Relief valves: principles, problems and applications
Bryan Leyland
Sinclair Knight Merz
25 Teed Street
Newmarket
Auckland, New Zealand

Abstract
It seems to me that many hydropower engineers regard relief valves as mysterious and unreliable devices that
are best avoided. My own experience is that, provided that one understands how they work and how and when
they should be used, they can lead to considerable savings in cost and, in some cases, can be the key to the
technical feasibility of a scheme.
In this paper I describe the fundamental principles of operation, the various types of valve that are in common
use, their advantages and disadvantages and give examples of their application.

1.

Introduction

Relief valves are primarily used with Francis
turbines to limit water hammer pressures in long
penstocks when the turbines suddenly lose load.
Some relief valves are sufficiently sensitive to
allow stable governing on an isolated system.
If the adoption of relief valves eliminates the need
for a large and expensive surge chamber, major
savings in project cost can be achieved.

2.

Operating Principle

The basic principle of operation is simple. It is
best illustrated by considering the action of a jet
Figure 1 Typical Francis Turbine and Relief Valve (Kvaerner)
deflector on a Pelton turbine. Pelton turbines are
used where the head is high and as result the waterways are usually very long. With long waterways flow must
be changed very slowly to avoid the risk of serious water hammer. This is in direct conflict with the requirement
to rapidly reduce the turbine power when the generator loses load to avoid excessive overspeed or unstable
governing. In a Pelton turbine a jet deflector that moves into the jet and deflects the water away from the runner
achieves this. The deflector operates in a second or two so it is a very effective way of limiting the speed rise
when load is lost. Some turbines have what is called a "knife deflector" which, instead of "smashing up" the jets
neatly peels away a part of it. Turbines with knife deflectors are often used on small run of river schemes
operating on an isolated system. If they operate in a "water wasting" mode they have an extremely rapid
response to load changes on the system.
Relief valves are fitted to Francis turbines to serve the same purpose as jet deflectors. They allow flow through
the turbine to be reduced rapidly while the flow through the penstock reduces slowly. The relief valve is
connected to the spiral casing or penstock so that it can bypass the water flowing through the turbine. The relief
valve is controlled so that if the guide vanes need to close suddenly the relief valve opens rapidly so as to
maintain virtually constant flow in the penstock. When the guide vanes have closed the relief valve closes
slowly so that water is not wasted.
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The key to the successful application of relief
valves is to make sure that (a) the decreasing flow
through the turbine is closely matched by the
increasing flow through the relief valve and (b)
the connection between the turbine guide vanes
and the relief valve is very reliable and,
preferably, has fail safe features that ensure that
the guide vanes cannot close rapidly if the relief
valve fails to open.
The primary purpose of conventional relief valves
is to limit water hammer pressures when a turbine
Figure 2 Characteristic Curves
suddenly loses load. This could be because of a
sudden reduction in system load or the generator
being disconnected from the system. They are of no use for sudden load increases because that needs a rapid
increase of flow in the penstock.
Conventional relief valves do not control water hammer pressures if a high a head turbine suddenly loses load
and the guide vanes fail to close. When this happens, the turbine goes to runaway speed and the pumping action
of the runner reduces the flow through the turbine. This results in higher than normal pressures leading to an
even higher runaway speed. In such cases, careful studies must be done to determine the appropriate head for
runaway speed calculations - which may be well above the gross head.

3.

