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I. INTRODUCTION

The purpose of this thesis is to make a comprehensive study
of all the individual factors involved in the economical design of
pipe systems for pumping plants, to analysis them in the light of
hydraulics and known physical laws, and to correlate and combine
them in order to obtain the most satisfactory pipe system for a
given set of conditions. The factors involved are the study of
the maximum pressure rise or fall due to water hammer, the compu-
tation of hydraulic losses along a pipe line, and the determination

of the most economic size of pipe.

II. STUDY OF WATER HAMMER

Water hammer is the phenomenon arising?the pipes when the
gate or valve is suddenly closed or openeds Due to the rapid change
of velocity, a dynamic pressure will develop as a result of the su-
dden transformation of energies. Because this rise or fall of pre-
ssures often shows itself by maeking a noise similar to that produced|
by striking the pipe with a hammer, this phenomenon is usually re-
ferred to as water hammer. The intensity of this dynemic pressure
depends upon the length of time elasping during closure of the gate,
the initial velocity of flow in the pipe end the speed of propaga-
tion of the wave. By applying the momentum principle and the equa~-
tion of continuity and by assuming that both the pipe walls and
water are elastic, the following two fundamental differential equa=

tions can be obtained.
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where "a" is the velocity of pressure wave in feet per second.

The solution of these two equations is

H=Hy = £(t + -E) + F(t = § ) shrassbssnl By

VovVo=-B[-2(t+ D) e rt-2) sorun(d)
where F and f represent arbitrary functions of the quantities t - E
and t + § respectively; F(t - f ) is the sum of all the direct
pressure waves at (t = E ) seconds after closure begins and f£(t + f)
is the sum of all the reflected pressure waves at (t + E ) seconds
after closure begins.

In epplying the theory of water hammer to pump lines, how-
ever, slight chenge is necessary. The serious conditions often
occur after failure of electric pbwer to the motors. Immediately
after power failure, the pump continues to rotate in the positive
direction pumping water up the pipe line as it slows down. A time
is reached when the head in the discharge line is greater than that
produced by the pump and the water flows back through the pump,
with the pump continuing to rotate in the positive direction.
Finally the pump slows to a stop and reverses its direction of rota-
tion as a runaway turbine. It can be seen that after power failure
the flow of water in the discharge pipe is controlled by the charac-
teristics of the pump impeller and the inertia of the rotating ele-
ments of the pump. Since the analytical solution of water hammer
problems is often too tedious and complicated, a graphical method
is common in usee.

The basic equations used for the graphical solution are the




conjugate equations derived from the fundamentel equations of water

hemmer (3) and (4), and the pump inertia equation deduced from the

pump characteristics.

(1) Conjugate equations,

hAt-hctl= -~ 2?( VAt‘Vc-t].) ..........(5)&.

hctl - hAtz = % 2?( vctl - vAtz ) 00-0.00(5)b

B v ke
where h_Ho, v..vo, and F-ZgHo

which represents the pipe

line characteristics.

(2) Pump inertia equation.

I T o 91,758 Qo Ho
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where ol = g- , a ratio between the pump speed at any time to the
: o
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normal speed for steady pumping conditions. g = %o’ a ratio

between the pump input torque at any given speed and head to that

corresponding to normal speed end rated pumping head. No= pump

efficiencye. WR2 = flywheel effect of rotating parts :lnklb.-f’t..2
The procedure of the graphical solution may be outlined

briefly as follows:

(1). Convert the pump performence curves to pump characteristics

on the h - v diagram.

Since the pump characteristics are different for each pump,

it is impossible to set up gemeral rules to cover the solution of




surge problems for all plants. The only satisfactory way is to

study each pumping plent individually from the pump performance

curves supplied by the manufacturer. These performance curves
generally give the relations between the pumping head, the pump
input horse-power, and the pump efficiency to the pump discharge.

Using K and v as axes, two femilies of curves, oL and B, are thus

plotted from the pump performance curve and the known characteris-

tics of the ol and B curves.

(2) Détermination of the maximum and minimum pressure due to water
hammer for different length of time elapsing after the power
failure and different locations along the pipe line.

