atmospheric pressures at locations along the pipeline. Data are aso
presented in that Item that allow estimates to be made of air vessel size for the protection of the pipeline
against these sub-atmospheric pressures. General data for the estimation of pressure transients in liquids
contained in pipelines and guidance on the various methods of suppression are presented in ESDU 84013.

Fluid transients are the pressure changes that propagate through a fluid contained in a pipe or tunnel
following achangeintheflow rate. Other commonly used termsfor these pressure changesinclude pressure
surge, water hammer and hydraulic transients. These pressure changes, or pressure surges, occur when, for
example, pumps run down following complete loss of power to the pump motors in pumping lines. The
pressure drop associated with the run-down phase of pumps or closure of valves may lead to
sub-atmospheric pressures at high points along the pipeline profile (or even along the whole length of the
pipeline), which can lead to unacceptable conditions such as seepage of contaminants through pipe joints
and the formation of vapour cavities. Air inlet/outlet valves may be used to limit the pressure drop by
holding the pressure at a value close to atmospheric, thus preventing these unacceptable conditions. Air
inlet/outlet valves, intended for use during filling and emptying, may be inadequate for surge protection.
The pressure rise that occurs after the discharge from a pump has fallen to zero may be limited by the
presence of the resultant air cavity, but high enough to cause local damage to the pipeline or fittings.
Repeated pressure cycles may lead to fatigue failure.

22 Scopeand Applicability of the Item

This Item provides simple, approximate methods that may be used to guide the selection of air inlet/outlet
valvesrequired to protect liquid-filled linesfrom excessive sub-atmospheric pressures following pump trip
or valve closure. Graphical dataare provided that allow conservative estimatesto be made of the maximum
mass flow rate, and hence volume flow rate, of dry air through the valve and the maximum volume of the
resulting air cavity.

ESDU Copyright material. For current status contact ESDU.

Thedatagiveninthisltem are applicableto air valvesthat arelocated along aliquid-filled line such as that
shown in Sketch 2.1. In this model, it is assumed that liquid is discharged from the pump along a single
line from the upstream sump to a downstream constant pressure point, such as alarge tank or reservoir. It
is assumed that the pipe diameter and pipe wall friction factor are constant along the length of the line and
there are no reflections of the pressure waves from the pipe bends and fittings, including the air valveinlet.
Component losses are assumed to be small compared with the pipe friction losses and are neglected. The
pump is protected by a one-way valve (commonly referred to as areflux valve or check valve in the water
industry) that preventsreverse flow through the pump by closing completely when the pump dischargefalls
to zero. It is assumed that the one-way valve remains shut and does not allow any further forward flow.
The model will allow systems with pressurised tanks to be considered, provided suitable adjustments are
made to the tank head values. The data given in this Item are also applicable to the downstream side of a
closing valvein aliquid-filled line.
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Sketch 2.1 Simple pump dischargelinewith one air inlet/outlet valve

A guide to the use and location of air valves in pipelines, both for normal operation and for surge
suppression, is given in Section 3 of this Item. Guidance on the nature of pressure surges in pipelines
protected by air valvesis also given in that Section. In Section 4, data are presented that may be used to
estimate the maximum mass flow rate into a line through an air valve located at a high point in a pipeline
to protect against extreme sub-atmospheric pressures. Data are also presented in this Section that allow
estimates to be made of the maximum volume of air at that location on the pipeline following the surge
event. A worked example is presented in Section 5, and the equations that describe the air flow behaviour
through air inlet/outlet valves are presented in Appendix A. The computer program, ESDUpac A8727,
introduced in ESDU 87027 may be used to investigate the transient pressures following pump trip in a
pipeline protected by air valves, and the effect of an air vessel placed at the pump outlet on those pressure
changes.
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3. GUIDE TO THE USE OF AIR INLET/OUTLET VALVES
3.1 Air Valve Usage Under Normal Operating Conditions

Several types of air valve are commercially available and are required to perform certain functions during
the operating cycle of apipeline system. Usually, these functions are asfollows, for each part of the normal
operating cycle.

0] Filling. Air outlet valves should release air that has either accumulated in pockets at high points
on the pipe profile or is present over alarge section of the line (or even over the whole of theline).
The presence of air pockets can severely restrict the flow rate and can even obstruct the flow
completely.

(i) Normal operation. Air outlet valves should release air that has accumulated at certain pointsin
thelinein small quantities, thus preventing the air from restricting the flow. Air is usualy present
in water-filled pipelines under normal operating conditions asit may not be completely purged on
filling, and pumpsmay introduceair (particularly in deep-well pumps) onfilling. Air may be drawn
through faulty joints or glands or dissolved air may be released from water due to changes in
temperature and/or pressure.

(iii) Emptying. Air inlet valves should allow air to be admitted into the pipeline during emptying in
sufficient quantities, and at suitable locations, to prevent excessive sub-atmospheric pressures.

Typical locations of air valves along pipelines to achieve the above conditions are shown in Sketch 3.1.
This sketch shows a cross-country pump discharge line and indicatesthe location pointsfor air valve types,
but each system must be considered on its own merit. The choice of air valve type and location may be
made from the following criteria.