Application

Deciding whether or not relief valves are needed is not simple. The standard rule of thumb for stable governing
on an isolated system is that the generator starting time should be three times the water starting time. With long
penstocks, this may require generator inertias well above what can be achieved in practice. In these
circumstances, the options are a surge chamber or a relief valve or, in some cases, both.
In any decision on or whether or not to use relief valves the requirements of the power system and the type of
valve to be used must also be considered.
In today’s large interconnected power systems, stable operation on an isolated system is not always a
requirement for a relatively small hydropower station. If so, then water hammer pressures and runaway speed
considerations are the determining factor. Since all generators are - or should be – designed to withstand full
runaway speed, one can take the view that it is satisfactory to close the guide vanes slowly in the event of loss of
load and let the generator reach its runaway speed. This is often done in small schemes, but in large high head
machines with long penstocks the reduction in turbine flow at runaway speed creates additional waterhammer
pressures and even higher overspeeds that, in many cases, cannot be accomodated economically1. In such cases,
relief valves are the obvious solution.
Reliability is also a major consideration. Unless the relief valve is designed to be “fail safe”, the penstocks must
be designed for relief valve failure - which can result in a considerable extra cost.
3.1

Operating principles

Most commercially available relief valve systems use one of four principles of operation. These are described
below.
•

Dashpot
Rapid closing of the guide vanes operates a pilot valve via a linkage incorporating a dashpot. The power to
move the relief valve is provided by a water servo system.

1

If a machine is tripped off because of high bearing temperatures, and the closing speed is very slow, the long period at
runaway speed could destroy the bearings.
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•

The relief valve provides the power to close the guide vanes rapidly
There is a direct oil hydraulic connection between the closing side of the guide vanes servomotor and the
opening side of the relief valve servo motor. With this system, the guide vanes can close rapidly only if the
relief valve opens.

•

If the relief valve fails to open, the guide vanes cannot close rapidly
There is an auxiliary servomotor connected to the guide vanes and to the relief valve servo. When the guide
vanes close rapidly the auxiliary servo motor forces the relief valve to open. If the relief valve fails to open
the auxiliary servo motor blocks the rapid closing of the guide vanes.

•

Electronic control
Electronic control systems that monitor the position of the guide vanes, the flow in the penstock and other
parametres and operate the relief valve to minimise water hammer pressures are now available. These
systems must be associated with some form of redundant, highly reliable control system.

3.2

Dashpot operated system

A typical system is shown in figure 3. A system of linkages
(sometimes incorporating a cam) moves a dashpot. If the
turbine guide vanes close slowly, oil is bypassed through an
orifice in the dashpot piston which controls the pilot valve.
Hence the piston does not move. If the guide vanes move
rapidly, the piston moves and opens the pilot valve thus
opening the relief valve.
This system has a number of disadvantages:
• It is difficult to ensure that the movement of the relief
valve exactly tracks the movement of the guide vanes.
This can be the result of backlash, non-linearities in the
linkage system, or other factors.
• If the oil in the dash pots leaks away the relief valve
will not open.
• If the relief valve itself fails to open, the guide vanes
will still close at their normal speed and cause severe
water hammer.

Pilot valve

Linkage
Dashpot

Figure 3 Dashpot Operated Relief valve

Because of the shortcomings of this type of relief valve it is normal practice to design the penstocks so that they
will withstand the water hammer pressure caused by relief valve failure with a small factor of safety.
Escher Wyss (now VATech) devised a monitoring system which detects relief valve failure and acts to limit the
closing speed of the guide vanes. This eliminates the risk of dangerous water hammer pressures at the expense of
allowing the turbine to reach runaway speed2.
3.3

The opening of the relief valve provides the
power required to close the guide vanes
rapidly

This system was originally developed by Charmilles and has
been used by other manufacturers including Litostroj in former
Yugoslavia.
This system is fail safe because the pressure oil needed to close
the guide vanes rapidly is provided by the opening of the relief
valve providing high pressure oil. So if the relief valve fails to
open for any reason, there is no way that the guide vanes can
close rapidly. Pressure oil for normal operation of the guide
Figure 4 Charmilles Type Relief Valve
vanes is provided from the governor pressure system through (Ruahihi)
an orifice. The size of this orifice determines the maximum
closing speed that can be achieved without the relief valve opening.
2

“New Relief Valve Positioning Equipment” O Biland, Escher Wyss publication pre 1970.
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3.4