From the conjugate equations, it can be seen that they may be

represented graphically by straight lines with slopes equal to 22 P,

the sign of which indicated the direction. The points Ay, Bl L ,
2 a

and CE are located at h=1, and v =1 on the h - v diagram, beca~-
use a‘% moments indicated by the subsciipts ( the pressure wave will
not reach C until the end of +t :% ) these points are all in the

normel operation condition. The point A] L is then located on the
line with slope + 2 f passing through the pgint h=1, v=1, on the
h - v diegram. The exact position of this point, however, should

be determined by means of the pump inertia equation by trial. The
wave then reflects back until it reaches the discharge end C, the

head acting on which is always a constant as unaffected by the wave
surge. This cen be done by drawing a line through point Aj L with

a
slope = = 2P until it meets the line h = 1 on the h = v diagram at

CZ L « By the same procedures, the points for A9 L? Cl% L » etce
- L 2t

L a




can be located. Actually the wave is created one after one continu-
ously as the pump slows down due to power failure. For simplicity,
it might just trace the waves at instants AE.E » Az 1, and A;, etc.
i 5 :
followed the power failure. The connecting line of these points

thus plotted on the h = v diagram will give the maximum and minimum

pressures.

ITI. HYDRAULIC STUDIES
As the quentity of flow which will pass through a pipe
depends upon the total head, the size of pipe, and the pipe losses,
any loss of head in the pipe will tend to reduce the flow. Careful
studies of hydraulic losses are, therefore, necessary to determine
the economic size of pipess¢ The hydraulic losses in a pipe consist
of the entrance loss in the trashrack, the friction loss in the
pipe, the bend losses, and the losses due to contraction and expan=
sion. The pipe friction loss may be computed by the well-known

Scobey's formula.
v1.9
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Be =
where He = head loss due to pipe friction per thousand feet, feet.
= a constant which varies with the class and age of pipe.

V = velocity in pipe, feet per second.
D = inside diameter, feet.
The bend loss is computed by the formula suggested by Je.
Hinds.
s y2

Hl = 6 %zg -....-........-..00(8)

where A = deflection angle, in degrees.

i -
C = coefficient equal to 0.25 when D is greater than 2.0




The other minor losses due to expansion and contraction of
pipe eand the entrance losses may be easily found from the ordinary

texts on hydraulics.

IV. DETERMINATION OF THE MOST ECONOMIC SIZE OF PIPE
The most economical diameter is the one in which the total
annual cost is a minimum and will be obtained when a proper balance
between power loss and initial cost of pipe exists,
By expressing the total annual cost in a mathematical form,
setting its first derivative with respect to D equal to zero, and

solving for Dy, the following formula is obtained:

where De

Q

Kg

. o~ aHre (1 + i )

oooooooo-ooo(9)

the economical diameter of pipe, feet.

the rated discharge expressed in cu. ft. per sec.

a general coefficient in the Scobey formula.

load factor.

the value of the power loss in dollars per Kilowatt-
hour.

the gross allowable tension in»the steel pipe, pounds
per square inch.

the joint efficiency of pipe.

the unit cost of steel in the pipe, dollars per pounds.
the weighfed average head including water hammer, ft.
the ratio of the annual fixed, operating and mainte-
nance charge to the construction cost of the pipe.
the over-all efficiency.

the percentage of overweight of steel in the pipe.




For practical design, the thickness of pipe along the whole
line is not uniform for the purpose of economy. Equation (9), which
is based on the weighted average water pressure and assumes uniform
thickness all through the line, is therefore not exactly correct.
The procedures for carrying out the detailed study are outlined as
follows:

(1) Calculation of thickness of pipe.

Thickness of pipe is computed from the ordinary hoop tension
formula. For different diameters, tabulate the relation between
the thicknees of pipe and the corresponding maximum allowable water
head which ean safely sustain.

(2) Graphically method for determining the length of pipe for cer-

tain pipe thickness.

Plot the profile of the pipe line from the pumping unit to the
discharge end. The total head acting on the pumping unit is the
summation of the lifting head, the hydraulic losses, and the maximum
pressure rise due to water hammer. Determine the length of each
portion of pipe line for different pipe thickness.

