
Circular 828
February 1994

Water Hammer In Irrigation Systems1

G. A. Clark, A. G. Smajstrla, and D. Z. Haman2

Irrigation system design includes pump sizing and
selection, valve sizing and selection, and pipe sizing as
well as the proper selection and placement of many
other components. Good design involves selecting
and sizing components to perform their intended
tasks within the constraints of the system, to ensure
an efficient, cost effective, and durable irrigation
system. Cost effectiveness will result when oversizing
is avoided. Undersizing of components will cut initial
costs but often results in poor irrigation distribution
uniformity or the complete or partial failure of the
system through ruptured pipes, damaged valves, or
pump damage.

Like any other moving fluid, flowing water has
momentum. When subjected to a sudden change in
flow, shock waves propagate through the system. This
occurrence is referred to as "water hammer". Flow
changes can occur due to operation of valves, starting
and stopping of pumps, or directional changes caused
by pipe fittings. The intensity of water hammer
effects will depend upon the rate of change in the
velocity or momentum. This publication discusses the
causes of water hammer and the importance of
proper system design and management to ensure a
cost effective, long-lasting irrigation system.

CAUSES OF WATER HAMMER

Water is slightly compressible. Because of this
characteristic, shock waves can occur and propagate
through confined water systems. Shock waves in pipe
systems can result from sudden changes in flow such
as:

rapid opening of closing of control valves;
starting and stopping of pumps;
the recombination of water after water column
separation; or
the rapid exhaustion of all air from the system.

When sudden changes in flow occur, the energy
associated with the flowing water is suddenly
transformed into pressure at that location. This
excess pressure is known as surge pressure and is
greater with large changes in velocity. Characteristics
of the pipe such as the materials used in construction,
the wall thickness, and the temperature of the pipe all
affect the elastic properties of the pipe and how it will
respond to surge pressures.

PIPE CHARACTERISTICS

The ratio of the diameter of the pipe to the wall
thickness (t) is referred to as the dimension ratio
(DR). All polyvinyl chloride (PVC) and some
polyethylene (PE) pipe use the outside diameter
(OD) of the pipe in this ratio. Some pipe sizing is
based on inside diameter (ID) and uses that diameter
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in the DR computation. Certain DR values have
been designated to be standards and are referred to
as Standard Dimension Ratios (SDR).

The DR relationship can be determined when
pipe thickness (t) and either outside diameter (OD)
or inside diameter (ID) are known. For outside
diameter based pipe (PVC and most PE pipe), the
DR is calculated as

For inside diameter based pipe, the DR is calculated

(1)

as

Sometimes pipe is referred to as Class X pipe

(2)

where X represents the pressure rating of the pipe in
pounds per square inch (psi). For example, Class 160
PVC pipe is pressure rated for 160 psi. Table 1
shows the pressure ratings associated with certain
SDR values for nonthreaded PVC (PVC 1120, PVC
1220, and PVC 2120) and PE 3408 pipe at a water
temperature of 73.4°F.

Table 1. Pressure ratings for nonthreaded PVC pipe.

Pressure rating (psi) 1

SDR PVC PE

13.5 315
17.0 250 100
21.0 200 80
26.0 160 64
32.5 125 50
41.0 100 40
51.0 80
64.0 63
81.0 50

1At a water temperature of 73.4°F.

TEMPERATURE EFFECTS ON PLASTIC PIPE
PROPERTIES

Water and environmental temperatures will affect
the properties of the pipe material. As temperatures
increase the pipe material will become more ductile
(elastic). Therefore the pressure ratings shown in
Table 1 must be derated (decreased) with a service
factor for higher temperature conditions to provide
for safe operation. Table 2 shows the service factors
for PVC and PE pipes for temperatures higher than

73.4°F. The pressure rating of the pipe from Table 1
should be multiplied by the appropriate service factor
from Table 2 to obtain the temperature compensated
pressure rating of the pipe. For example SDR 26.0
PVC pipe has a 160 psi pressure rating at 73.4°F.
When the water temperature is increased to 80°F
(also increasing the pipe temperature), the pressure
rating decreases to [(0.88)(160 psi) = ] 128 psi.

Most groundwater sources in Florida will have
temperatures of 73.4°F or lower. However, surface
water sources (ponds, lakes, canals, etc.) can have
higher temperatures. Also, water traveling through
long laterals will be heated by solar radiation.
Therefore, pipe temperatures should be estimated and
designs should consider the higher temperatures that
will be encountered.

Table 2. Temperature service rating factors for PVC and
PE pipes.

Temperature Service factors

(°F) PVC pipe PE pipe

73.4 1.00 1.00
80 0.88 0.92
90 0.75 0.81

100 0.62 0.70
110 0.50
120 0.40
130 0.30
140 0.22

SURGE PRESSURES

Surge pressures associated with changes in flow or
velocity can be calculated. The change in velocity
must be known as well as properties of the conduit or
piping system. The equation for calculating surge
pressure is discussed in detail in the Appendix and
can be applied to many types of pipes.