Failure of the relief valve to open blocks
rapid closing of the guide vanes

This system is commonly used by Kvaerner (now GE hydro).
The operating principal is sound because the guide vanes
cannot close rapidly unless they are permitted to by the
opening of the relief valve.
There is one obvious potential failure mode: if the pipe
between the two servomotors bursts the relief valves will not
open and the guide vanes will close rapidly. The piping must
be designed with a very high factor of safety and be protected
from mechanical damage.
Figure 5 Kvaerner System

3.5

Electronic control

A publication by VATech describes an electronic control system which monitors flow through the turbine and
the penstock and controls the relief valve position to ensure that the flow through the penstocks reduces at a rate
that does give rise to excessive water hammer. The system can take account of the change in flow as turbine
speed increases, non linearties in the characteristics of the guide vanes and the relief valve and any other
significant factors. It is also possible to have a single relief valve located at a distance from two or more turbines
and acting for all of them.
The obvious "Achilles heel" of the system is the reliability of the electronic control system. However, modern
technology has given us airplanes which "fly by wire" and cars with electronic steering and braking. If the
technology developed for these safety critical purposes is applied to the control of relief valves the reliability
should be acceptable. But the electronic systems will require standards of maintenance and testing comparable to
those used in aircraft engineering.

4.

Examples of relief valve application

The sections below give examples of the application of relief valves in existing and proposed schemes.
4.1

Ruahihi

In September 1981 the power canal at this power station in New Zealand failed catastrophically3. Investigations
showed that the ground conditions would not support the rebuilding of the canal. We were faced with two
options: replace 1100 metres of canal with pipeline or abandon the scheme.
An increase in the penstock length from 750 metres to 1850
metres had serious implications for water hammer especially
as the structural strength of the original low pressure pipeline
limited the maximum pressure rise to 6%. On the positive
side, the station had generously sized relief valves operating
on the Charmilles principle. Computer studies showed that it
should be possible to limit pressure rise to 6 percent on full
load trip by increasing the stroke and reducing the closing
speed of the relief valve.
The stroke was increased by reducing the diameter of the
relief valve servo motor. During commissioning we had to
Figure 7 Full load trip at Ruahihi
make more changes to force the relief valves to "over open" and
speed up the closing time of the guide vanes so that one machine closed its guide vanes in 2.5 seconds and the
other in 3.5 seconds. The final tests showed that the pressure rise was only three percent when both machines
were tripped off at full load. Note that the relief valve is wide open for several seconds.
3

“Long penstocks and low pressure rises: The re-commissioning oof Ruahihi power station”, Bryan Leyland, Dusan Mirjanic
and Ray Gatland. First International Conference on Small hydro, Singapore, Feb 1984.
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Since it was recommissioned, the scheme has operated for more than twenty years without any problems.
4.2

Eildon power station

This is a power station in Australia with two 60 MW Boving turbines manufactured in the 1960s and two 7.5
MW turbines dating from the 1920’s. The 60 MW turbines have dashpot controlled relief valves. The recommissioning of the old turbines is covered by a paper by Paul Caplen at this conference4. As the old turbines
were being refurbished to operate at a much higher head than they were designed for, we needed to mimimise
water hammer pressures.
During the investigations and testing we discovered a number of shortcomings in the original system. The first
was that the available stroke in the dashpot only gave 550 mm opening of the relief valve, even though it was
designed to open 625 mm. We needed all the stroke we could get so we increased the length of the dashpot and
made other changes. The second was that the pilot valve tended to jam and break its linkage due to problems
with the valve guides. This was solved by installing plastic guide bearings spaced further apart. Thirdly, we
discovered that when the lake level was low one relief valve would often "dive" out of control of the pilot valve,
go fully open and stay there. Only one of the two relief valves has this problem and we we are still tryng to find a
satisfactory explanation for it.
We also added a relief valve failure detection system that would open an existing station bypass valve in 6
seconds if it detected failure. The detection system is based on the system developed by Escher Wyss. Small
hydraulic cylinders are connected to the guide vanes and to the relief valve and arranged so that when the relief
valve operates normally oil flows from one cylinder to the other. If the relief valve fails to open oil from the
guide vane cylinder raises the piston in a third cylinder that operates a switch to initiate the opening of the
bypass valve. This system has been tested and found to operate in a most satisfactory (and spectacular) manner.
4.3