(3) Calculate the weight of pipe and the annual cost including

interest, depreciation and maintenance for different sizes of pipes.

(4) Compute the power loss due to friction per year for different

gizes of pipes.

The total ennual cost for different sizes of pipes is then
the summation of (3) and (4). The most economical size is the ohe

which gives the minimum total annual cost.




V. SUMMARY

The factors involved in the economical design of pipe systems
for pumping plants are (1) the determination of pressure rise and
fall due to water hemmer following a power failure, (2) the study
of hydraulic losses in a pipe line and (3) the computation of the
most economic size of pipe. The former two factors are the pre-
requisites in designing the pipe and the latter is the final pro-
cedure required to obtain the most economical design of pipe sys-
tems,

Based upon the principle of continuity, Newton's second law
of motion and Hook's law, the fundemental equations of water hammer
are developed. A graphical solution in determining the maximum
and minimum pressure due to water hammer is introduced by combining
the fundamental equations with the pump characteristics for a par-
ticular pumping plant. The maximum pressure thus obtained is used
to determine the thickness of pipe shells, while the minimum pre-
ssure is of value to check the profile of pipe line if the hydrau-
lic gradient falls below the pipe line.

The hydraulic losses in a pipe line consist of the entrance
loss in:-the trashrack, the friction loss in the pipe, the bend
losses, and the losses due to contraction and expansion. Their
computations are based upon the principles of hydraulics., In
order to make the results of study readily avaliable in convenient
form to designers, tables and charts are prepared.

The most economical dismeter is the one in which the total

annual cost is a minimum and will be obtained when a proper balance




between power loss and initial cost of pipe exists. A mathematical
equation is derived in determining the most economical diameter of
steel pipes.

However, for practical design, the thickness of steel pipe
along the whole line is not uniform for the purpose of economy.
Detailed study is, therefore, necessary. All items which have
.been considered as contributing to the rational selection of the
most economical size of pipe have been inserted in a tebular form
as ahownrin the table attacheds By proceeding in order across the
table from left to right all sixteen factors involved in the selec-
tion will be taken into consideration and properly evaluated in
their effect upon the final selection. Only by this approach or
a similar systematic attack can the designer be assured of a safe

economical selection of pipe for each individual pumping plant.
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OHAPTER I. INTRODUCTION

The design of steel pipe is not only a matter of hydraulics,
but also a problem in structurel enalysis. Design of pipe systems,
therefore, must be based upon the principles of hydraulics, the
theory of structures, and at the same time, upon practicality in
construction and operatione A review of the literature reveals
that although each of these factors has been given considerable
attention by previous investigators, no comprehensive study has
been made which enables the designer to combine all of these fac~=
tors to obtain the most satisfectory pipe system for a given set of
conditions. The purpose of this thesis is to bring together these
individual iteuns and correlabe then so that they can be used to
obtain the best solution to practical design problems.

The computation of hydraulic losses along a pipe line, the
determination of the maximum presesure rise due to wn§or hammer and
the economic size of pipe are the main features of design from the
point of view of hydraulics, while the thickness required for the
pipe shell and the design of stiffener rings are the important items
for the structural design. These items are the iumportant factors
involved in the design of steel pipess The methods of design of
pipe thickness end stiffener rings have already been developed,.
The thickness of pipe shell is ordinarily determined by the hoop
tension formula which can be found from texts on hydraulics and
strength of waterials. The stiffener rings are used to resist the
shear force and moxment developed at supporits, to maintain the cire

cularity of the pipe shell, and to carry the load either to concrete
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piers or to rockers. The principles of design involved have also
boén presented in the "lesign of Large Pipe Lines" by Schorer, H.l
and the "Penstock Analysis and Stiffener Design" by the U, 3. Bureau
of Reclamaticnz. Therefore these two factors will not be considered
in this thesis.