Because PVC pipe is perhaps the most common
construction material used in irrigation systems, it will
be discussed in more detail in this bulletin. Table 3
shows the maximum or critical surge pressures
associated with a sudden change in velocity for
400,000 psi modulus of elasticity (a measure of the
stiffness of the material) (most PVC pipe) and
100,000 psi modulus of elasticity (most PE pipe) pipe
material.

Figure 1 displays the surge pressures associated
with an abrupt valve closure (a final velocity of zero)
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for two of the PVC pipe classes shown in Table 3.
These pressure levels represent the additional
pressure imposed on the system above the normal
operating pressure of the system. For example,
consider an irrigation system which has a normal
operating pressure of 75 psi, and has a water velocity
of 7 feet per second in a Class 160 (SDR 26) PVC
conduit. Figure 1 shows that a surge pressure of
about 100 psi can result from a sudden valve closure
with an initial velocity of 7 feet per second (Table 3
can be used to calculate this: 7 x 14.4 = 100.8 psi).
This would bring the total pressure in the system to
about 175 psi, exceeding the 160 psi pressure rating of
the pipe.

Figure 1. Surge pressure levels associated with a valve
closure for different levels of pipeline water velocity. (For
400,000 psi modulus of elasticity PVC material)

Table 3. Maximum surge pressures associated with
sudden changes in velocity (psi per ft/s).

Maximum surge pressure
(psi per ft/s)

SDR PVC1 PE 34082

13.5 20.3 10.2
17.0 18.0 9.0
21.0 16.1 8.0
26.0 14.4 7.2
32.5 12.9 6.4
41.0 11.4 5.7
51.0 10.2 5.1
64.0 9.1 4.5
81.0 8.1 4.0

1For pipe material of 400,000 psi modulus of elasticity

2For pipe material of 100,000 psi modulus of elasticity

VELOCITY OF FLOW

Velocity (V) in a pipeline depends on the volume
flow rate of water through the pipeline (gpm) and the
cross-sectional area of flow. This basic relationship
can be expressed as:

Equations, 3a, 3b and 3c all use flow in gallons
per minute (gpm), but equation 3a uses area in
square feet, 3b uses area in square inches, and 3c uses
inside pipe diameter in inches. The inside diameter

of the pipe should always be used to determine the
area of flow. Table 4 presents inside diameters and
cross-sectional areas of PE pipe. Table 5 presents the
outside diameters of PVC pipes and inside cross-
sectional areas which correspond to pipes of different
SDR values.

Table 4. Inside diameter and cross-sectional area for PE
pipe.

Nominal pipe
size (inches)

Inside diameter
(inches)

Area
(square
inches)

½ 0.622 0.304
¾ 0.824 0.533
1 1.049 0.864

1-¼ 1.380 1.496
1-½ 1.610 2.036

2 2.067 3.356
2-½ 2.469 4.788

3 3.068 7.393
4 4.026 12.730
6 6.065 28.890

The cross-sectional areas from either Table 4 or
Table 5 can be used with the pipe flow rate in gpm
with equation 2b to determine the average flow
velocity in the pipe. The flow velocity can then be
used with Table 3 or Figure 1 to determine the surge
pressure associated with a sudden valve closure or
other flow restricting action.



Water Hammer In Irrigation Systems Page 4

DESIGN AND MANAGEMENT

Table 5. Outside diameter and inside cross-sectional areas for several PVC pipe SDR values.

Nominal
pipe size
(inch)

Outside
diameter

(inch)

SDR

13.5 17 21 26 32.5 41 51 64

Area (square inches)

½ 0.840 0.40 0.43 0.45 0.47 0.49 0.50 0.51 0.52
¾ 1.050 0.63 0.67 0.71 0.74 0.76 0.78 0.80 0.81
1 1.315 0.99 1.06 1.11 1.16 1.20 1.23 1.25 1.27
1-¼ 1.660 1.57 1.68 1.77 1.84 1.91 1.96 2.00 2.03
1-½ 1.900 2.06 2.21 2.32 2.41 2.50 2.56 2.62 2.66
2 2.375 3.21 3.45 3.62 3.77 3.90 4.01 4.09 4.16
2-½ 2.875 4.71 5.05 5.31 5.53 5.71 5.87 5.99 6.09
3 3.500 6.98 7.49 7.87 8.19 8.47 8.70 8.88 9.02
3-½ 4.000 9.11 9.78 10.3 10.7 11.1 11.4 11.6 11.8
4 4.500 11.5 12.4 13.0 13.5 14.0 14.4 14.7 14.9
5 5.563 17.6 18.9 19.9 20.7 21.4 22.0 22.4 22.8
6 6.625 25.0 26.8 28.2 29.4 30.3 31.2 31.8 32.3
8 8.625 42.4 45.5 47.8 49.8 51.4 52.8 53.9 54.8
10 10.75 65.8 70.6 74.3 77.3 79.9 82.1 83.7 85.1
12 12.75 92.6 99.4 104.5 108.7 112.4 115.5 117.8 119.8

CONSIDERATIONS

This section discusses design and management
criteria to be followed to minimize the effects of
water hammer or surge pressures on the irrigation
system.

