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HE A W.W_ A was one of the first

- organizations in the United States
to publish a comprehensive freatise
{1} on water hammer, embodying the
work of N. Joukowsky an cast-iron
water mains in Moscow in 1897,

Joukowsky established the fundamen-
tal relations between the wvelocity of
flow, the velocity of the pressure wave
and the rate at which flow iz cut off,
These fundamentals have been con-
firmed many times during the inter-
vening 50 years or more, and the the-
ory on the subject has heen greatly
amiplified by many writers throughout
the world.

Much mystery has surrounded the
solution of water-hammer problems,
probably because of the complex theory
of wave motion and the lack of time
or opportunity for most engineers to
study the details or to perform the
caleulations. As a result, & number of
approximate formulas were developed,
some of which are good within limits,
but tmost of which are dangerous to
use. The varfations from the true
values range from 35 per cent helow
to 500 per cent above. The graphic
method  for solving  water-hammer
problems effects material simplifica-
tions, and for some complex eases it
offers the only practical means for
calculating surge pressures.  Much
time and effort has been saved by the
use of this method, but specialized

knowledge is still required to apply it
correctly and it is not vet widely used.

How then can the practical aspects
be presented in simple form, to enable
the average water works man, designer,
ptirchaser or operator to know when a
situation is dangerous or when reason-
able water-hammer pressure allowances
can be used with safety? There is no
complete answer to this question, but
perhaps it may be helpful to discuss
generally some of the fundamental re-
lations that determine water-hammer
pressures, omitting involved formulas
as far as possible.

Fundamentals

Four fundamental relatious are es-
sential for even a preliminary study of
the subject of water hammer:

1. Felocity of flow in the pipeline.
With the size, type and age of the pipe
kenowi, and the flow rate established,
the water velocity, F, can he computed
readily. Water works practice, par-
tictlarly in distribution systems, has
commonly lmited the maximum flow
rate to approximately 3 fps., with 5
ips. as the top value usually eticousn-
tered. Higher velocities are some-
times found in pump discharge lines,
in long flow lines or in agueducts.

2. Length of pipeline. The length,
L, of a single line leading from a pump-
ing unit to a reservoir or standpipe is
LdSﬂ}" measured. The same determina-
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tion can be made on trunk lines or long
runs without take-offs. When a dis-
tribution system is to be studied, the
sitwation immediately becomes complex
and the length of the line can only he
guessed at.

3. Tune of wvalve operation. The
time, T, of valve operation iz a factor
that can be quite troublesome, as the
total elapsed time is not a true measure
of the rate of cutting off flow. The
hehavior of various types of valves in
stmtting off flow is familiar to all
The first part of the stroke changes
the flow wvery little; then, from ahout
the hali-closed position to full-closed,

TABLE 1
Vabues of Moduins K
Modulus £

Macterial 1,008 006G Hsi.
Steel 28-31
Average iy
Cest Iron
Pit-cast -15
Average It
Centrifugally cast 12
Averape 12
Asbestas Cement 7842
Average 34

the rate of cuteff is more rapid. The
effective time, T, for flow cutoff must
be found for the particular valve and
‘its service conditions before much can
be known about the possible surge
Pressures.

e e 2L
The critical time, - seconds  {a

being the pressure wave velocity), is
the time for one wave cycle to travel
up and down the pipe.

4. Pressure wave welocitv.  The
pressure wave velocity, a, i3 a basic
requirement and is affected by the
thickness of the pipe wall, the diam-
eter, the material of construction and
the elasticity of both the material and
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the flowing water. When these factors
are known, the value of the surge wave
velocity can be determined by a simple
calculation.

Upon the accuracy of these four fun-
damentals depends the accuracy of
water-hammer calculations. In water-
hammer design studies, many assump-
tions are required, and the accuracy of
the resulting caleulations 15 affected
in various degrees by the correctness
of these assumptions.