In ofdor to meke the results of this study readily available
in convenient form to designers, tables and charts will be prepared,

The largest sizes of penstocks that have been built are those
installed at the Boulder Dam with a diameter of thirty feet and a
shell thickness of 2 %u ? For pumping plants, however, the maxi-
mum diameter of pipe used is twelve foet.4 It is the manufactur~
ers' opinion that pipe thickness greater than four inches will prove
too expensive for economical use., Theoretically, no limitation has
yet been set for the maximum lifting head. Several pumps can be
used in series when one pump is not enough to serve the purpose.
The length of pipe is limited by the maximum water pressure includ=
ing the water hammer, the hoop-tension stress, and the allowable
pipe thickness. In all practical cases the greater the length of
pipe the more severe is the effect of water hammer.

In general, pipes for pumping plants are exposed and are

1 schorer, Herman, Design of large pipe lines, Trans., American
society of civil engineers, Vol. 98, ppe. 101, 1933,

2 U, e Bureau of reclamation., Penstocks analysis and stiffener
design. #inal report of Boulder Canyon Project, part V,
bulletin no, 5, Washington, 1540,

3 i, S. Bureau of reclametion. Construction of Roulder Lam, power
plant and appurtenant. Specification no. 519. Washington,
1931,

4 5, 8, Bureau of reclamation, FPlate steel discharge pipe for
Grand Coulee Pumping Plant, Columbia Basin Project, /ashing=
ton. ipecification no. 1338, Washington, 1946.
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supported by rocker supports and anchorages. The spacing between
these supports usually rasnges from forty feet to sixty feet. It
can be shown that spane greater than sixty feet are not economical
because of the rapidly increasing stress due to beam bending, ale
though it depends also upon the diameter of pipe.

The scope of this thesis is, therefore, confined to those
values which are most frequently encountered in the design of pipe

systems for pumping plants.




CHAPTER II, STUDY OF WATER HAMMER

Water heammer is the phenomenon arising in pipes when the gate
or valve is suddenly closed or openeds Due to the rapid change of
velocity, a dynamic pressure will develop as a result of the sudden
transforrmation of energies. Because this rise or fall of pressures
often shows itself by making a noise similar to that produced by
striking the pipe with a hammer, thie phenomenon is usually referred
to as water hammer. The intensity of this dynamic pressure depends
upon the length of time elapsing during closure of the gate, the
initial velocity of flow in the pipe and the speed of propagation
of the wave. The longer the time taken to destroy the velocity
and the less the initial velocity in the pipe, the smaller will be
the magnitude of the dynamic pressure, and the less is the danger
from the ensuing shock,

The same phenomenon will also occur in the case of pumping
pipe lines. With low velocities of flow and the pumps driven by
the engines so much in use in earlier days, the problem did not
assume ite present proportions; now that centrifugal pumps driven
by electric motors are in common use failure of the electrical
supply during operation often results in shocks on the pipes and
pumps sufficient to shake the stations and often to damage the pump-
ing system. In such cases 1t is important to find the magnitude
of the change in pressure due to water hammer, and to desizn the
pipe to resist these dangerous pressurese.

In attacking the problem of water hammer, two broad :ethocls

of attack have been used. In the first approach both water and
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pipe walls are considered to be rigid, and in the second both pipe
walls and water are treated as elastics The second case is much
the more general and more truly representative of the conditions
that exist. It has, therefore, been accepted as the basis of
theoretical analysis in this thesis.

A. "undamental HZquations of Water 'lammers

1. General HEquations for Pressure Rise or Fall.

In the elastic column théory, it is generally assumed that
the pipe line friction, entrance loss end the velocity head are
negligible as compared with tﬁo rise in head due to water hammer.

Two principles will be usgd. One is the Hewton's second
law of motion = the resulting force acting on an element is equal

to its time rate of change of momentum, i. e. F = M %{- and the

other is the principle of contiuuity.
First consider the Newton's second law of motion,. Fig. 1

shows the forces acting on an element of water with length ax;.

|
= Axl ——’:

|
|

X4 AX) ———=]

wAFI—»l ' ~h-wA04+%%AzJ
5 I[ ‘L

Fig. 1
Let H = total pressure head including preesure rise due to water

hammer, ft.
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V = velocity of flow in pipe, ft. per second.
x] = the distance measured positive from the reservoir (as the

origin) toward the gate in the direction of flow, ft.

