Pressure reducing valve or turbine in drinking water supply
system during water hammer

D. Himr, D. Patauner

Abstract: The article describes the influence of the pump as a
turbine on the water supply system. Variants with only a reducing
valve, only with a pump and a combination of a reducing valve
and a pump are considered. The study is based on a numerical
simulation of a real system.

1 Introduction

Pressure in drinking water supply system has to be kept in certain limits. When the
system is built in a location with significant altitude variation pressure reducing valve is
used to keep pressure in the limits. It is also possible to use a small turbine that does
the same work and produces energy as well, but the turbine and the pressure reducing
valve behave differently during water hammer. The paper is focused on numerical
analysis of these two hydraulic elements and how they affect water hammer in the
system.

Problem is simulated on the real water supply system in a town in Austria. The profile
of the main is illustrated in Figure 1.
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Fig. 1. water supply system profile

Water from the source flows to two tanks. Each pipe branch ends with a pressure
reducing valve. There is also a middle pressure reducing valve at the beginning of
branch to tank No.~2 to keep pressure in desired limits. There are minor consumers
along the whole pipe line, but they are neglected, because they are not able to
influence flow rate in the system significantly.
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The conditions in the pipeline can be influenced only by the pressure reducing valves
at the tanks, that could shut at any moment due to various reasons, e.g. during
maintenance work. That event causes water hammer, that could be amplified by an
interaction with the middle pressure reducing valve as shown in study [3].

2 Pressure reduction

Pressure in the system can be reduced by a pressure reducing valve or by a turbine.
These two elements differ in the construction and also in properties.

Pressure reducing valve is a hydraulic element keeping pressure on a~desired value.
A scheme is shown in Figure 2.
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Fig. 2. Pressure reducing valve scheme [3]

Downstream pressure is set by the pressure loss adjustment spring of the pilot valve.
When downstream pressure increases, the pilot valve closes and induces flow to
control chamber of controlled valve, which increases throttling. When downstream
pressure is lower than desired value, the whole process runs in the opposite way and
throttling is reduced.

The pressure reducing valve is a passive element, which is able to keep balanced
conditions in the main despite changing demand of consumers. Pressure reducing
valve does not need either external source of energy or external actuators.

There are limitations on flow and pressure conditions. Based on required downstream
pressure, the pressure reducing valve is able to deal only with upstream pressure in
certain limits. Lower limit is given by controlled valve resistance in fully open position.
Upper limit comes from pressure with minimal allowed flow rate recommended by the
valve producer.

Turbine can be a machine designed especially for given location, but it is often
expensive. There is also possibility to use a pump available in the market and operate
it in the turbine mode. Technical literature calls it pump as turbine. As pumps have
usually fixed blades, the speed control is the only possibility of regulation. The only
possibility how to keep required downstream pressure.

Karman-Knapp diagram in Figure 3 shows pump characteristics when rotational speed
can vary as well as flow rate. Pump usually operates in the pump zone, but it is possible
to connect it to the system in the opposite direction and operate it as a turbine. For a
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specific water demand, the speed has to be changed to keep desired downstream
pressure, but there are limits, where the machine stops producing energy. The speed
cannot be positive and cannot get below the runaway speed. Pump would consume
the energy out of these limits.
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Fig. 3. Karman-Knapp characteristics shows lines of constant spec. energy and constant torque

3 Numerical model

Flow in the water supply system (see Figure 1) can be considered as one-dimensional,
thus the appropriate version of continuity equation (1) and momentum equation (2) can
be used.
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Where p — pressure, t — time, a — wave speed, p — density, S — pipe cross-section, Q
— flow rate, x — space coordinate, A — friction loss coefficient, D — pipe diameter, gp —
gravity acceleration projection to pipe axis
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The solution can be done using Lax-Wendroff method [5], which requires to keep
relation between time step and space step: AtsAx/a. Inequality allows easy
implementation of variable speed of sound without any changes in the numerical
scheme.

It is necessary to consider variable speed of sound when calculating transient events
where pressure drops below the atmospheric pressure. Sufficient model of variable
speed of sound is based on so-called gaseous cavitation. It is widely used approach,
when water is treated as mixture of water and very little amount of air (mass ratio is
usually in limits 10-7 to 10°%), which changes its density with the pressure. Deep analysis
of this approach is shown in [4], where it is compared with experiments by [1] and [2].

Specific solution of Equations (1) and (2) cannot be obtained without boundary
conditions. The source in Figure 1 is represented by condition of constant pressure.
The flow rate to tanks is controlled by model of a valve with variable resistance, pipe
junction keeps continuity equation and common pressure in that place for all pipes
connected to the junction. Pressure reducing valve increases its resistance, when
downstream pressure is above the chosen value, and decreases its resistance when
downstream pressure is below the desired value.

Model of pump is described by dependence of specific energy and torque on flow rate
for constant rotational speed in the positive direction and in the negative direction.
These functions are modified for variable speed using the affinity law. The pump speed
is changed to keep chosen downstream pressure during simulation. When it is not
possible to meet this requirement in the turbine mode, the runner is considered to be
free and its rotation is approaching runaway speed.

4 Simulation

Water flows from the source downward to two tanks. Pressure is reduced at the
beginning of the branch to tank No. 2. The flow can be considered steady, because
the change in water demand due to consumers is not significant in comparison with
flow rate to the tanks. However, this system allows two basic cases of water hammer,
which can be caused by

A. sudden temporary closure of the valve at tank No. 1,
B. sudden temporary closure of the valve at tank No. 2.

In both cases, closing is supposed to last 0.1 s, then the valve is shut for 1 s and then
opens again within 0.1 s. It is simulation of an accidental event caused by ahuman
factor.