Practical Considerations

The water works engineer or op-
evator  ordinarily is concerned with
water hammer due to the operation of
a valve in a long conduit or in the dis-

TABLE 2

Water Elasticily and Pipe Malerinl
Modulus Ratie (M

Material e = f
Seeel 00
Cast Iron
Pit-cast 7
Centrifugally cast 41
Asbestos Cement 11-12

tribution system. It addition, he nwst
deal with adverse conditions which may
result from the improper adjustment
or use of a guick-operating valve,
cither automatic or manual. The
surges which occur when motor-driven
pltnping units are shut down, either as
a routine operation or because of a
power failure, are becoming more and
more sericus as flow line velocities
merease.

The simplest and safest, although
perhaps too conservative, basis of al-
lowing for water-hammer conditions is
to consider only the flow line velocity
ay a finite, easily determined factor and
assume that the remaining three fun-
damentals are at their critical values.
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In pursuing this line of reasoning,
ouly one formula is needed :
h=23p=2"
&
in whicly &, in feet, or p, in pounds per
suare nch, is the water-hammer pres-
sure in excess of the normal pipe pres-
sure; o 15 the velocity of the pressure
wave, in feet per second; ¢ is the fa-
miliar 32.2 fps. per second; and I is
the flow line velocity, in feet per sec-
ond, cut off by the valve or other ac-
tion in the critical time or less.

OUn distribution systems fed from
reservoirs or clevated storage tanks, if
an effective cutoff time (T,} is as-
sumed short enough to be equivalent
te the so-called instantaneous stoppage
of flow, Formula (1} applies. The
length and time factors are not then
important, since the pressures coni-
puted from Formula (1) are the mavi-
mgms that could ordinarily result.
The only exception involves wave res-
onance fonnd infrequently where the
“hunting™ of valve controls may am-
plify surges or where dead ends and
branch pipes may pile up wave reflec-
tions under extreme conditions. For
ordinary installations these need not
be comsidered as critical. At most,
they can cause pressures 50-100 per
cent in excess of those given in For-
mula (13 in alt but the most excep-
tional situations.

Since the flow line velocity () is
known or can he determined and g
is a known constant, the only factor
yet to be arrived at is ¢ and Formula
{1} becotres

{1

b = & 3
32,.’«51]

. %
_E:EJ,.H.”,..EI&,
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If some simple means of determin-
ing @ {the pressure wave velocity ) can
be found for all the different types of
pipe used in water supply lines, the
problem can be solved by referring to
tables or churts rather than to complex
mathematical formulas.

Surge Wave Velocity

The research and test work on water
hammer earried out in the last half
century have established a significant
fact—the veloaity of the water hammer
Or surge wave 18 the same as the weloe-
ity of sound in a fluid-filled pipe. The
elastic properties of the pipe are fairly
well known, and water is comypressible
on the order of 3} ppm. Thus there is
an elastic system in which the relation-
ship of the physical dimensions and
elastic values can be established, and
hence the wave velocity can be caleu-
lated with a great degree of accuracy.

The formuly is:

4,660 ' -
= “&ﬂ‘-|r- vo- -{2}
+E €

in which o is the wave velocity (fps.),
k the modulus of compression of water
{pei.}, E the modulus of efasticity of
the pipe material (psi.), d the internal
diameter (in.} and ¢ the wall thick-
ness {in.}.

Examination of Formula (2) will
show that the maximum wave velocity
@ 18 4660 fps. (sometimes given as
4.720% for a rigid conduit such as a
rock tunmel. The relations between
the modulus of elasticity of water and
the modulus of the pipe walls, as well
as the ratio of the inside diameter to
the thickness of the pipe, may tend to
reduce this velocity Tt cannot in-
crease it.
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The value of k has been reported as
290,000 to 300000 psi. The modulus
of the pipe material, E, depends upon
many factors and the values vary to
some extent, but Table 1 gives those
usuzlly accepted.