The unbalanced force is wi %%Inx1, the mass to be moved is NASX]
’ 4
end acceleration is - %%.
. Then, .
wA ___bH AX] = = WA 4% Q_V_

Xy g dt
or 3 1 dav

ax'= g dt ooanooocooooo-o-oc-o(l)

where w = unit weight of water, lb, per cu. ft.
A = pipe cross-sectional area, sq. ft.

g = gravitational acceleration, ft. per sec. per sec.

Water hammer is actually a series of pressure waves created one
after another as the gate is boing.closod, interfered and mixed,
and reflected back and forth in the pipe until finally dying out by
pipe friction. The veloeity of flow in the pipe, affected by these
pressure waves, varies for different locations and different in-
stants of time. H and V are, therefore, both a function of x; and
t. Then it can be written

dv W dx P
"R *ma~n*" 5

The term V %% may be negligible when compared to %% s then Equa-

tion (1) becomes

oM
¥Ix

1
*--——
&

v -
1 3

.ln.......o!..'.ococ“\Z)
From the principle of continuity, it is apparent that if

space is made available by the expansion of the pipe shell and the

compression of the water under the influence of an excess press.re,
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waber will flow into and fill the space thus provided..
Pige 2 shows the conditions of flow at two successive instants
Ty and Ty} + At during which the element AB has moved to CD. The

pressure and velocity at A, B, C, and D are ae given in Pig. 2.

S a%) =1
18
At time T P — "_/D‘/"!EAXI
F——v v+ ax,
A G 8 D
At time Ty + AL p%fm‘_ ffﬁAc—— --pr—fdz, t+;EBD
|
|y Lat v 37,47 5 v+ Bax, Jat
Fige 2

To satisfy the principle of continuity, the element of water
AB must compress into the element CD. The reduction in length of

the element of water 4x; due %o ean increase in pressure is given

by (AC = BD)s Furthermore it is also equal to the effect of stret-
ching the pipe shell and of compressing the water, FPirst the
quantity (AC = BD) should be determineds If 4t is taken suffi-
ciently small then

AC = average velocity in the interval AC x At

[v+- At]At-VAt[1+ (é :‘: 4-%%)]

and BD = average veloecity in the interval BD x 4t
L1 ;W
a [(v+ x)+2?€(v+ Ax)At]At

Heglecting infinitesimals of order higher than the first, then

AC = BD m = %-V;IAX]_ At oooooooooocoocooo())
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The reduction in length of an element of water. 2x; due %o an
increase in pressure 4P is made up of two parts, namely, that re-
sulting from the elasticity of the conduit wall and that due to the

compressibility of the fluide The radial deflection of a shell

under the action of an increased internal pressure 4P ist

2
APR
$= 55

.I.‘......OOQ.QQ.(Z‘)

where O = radial deflection of shell, ft.

AP = an increased internal pressure, lb. per sq. ft.
R = inside radius of pipe, ft.
E = modulus of elasticity, 1lb. per sq. ft.
@ = thickness of pipe shell, ft.
Then the change in volume due to the stretching of the shell is
[lc(R + 5 )z- 7[R2]A:1 = 2R ax] ssccssvec(l)
eince ;téz is very small when compared to 2rRJ and may be neg=-
lected.
Substitution of Hquation (4) in (5), gives the change in

volume due to strotching of the pipe shell,

2
2’fR54411 = 27fg:PR 4x) oooooooooooooo(é)
Equation (6) divided by x(R+ & )2 gives the reduction in length,
2

27TR APRax) 2R4P aXx)
e (R + &) Le

cooooo‘vnoonoo(?)

The change in volume due to the compressibility of the water

under the internal pressure 4 P is

B Timoshenko, 5. Theory of plated and shells, pp. 404, ., Y.

MeGraw-1411 book co., 1940.