Prospect

The water supply for
Sydney in Australia flows
from the Warragamba dam
through a 28 km pipeline to
the Prospect reservoir. At
Prospect there are a number
of hollow cone dissipation
valves which control the
flow from the dam to the
treatment station at
Prospect. Investigations
showed that if the valves
were replaced by a turbine
an average generation of
about 3 MW and a
maximum generation of
about 5 MW was possible.
The major technical
problem was to ensure that
in the event of loss of load
or of problems with the
turbine, the water flow to
Figure 8 Prospect Relief Valve System
the
reservoir
was
maintained and that no
dangerous water hammer pressures would occur. The system we proposed is shown in Figure 8.
4.4

Dartmouth Dam

About ten years ago the 150 MW, 160 m head Francis turbine at Dartmouth Dam in Australia suffered
catastrophic failure when a piece of steel got jammed between the runner and the guide vanes. As the runner
4

“Resurrected turbines take the pressure after 44 dormant years” Paul Caplen, Sinclair Knight Merz, Hydro 2002 Turkey.
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rotated it forced all the guide vanes closed in a single revolution. (They were connected to the speed ring via
levers with clutches). The resulting water hammer pressures broke the stay vanes and ripped the spiral casing
apart. Investigations showed that the failure was triggered by surging in the gate shaft that dislodges a piece of
steel which was carried down the penstock to the turbine.
Not long after the station was re-commissioned, an unusual operating sequence caused surging and water flowed
out of the gate shaft over the parking area. As a result of these problems the owner of the dam (Goulbourn
Murray Water Corporation) was extremely sensitive to surging problems in the gate shaft. They commissioned
studies to see if the surging could be eliminated. The report recommended the construction of a spillway from
the top of the gate shaft back into the lake. As this was very expensive, the owner of the power station (Southern
Hydro) asked us to try to devise a more economical solution.
We realised that if the irrigation valves adjacent to the power house could be adapted to operate as relief valves,
the basic cause of the problem – the surging – could be virtually eliminated. We then devised a scheme that
would ensure that rapid closing of the guide vanes would open one of the irrigation valves to compensate for the
reduction in flow through the turbine. To give additional security there was a system that would open the second
irrigation valve if the first one failed to open.
4.5

Zlatolice

There is an unsual application of relief valves at Zlatolice power station in former Yugoslavia. The station has
two large Kaplan turbines supplied by a canal about 20 km long. Canal surge studies showed that several metres
of freeboard would be needed to cope with surges when the station tripped off. To avoid the high cost of the
extra earthworks, relief valves were installed on each turbine. To pass the very high flows, these relief valves
consisted of a line of specially shaped guide vanes. Closing time was about 30 minutes. The valves also allowed
the units to govern normally during system disturbances. A similar system could be used in a cascade of power
stations along a series of canals in order to ensure that the flow is bypassed when one station trips off.
4.6

Electronic control

The VATech publication on
“Smart pressure relief valves”
gives an interesting insight
into what can be done with
modern technology. An
example given in this article
shows how pressure rises of
26 % and speed rises of 47%
could be reduced to 16% and
38% respectively. Figures 9
and 10 show that this is
achieved by initially opening
the relief valves at high rate
followed a very slow final
closing. The article also
discusses how electronically
controlled relief valves can
Figure 10 Conventional Relief Valve
assist with stable governing
on an isolated system by
allowing the valves to operate in a water wasting mode.

Figure 9 Electronically Controlled
Relief Valve
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