Based on the average values of E,
Table 2 gives the ratio, M., of the
modulus of elasticity of water to that

tained. The numbers at the right of
the curves in the chart represent the
modulus of elasticity, £ {(in 1,000,000~
psi. units), for the various pipe mate-
rials,

Comparative Wave Velocities

Taking the equivalent diameter and
pressure specifications for steef, as-
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Fig. 1. Surge Wave Velority Chase

of the pipe material. Then Formula
{23 becomes:

1,660

H_,ML (2
y e M.

From the tables of standard pipe
sizes, the ratio of the internal diameter
‘to the wall thickness can be caleulated,
and by the use of the chart in Fig. 1
the surge wave velocity can be ob-

bestos-cement and cast-iron pipe for
the same service, and utilizing the sim-
plified analysis previously described—
again assuming a practically .instan-
taneous cuboff of fow—the correspond-
intg results would be as given in Table
3. Standard published tables of di-
mensions have been used uxmughout
The physical characteristics of the pipe
walls are from the Literature and the
aliowances for barrel thickness over
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machined-end thickness have been ob-
tained from  published articles and
from data supplied by manufacturers
of asbestos-cement pipe.

An examination of Table 3 shows
that for the same general 3pu,1t1c‘1tmm
the velocity of the pressure wave i
4-1n. pipe is in the rauge of from 3,600
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Many factors tend to reduce these
surge pressures, and the average figure
givenr above can be affected greatly if
the flow is cut off at a much slower
rate than the critical time, or if branch
pipes are still flowing freely and act-
ing as points of relief for surge pres-
sures. The actual water hanimer above

TABLE 3

Ware Velocities of Various Pipes

TingSeies

|

| walt Thick- P

A ; | Modulwm E |, Wave
Matorizl % _-JIA.:I; : {dy Ej Bﬂ?i"e ] :‘ ; 1004, {lilﬂgh Py At c,ojg;i;: $ix)
4-im. Pipe (130-psi. service?
i . ]
Steel (standard weijght) ; 4 036 0237 17.8 30 ;A2
Cast lron {pit-cast} i 4000 IERE 100 11.0 5,020
Cast Tron (centrifugally cast) 1012 0.34 1L.8 12.0 4 090
Asbhestos Cement {ends) 3950 045 | &8 34 3,5«?&
Aghestos Cement {bareel}* 3950 .59 6.7 34 3, TRO
14-in. Pipe {150-psi. service}
‘ ] r [
Steel {standard weight) 1325 038 1 348 30,00 4,010
Cast Iron {pit-cast) 143% ¢ @63 | 228 114 J660
Cast Iron {centrifugally cast) 143 | 0.55 158 ¢ 12.0 3,620
Asbestos Cement (ends) 1400 1.13 124 3.4 3,290
Agbestos Cement {barrel)® 14.00 1.27 111G 34 3,390
[ { i .

* foverage G010 13-, o
per cent of the total lengéh per secticn.

to 4,300 fps. The corresponding wa-
ter-hammer pressure is approximately
48-58 psi. for each foot per second of
pipeline flow cut off mstantaneously.

For the 14-in. pipe, the range is
lower, being from about 3,300 up to
4,000 fps., equivalent to pressures of
45-54 psi. for cach foot per second of
flow line velocity cut off. The differ-
ences are not great and the r{)ugh
average could be taken as approxi-
mately 50-psi. water-hammer pressure
for each foot per second of pipeline
velocity cut off in the critical time or
less,

avertut o baigrel eotmpgared with machined ends,

Barrel iz appraximately T5-80

normal may be only one-third to one-
half of the maximum suggested and

niay sowetimes be even less.