In the design process, pipe should be selected
with a pressure rating equal to or greater than the
combination of operating plus surge pressures. Be
certain to consider temperature effects on the
pressure rating of the pipe. If the surge pressures are
not known, Table 6 provides recommendations for
maximum working pressures for nonthreaded PVC
(PVC 1120, PVC 1220, and PVC 2120) and PE 3408
pipe. Table 6 should be used with caution, and only
when other data are not available. It is always better
to calculate surge pressures for the specific conditions
of the site.

To help minimize surge pressures the maximum
velocity of water in the pipeline should be limited.
General recommendations are to limit maximum
operating velocities to 5′ per sec. In no case should
the velocity exceed 10′ per sec.

Table 6. Maximum allowable working pressure for non-
threaded PVC pipe when surge pressures are not known.

Maximum working pressure 1

SDR PVC PE 3408

13.5 227
17.0 180 72
21.0 144 58
26.0 115 45
32.5 90 36
41.0 72 29
51.0 58
64.0 45
81.0 36

1When surge pressures are not known, and water
temperatures are 73.4°F.

Entrapped air in a pipeline can cause problems.
Air is very compressible and can compress and
expand in the pipeline, resulting in varying velocity
conditions, and, thus, significant pressure variations.

Water-column separation can also produce significant
surge pressures due to the high velocities encountered
when the column rejoins.

Problems associated with air entrapment can be
minimized by preventing air from accumulating in the
system. This can be accomplished by using air-relief
valves positioned at the high points of the piping
system. In areas of relatively flat terrain these should
also be used in the vicinity of the pump discharge,
near the middle of the line, and at the downstream
end of the line.

Additional design considerations include:

surge arrestors (devices such as small pressure
tanks which can absorb shock waves) or automatic
pressure reducing valves at flow regulators and at
the pump discharge;

flow controllers used to minimize the rate of
filling and to reduce start-up surge in filled lines;

in cycling systems, design pipelines, if possible, to
keep out all air, and then to restart with a filled
system.

Water hammer cannot be completely eliminated
in an economical design, but, by taking precautions
during management and operation, the effects can be
minimized. Start-up is critical, especially when pipe



Water Hammer In Irrigation Systems Page 5

lines are empty. Empty lines should be filled as
slowly as possible to allow entrapped air to escape.
In addition the following cautions should be observed:

Never completely close the gate valve on the
discharge side of a deep-well turbine. This
prevents excessive shut-off head from developing.

Open all manual valves leading to the zones to be
irrigated except at the pump discharge. The
pump discharge valve should be opened slowly to
allow slow filling of the pipe line. Caution should
be observed when filling is interrupted and
restarted because a quick surge may develop
during the restart which could slam into a
stationary or slow moving body of water. This
situation could result in damaging water hammer
pressures, especially if air becomes entrapped
between the water fronts. Therefore, follow the
same precautions on restart as during initial
starting of the system.

Make sure that all air has been discharged from
the system before operating the system at full
throttle.

Close all manual valves slowly. No valve should
ever be closed in less than 10 seconds; 30 seconds
or more is preferable.

Use the same precautions in stopping the
irrigation system as used in start-up and general
operation.

SUMMARY

This publication discussed the causes and effects
of water hammer in irrigation systems. Surge
pressures experienced from velocity changes were
discussed and presented for PVC and PE pipe
materials. Guidelines for safe design include selection
of the proper size and class of pipe to maintain safe
velocities and to have a material which can withstand
both operating and surge pressures expected from the
system. Components such as air relief and surge
arrestors can be positioned at strategic positions in
the pipeline to minimize the resultant effects of water
hammer in the irrigation system. Additional
discussion focused on management considerations to
help ensure safe operation.
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APPENDIX

Surge pressure in a conduit is related to the
change in velocity and can be computed from the
following formula:

where

p’ = the resultant rise (surge) in pressure
created by the decrease in velocity (psi),

V1 = the upstream (higher) velocity of water in
the pipe (ft/sec),

V2 = the downstream (lower) velocity of water
in the pipe (ft/sec),

d = the inside diameter of the pipe (inches),

t = the wall thickness of the pipe (inches),
and

E = the modulus of elasticity of the pipe
material (psi), [approx. 400,000 psi for
Type I PVC].

As can be seen, the most severe case occurs when
V2 becomes zero due to a sudden valve closure or
similar action.

This equation calculates the surge pressure that
would theoretically occur if the velocity was
instantaneously changed from V1 to V2. If a valve is
closed slowly, the actual surge pressure will be less
than this value. Thus, using this equation provides a
safety factor.