(A) Changes of pipeline slope. Use air inlet/outlet valves (commonly referred to as double orifice
valves, comprising alargeorificeair inlet valvefor highinlet air massflow ratesand asmall orifice
air outlet valve for releasing small quantities of air), small orifice air outlet valves being essential.

(B) Peaks (including lengthsparall €l to the steady-state hydraulic gradeline). Useair inlet/outlet valves
at each peak and each end of aparalel length and, if necessary, at regular intervals (typically 800
m or 2600 ft) along the parallel length.

ESDU Copyright material. For current status contact ESDU.

(© Ascending stretches (rel ative to the steady-state hydraulic grade line). Position single large orifice
air inlet valves at regular intervals (typically 400 m to 800 m or 1300 ft to 2600 ft apart), provided
the gradient is greater than about 1 in 500.

(D) Descending stretches (relative to the steady-state hydraulic grade line). Position air inlet/outlet
valves at regular intervals (typically 400 m to 800 m or 1300 ft to 2600 ft apart).

(B) Abrupt increase in downward slope (relative to the steady-state hydraulic grade line). Use a small
orifice air outlet valve.

(P Place an air inlet/outlet valve upstream of reducing tapers, orifice plates or similar obstructions,
and place asmall orifice air outlet valve downstream of pressure reducing valves.

In general, air valves should be spaced more closely in regions where air may be present in the system or
where air may be released from solution dueto low pressures (especially in regions closeto the steady-state
hydraulic grade line).
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Further guidance on the use of air valves for normal operating conditions is given in Derivations 1, 2, 3
and 4, and air valve manufacturers provide guidance on the sizing and location of suitable air valves. Air
valves suitable for normal operation may not be suitable for surge protection, particularly when air valves
allow arapid outflow of air following the inflow of air into a pipeline.

St -
€ady-state hydrayljc grade line

D @ @ S
B @ .
B B @ Tank
3 B
C @ 3 B
© ¢ D
A : ¢
3
Air vavetypes
C 1 Airinlet/outlet valve (large orifice for large inflow, small orifice for restricted outflow)
—1 P 2 Small orifice outlet valve
2 3 Singlelarge orifice air inlet valve

Sump

Sketch 3.1 Guideto air valve location for normal oper ating conditions
3.2 Alleviation of Pressure Surges Using Air Inlet/Outlet Valves
3.21 Useof air valvesin otherwise unprotected lines

Air inlet/outlet valves may be installed in certain types of pipelines to admit air into the line when the
pressure in the pipe fallsto atmospheric following a surge event such as pump trip. In order to maintain the
pressure near atmospheric, the air valve should open automatically to alow air freely into the line. The
liquid column breaks at the peak and the cavity isfilled with air, reducing the pressure differential between
the pipeline and the atmospheric pressure at the inlet vent of the valve. The air is retained in the pipeline
temporarily and must be released slowly as the pressure increases. The throttled outflow of air acts as a
cushion to prevent the violent collapse of the cavity between the two ends of the broken liquid column and
the throttled outflow helps prevent the large surge pressures that are associated with cavity collapse. A
typical sequence of events following pump trip in a pump discharge line protected by asingle air valveis
shown in Sketch 3.2. Inthisexample, it is assumed that the discharge from the pump gradually fallsto zero
as the pump runs down and, because immediate closure of the one-way valve situated at the pump outlet
is assumed, no reverse flow occurs through the pump.

ESDU Copyright material. For current status contact ESDU.
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Pump trips at time = 0. Pressurefals as
pump runs down, and expansions wave

travels along line on downstream side. As previous sketch.

Time=1/8 x 2L/a

Time=1/4 x 2L/a

\ L = pipeline length
Pump| (along pipeline axis)

Expansion wave reaches downstream tank.
Pressure at air valve (mid-point) reaches
atmospheric for this example. Air valve
opensto admit air.

Air cavity holds pressure at mid-point close
to atmospheric. Two independent regimes
of pressure fluctuations set up one either

As previous sketch.
side of air cavity. Air drawn into cavity.

Time=3/8 x 2L/a Time=1/2 x 2L/a

Time=5/8 x 2L/a

Maximum air volume achieved, as pressure
at air valveincreases as air is released
slowly.

As previous sketch. As previous sketch.

Time=3/4 x 2L/a Time=7/8 x 2L/a Time=2L/a

Air continues to be released as pressure
fluctuations on either side of air cavity
determine pressure at air valve.

As previous sketch. As previous sketch.
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Time=9/8 x 2L/a

Time=5/4 x 2L/a Time=11/8 x 2L/a

o4

Air continues to be released as pressure
fluctuations on either side of air cavity
damped down by pipefriction. Presure
then rises to maximum value at a

As previous sketch.

Time=6/4 x 2L/a

As previous sketch.

(j" Time=13/8 x 2L/a

later time.