Allowances for Water Hammer

The “American Recommended Prac-
tice Manual for the Computation of
Strength and Thickness of Cast-Iron
Pipe™ (2} includes recommended al-
lowances for water-hammer pressures
in addition to the static pressure.
These allowances vary with the dian-
eter of the pipe, but no adjustment
has been made for the thickness varia-
tions due to different normal pressure
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ratings or to the veloaty of flow in the |

pipe. If it is asswmed that Class C
pipe for a 300-fr. head (143 psi}
would represent an average value, then,
utilizing the analysis previously set
forth, the equivalent velocities cut off
within the critical time would, {for
these allowances, correspond to the
values shown in Table 4.

TABLE 4

Cast-Fron Pipe Water-Hammer Allowancex
and Esttwmfed Eguivalent Flew Crteff™

Pipe Water Flow
THamef{er Hamier Cutodit
. Psi, S5
4101 120 2.5
12-14 110 20
16-18 0 1.9
20 0 1.7
24 83 1.6
30 aQ [
i ¥5 1.5
4260 0 1.4

* Water-ammer alfowances based on ASA talles (27

T Values hased on Clags € caar-leow pipe asd witl
assumtcg vabee closure in less than cridical time where
f_‘ T A =

235

It is interesting to nete that in the
smialler sizes the water-hammer allow-
aitce corresponds {0 a fow velocity
cutoff of about 2% fps.. while in the
larger sizes the water-hammer allow-
ances wonld correspond to an instan-
tanecus cutofl of about 11 fps. in the
pipeline velocity.
Conclnsions

It is evident from an inspection of
Fig. 1 and Tahle 3 that the differences
i the surge pressures resulting from
stopping any given flow in a pipeline
depend upon the diameter, thickness
and material of comstruction of the
pipe. To set up arbitrary allowances
for water-hammer pressures without
considering these additional factors
would seem at times to impose a severe
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penalty, while at others the arbitrary
aflowances might not be great enough.

Onee the flow conditions and size
reconmmendations have been established
for a given pipeline, whether it is in
the distribution system or in a long
flow line or trunk main {exclusive of
pumip discharge lines), the maximtan
instantaneous water-hammer pressures
abave normal can be computed readily
from the charts and tables included in
this paper.

Tt the allowanees appear to be ex-
cessive and tend to increase the cost
of the pipe by a substantial amount,
the potential savings due to the nse of
lighter pipe would justify a further
study of the water-hammer conditions.

Particular attention should be paid
to the valves instalied for controfling
flow. It is usvally possible to adjust
the time of closure to a matter of min-
utes rather than seconds, so that the
effective time (T} will be long enough
to avold a heavy pressure rise. Auto-
matic operating valves should be care-
fully regulated to prevent rapid closing
or opetiing and  special precautions
should be taken to avoid either slam-
wing shut or “hunting.”

Pressure-regulating valves, altitude
valves and other types of line controls
can cause dangerous surges if nof ad-
justed to sufficlently slow operating
speeds. The use of an oversize valve
may cut off the flow too rapidly at the
end of the stroke and the resulting
silrge may be many times greater than
the full stroke timing might indicate.
KMuch more test and performance in-
formation on the behavior of control
valves needs to be made available,

For puinp discharge lines, particu-
farly where adverse profiles are pres-
ent, standard allowances for water
hammer should not be wused. Many
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other factors must be considered, such
as the parting and rejoining of water
columus, the effect of the pump and
motor characteristics, the inertiz of the
rotating element, the ratio of the length
of line to the head acting en it, and
the rate of reversal of flow as com-
pared with the critical time of the line.

For large-diameter mains, 30 in.
and over, the potential savings in the
cost of pipe will usually justify some
detailed study of water-hammer condi-
tions, As the size of the conduit in-
cregses, it becomes even more invpor-
tant to make careful analyses of surge
conditions,

WATER HAMMER
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For ordinary flow lines up to 24 in.
in diameter, and for distribution sys-
temis, 1t would be desirable to revise
present thinking in relation to standard
allowances for water hammer, so that
all four of the fundamental factors
could be considered in selecting the
proper weight of pipe.
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