‘1.:;. x volume of water in the length ax)
X

SI‘LB;T{AE']'AP ......1.....(8)

where ¥ = bulk modulus of water which is defined as the ratio of
unit compressive stress to the volumetric etrain.
Hquation (8) divided by the area gives the change in length due to

‘compreseibility of water,

2
n;}g::"dp ﬂlelésp ) o'toooooo-ouoooout(9)

Then the reduction in length of an element of water 4 x] due to an

increased pressure AP is the sum of (7) and (9),

= ax, 2P D, 1
E.AAdel + X ﬂl-AXI[E° +.K]‘AP 000000(10)
The total pressure change, AP, during 4t is
AP = g"z‘dt oo.ooo-ooooooooooo(ll)

But P is a function of x; and t, and expressed as

& 3 3 dx ¥, 2P
dt 9t x3 4t ot Xy

ooooooocoo--oo(12)

Substitution of fquations (11) and (12) in (10), gives

D 1]/ 2P P
the reduction in length = Ax][;; + #[—ﬂw 5—;’]4*. essses(l3)

Jow we may equate Equation (3) to (13),

- X at D 4 LIP o y2P g
2 v ”’[xo x/lat *E

N e~ LR, 2R
ox, - [F.e+!(][at+vax,]

The term V —:{- is very small when compared to %{- and may be neg-
1

lected, then

21— e D«-—- 01.' E LERE N E ] L LR 14
%, = [E0+K] ot rrene 1)

Since P & wH and %-% = v %%, Squation (14) becomes

27 D, 1] 2
x, [ ie K}- at
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190

2

or LE a“ W
?{-—E--'_—o-;, oooooooooooo.ooocco(lﬁ)
e 1
wnere a e e essedeevssccsnsesesil
-\/ N[D, T (15)a
glEe K]

and represents the velocity of pressure wave.

From the two principles of motion, Equations (2) and (15) may

now be solved simultaneously., Two differential equations are
obtaineds - 2
)
'a‘ft"g'- ._2_.%.;.’:.‘2 .q.ooocoonooo.ooaon(16)
and, En 2_¥n
= a R 0(17)
'é-tT ax’z LR . -

By solving these two partial differential equation, we get
el o £(t - {-L) + Pt o+ -:-‘J-) ssnsunssnsnses (1B

V = Vo.% [f(t“f'l') - F(t*i"")] ..............(la)b

Equations (18) are the fundamental water hammer equations. But for
convenience, the distance from the gate to the reservoir will be

considered as positive since the disturbance occurs initially at the
gate as shown in fig. 3 and moves toward the reservoir. By substi-
tuting =x for + x,, Equations (18) beoomosl

H =~ “{Oz F(t"-:—)"‘ f(t+§) 000000..-.(19)‘

V= v°8’§[F(t"-:- ) St f(t*{-)] ooooo.oooo(lg)b

—*-{—,,-OI‘I'QI"’ SorX

P’Gaf@
I

Origin for x,- ’{——» +x,

Fig. 5

1 Angus, Robert W, Water hammer in pipes, including those supplied
by centrifugal pumps. University of Toronto, Toronto,
Canadas Bulletin no. 152, 1938,
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In those expressions ¥ is the pressure head, and V, the velocity,
at a point on the pipe x feet from the gate at t seconds after clo-
sure begins; F(t = f—) is the sum of all the direct pressure waves
at. (t = f) seconds after closure begins; f(t + é) is the sum of all
the reflected pressure waves at (t + f) seconds after closure be-
gins; and H, and V5 are the initial pressure head and velocity be-
fore the closure of gates

2, Velocity of Pressure Wave, "a",

The veloeity of pressure wave, "a", in a pipe is defined in

quation (1%)a,

1

W 1
g’ﬂ-o-*f]

00-0000000000(15)‘

where w = unit weight of water = 62.5 1lb. per cu. ft.
g = gravitational acceleration = 32.2 ft. per sec. per sec.
K = bulk modulus of water = 254,000 lb. per sq. ine '
= 294000 x 144 lb. per sq. ft.
E = Young's modulua‘for steel pipe wall approximately
= 29,400,000 1lbe per sqs ine
= 29400000 x 144 lb. per sqs fte

Substituting these values in Equation (15)a,

amw \Tm’ 0000000000(15)b|
D
! + 100

In order to simplify the calculation, the curve of "a" is plotted
by using the ratio of E» ageainst "a" as shown in Fig. 4, where D
is the inside diameter of pipe, and e is the thickness of pipe wall

of the same unit,
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Be draphical Solution of Water Hammer for Pumping Plants.