We can analyse three set-ups for each event. Pressure reduction at the beginning of
branch to tank No. 2 is done by

1. pressure reducing valve (PRV),
2. pump as turbine (PaT),
3. pump as turbine followed by pressure reducing valve (PaT+PRV).
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4.1 Temporary closure of upper branch

Temporary closure of the valve at tank No. 1 creates a pressure peak travelling from
the valve to upper parts of the system and interacts with pressure reducing element at
the junction. Figure 4 shows the pressure downstream the pressure reducing element
at the junction.
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Fig. 4. Pressure at junction (downstream), == PaT set-up, == PRV set-up, = PaT+PRYV set-up

Pressure reducing valve and also pump work as protection of the branch to the tank
No.~2 against water hammer. Pressure reducing valve has generally lower inertia
mass, thus it has faster reaction to pressure change. That is the reason, why set-ups
with pump have slightly higher pressure peaks, but they attenuate oscillations better.
Figures 5 and 6 show opening of the pressure reducing valve and pump as turbine
speed. It is obvious that pressure reducing valve is mostly fully open when combined
with pump as turbine, because it only compensates pressure peaks going through
pump. Figure 6 also shows wide range in pump speed when compensating pressure
pulsation.

Although pump as turbine inertia is higher than pressure reducing valve inertia, it is still
low enough to effectively response to sudden pressure change. In this case, the runner
diameter is only 120 mm. Bigger systems with greater machine would definitely exhibit
more significant differences in the response time between PRV and PaT.

Figure 7 captures maximal and minimal pressure along the upper part of the system
(between the source and tank No. 1), where black line shows steady operation
pressure. The water hammer originates at very end of the system and maximal
pressure is really high from that place up to junction. Then the pulsation is significantly
reduced. Something similar is visible for minimal pressure, which drops to cavitation
values between 3.5 and 4™ km. This result is the same for all set-ups.
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Pressure extremes in bottom part (downstream the junction) are shown in Figure 8.
Pressure fluctuations are significantly reduced and all set-ups give similar results.
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Fig. 5. PRV opening, =— PRV set-up, =— PaT+PRYV set-up
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Fig. 6. PaT speed, == PaT set-up, == PaT+PRV set-up
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Fig. 7. Pressure extremes in upper part of the pipe line system
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Fig. 8. Pressure extremes in bottom part of the pipe line system, == PaT set-up, == PRV set-up, =
PaT+PRYV set-up

4.2 Temporary closure of bottom branch

When the valve at tank No. 2 initiates water hammer, pressure peak travels to the
junction from downstream site of pressure reducing element. Pressure record from
upstream site (when the pressure peak went through the pressure reducing element)
is shown in Figure 9.
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Fig. 9. Pressure at junction (upstream site), == PaT set-up, == PRV set-up, == PaT+PRYV set-up

There is no part of the whole system protected against water hammer in this case,
because pressure reducing valve or pump as turbine try to keep downstream pressure
constant and throttle the flow. It does not help on downstream site plus it causes water
hammer also on upstream site.
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Fig. 10. PRV opening, — PRV set-up, = PaT+PRV set-up
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Fig. 11. PaT speed, — PaT set-up, — PaT+PRV set-up
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Figure 10 exhibits, that pressure reducing valve is fully closed for almost one second
and pump speed changes in a wide range (see Figure 11) in reaction to pressure
changes.
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Fig. 12. Pressure extremes in upper part of the pipe line system, — PaT set-up, = PRV
set-up, == PaT+PRYV set-up

When looking at pressure extremes in the whole system, see Figures 12 and13, it is
obvious, that upper parts of pipe line have the same results regardless the set-up.
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Maximal pressure in the branch to tank No. 2 is the same for all set-ups, but minimal
pressure differs.
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Fig. 13. Pressure extremes in bottom part of the pipe line system, — PaT set-up, =— PRV

set-up, = PaT+PRV set-up

Combination of pump as turbine and pressure reducing valve exhibits minimal
pressure drop. It is necessary to describe the transient event to understand this
difference.

1.

2.
3.

4.

The valve at tank No. 2 induces the pressure peak travelling upward to the
junction.

Pressure reducing valve shuts when the peak arrives.

The pump keeps negative speed due to the inertia and works in the pump zone,
when the pressure reducing valve is shut.

When the pressure on downstream site decreases, the pressure reducing valve
opens slower than in case of set-up without pump as turbine, thus the change
of conditions is milder at this place and pressure drop is not as significant.

5 Conclusions

The paper is focused on analysis of possible transient events in a water supply system.
The system belongs to a small town in Austria in an area with high altitude change,
thus the pressure has to be reduced by a pressure reducing valve. There is possibility
to install pump as turbine to that location to reduce the pressure and produce some
energy as well. This is connected with a need to analyse pump as turbine behaviour
during transient events to proof that this change will not jeopardise the system.

The results show that the system will not be affected in a bad way. There is even case,
when pump as turbine has better influence on the system than the pressure reducing
valve alone.
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All investigated possibilities show that protection against water hammer at bottom
tanks would be good idea to suppress negative impact on consumers who could notice
temporary pressure changes. The protection could be done by installing pressure
vessels at both ends of the system. To prevent fast closing of the valve at the tanks is
another possibility. No pressure vessels would be needed in that case.
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