Time=7/4 x 2L/a

o

Sketch 3.2 Sequence of eventsfollowing pump trip in discharge line protected by air inlet/outlet
valve
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In order to achieve the beneficial effects described above, air inlet/outlet valves must be used that allow
sufficient air to flow freely into the line and to ensure that the air is released slowly. This may be achieved
using adifferentia throttle arrangement, with outflow through a small orifice for slow air release. It may
be necessary to useaone-way valve arrangement to prevent outflow through thelargeinlet orifice. A typical
air valve arrangement suitable for surge control is shown in Sketch 3.3. It is recommended that air valves
of this type replace air valves specified only for normal operation at locations along the line where
sub-atmaspheric conditions are expected following flow shut-off. Conventional air inlet/outlet valves may
alow adequate air inflow rates but may not restrict the air outflow, which may result in large pressure
increasesastheair cavity collapsesrapidly. Dataare presented in ESDU 84038 that may be used to estimate
the magnitudes of pressure changesin a pump discharge line following pump trip. These data indicate the
locations along the line where the pressure falls bel ow atmospheric.

Air inflow through, / \ <7~ N~ Air outflow through

large orifice small orifice

One-way valve ( ) f

it

—_—

Liquid flow

Sketch 3.3 Air inlet/outlet.

Itisimportant that all the air is released as the presence of even arelatively small quantity of air may alter
the characteristics of the system in both normal operation and during subsequent surge events. Careful
design of pipelines, to incorporate sufficient air outlet valves at locations where air is likely to be present,
should avoid this problem (see Section 3.1).

3.2.2 Useof air valvesin conjunction with air vessels

ESDU Copyright material. For current status contact ESDU.

Airinlet/outlet valves may have abeneficial effect when usedin pipelinesthat are protected against pressure
surge by specially designed surge suppression devices such as air vessels or surge shafts. Air valves are
often used as surge suppression devices on pump discharge lines protected by air vessels. Generally, smaller
air vesselsarerequired when high pointsintheline are protected by air valves. A typical sequence of events
following pump trip in a pump discharge line protected by an air vessel located at the pump outlet and an
air inlet/outlet valve at a high point is shown in Sketch 3.4. In this example, it is assumed that a one-way
valve isolates the pump at the instant of pump trip and flow is maintained to some degree by outflow of
liquid from the air vessel. Data are presented in ESDU 84038 that may be used to estimate the size of air
vessels for the protection of pump discharge lines. Further guidance on this use of air valvesis given in
Reference 8. It may be noted that, in some cases, the presence of air in alinemay cause secondary reflections
of pressure waves that could significantly alter the performance of the air vessel (or surge shaft).
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33 Air Valve M aintenance

The air valves described in Sections 3.2 and 3.3 are by necessity of automatic operation. In order for the
valve to function correctly at all times, regular maintenance is required. Most air valves are enclosed in
chambers that should, under most conditions, protect the valve from environmental effects. However,
problems may arise due to damageto theinner surface of the float chamber or the accumulation of deposits,
preventing the valves from seating properly. In some cases, particularly with large orifice valves sealed by
ball floats, adhesion can occur between thefloat and the seat preventing correct operation when the pressure
falls. This adhesion can occur if the valve remains closed for long periods. It is advisable to provide an
isolating valveto allow the valve to be removed from the pressurised line for maintenance purposes. Valve
manufacturers provide guidance on the use and maintenance of air valves.

ESDU Copyright material. For current status contact ESDU.
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\ L = pipeline length
(along pipeline axis)

Air released from air valve as pressure
rises. Liquid outflow from air vessel as
pressure in vessel continuesto fall.

Time=2L/a

Pressure falls to atmospheric at mid-point
and air valve opens again to admit small
quantity of air. Minimum pressure
achieved in air vessel.

Time=7/4 x 2L/a

Pressure falls close to atmospheric as
pressure fluctuations occur between
two ends of line.
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Time=5/2 x 2L/a

Small pressure fluctuations almost
completely damped out by pipe friction
and air vessel |osses.

Time=11/2 x 2L/a

Pump trips at time = 0. Pressurefals as
pump runs down, but is maintained to
some degree by liquid outflow from

air vessel.

Time=1/2 x 2L/a

All air released from cavity.
Liquid outflow from air vessel.

Time=5/4 x 2L/a

Air released slowly as pressure rises.
No significant liquid outflow from
air vessel.

Time=2x 2L/a

Liquid drawn into air vessel and
pressurein line rises.

Time=7/2 x 2L/a

at al pointsinline.

Time=13/2 x 2L/a

Maximum pressure achieved

Pressure just falls to atmospheric at air
valve (mid-point). Air valve opens to
admit small quantity of air. Liquid
outflow from air vessel.

Time=3/4 x 2L/a

Pressure falls close to atmospheric at
mid-point. Liquid outflow from air vessel.

Time=3/2 x 2L/a

All air released. No significant liquid
outflow from air vessel.

Time=9/4 x 2L/a

Liquid continues to be drawn into
air vessl as pressure rises.

Time=9/2 x 2L/a

Liquid again drawn from air vesel and
pressure falls again to a minimum value
well above atmospheric at air valve.
Pressure cycles eventually damped out.

Time=15/2 x 2L/a

Sketch 3.4 Sequence of eventsfollowing pump trip in dischargeline protected by air vessel and air
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