When a pumping plant and its pipe line are being designed it
is necessary to know what water hammer conditions are likely to be
encountered, Ordinarily, the worst conditions occur after failure
of electric power to the pump motors. For a system without a
check valve at the pump, where the water in the discharge line can
return through the pump, a certain series of events ocours after
power failure, Immediately after power failure, the pump continues
to rotate in the positive direction pumping water up the pipe line
as it slows down. A time is reached when the head in the discharge
line is greater than that produced by the pump and the water flows
back through the pump, with the pump continuing to rotate in the
positive direction. Later the pump slows to a stop and reverses
its direction of rotation, then it operates in reverse as a runaway
turbinee.

It can be seen that after power failure the flow of vnﬁor in
the discharge pipe is controlled by the characteristics of tho.pumﬁ
impeller and the inertia of the rotating elements of the pump.
Since the pump characteristics are different for each pump, it is
not possible to set up general rules to cover the solution of surge
problems for all plants. The cnly satisfactory procedure is to
study each pump plant individually.

The analytical solution of water hemmer problems is often
very tedious and complicateds The process of tracing the effects
of the different waves (direct and reflected waves) produced, so as

to make a proper sumeation, is very lengthys. Therefore the follow-
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ing graphical method is presented for use instead of the analytical

method previously outlineds

ls Basic Equations for Graphical Solution,

Two sets

of basic equations are necessary in solving the

water hammer problemss They are the conjugate equations and the

pump inertia equation as developed in the following two articles.

The symbole used in this article are defined as followss

H =

Hoa

=
]

Vg =

f -
-
.=
W=
Q=

Qo=

punping head at any time, f%,

rated pumping head, ft.

B

Ho

pump speed at any time in revolutions per minute.

normal pump speed for steady pumping conditions,.

5

No .

 pump input torque corresponding to a given speed and

heads
pump input torque corresponding to normal speed and

rated pumping heads
M

—

Mo

pump efficiency.

pump efficiency at the rated puamping head.
angular velocity in radians per second = 3%%!
pump discharge at any time in cu. f't. per second.

pump discharge at rated pumping head in ocus £t per




ﬂﬁa = flywheel effect of rotating parts in pounds ft?
2
I = moment of inertia of rotating parts = :"’E*l-

(a). Conjugate tquations.

In using graphical methods, two conjugate equations should
be first derived from. the fundamental equations,

Using Gquations (19)a and (19)b, multiply Equation (19)b by
2 and subtract from Equation (19)a, then

g
H-Hol°§' (VQ’V)* ”(t‘f) cnooooooooool(m)‘

and add to Zquation (19)a,

He HO > ';‘ (Vo - V) + Zf(t + ‘E’) .o.unooooooo.(m)b

sEquation (20)a evidently applies to the direct wave as it includes
the F term only while kquation (20)b applies to the reflected wave

as it includes the f term only.

Hydrauvlic Gradient

Gate

Pige 5
How consider a pipe line AC as shown in Pig. 5. Since the
entrance and friction losses and the veloecity head are negleoted,
the hydraulic gradient is horizontal, If the subscript o is used

to denote the condition of initial steady flow, it follows thats
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HAO.HCO.HO .oo.ooo-lo-ooooooooc(el)

Applied to Lquation (20), it gives the following series:
Por the direct waves

:;At — Ao = Ao - V“') + 2F(t) (X - 0) .......u(22)

- -2
ﬂctl HCo - g (VCO

o = Vop,) + (V) (b2t + {i_)

.................(25)

- Vgy,) * 2 - L (xel)

a
o “ctl HCo - g (VC

For the reflected waves

¥ - 3 .‘- - !".
H H + (v vctl) + 20(t) + ‘) (x = L)

ct; Co g ''0Oo
- ] & - sesssscen
or “ctl Hyp @+ - (vco vcu) + 2F(t2) oo (24)
fagy = Hao @+ 5 (Vo = Vpg,) + 26(t2) veeceress(25)

Jubtracting Equation (23) from (22), gives

Vo, . ¢+ V

a
L R te =" g Vao = Yat = Yoo

At Ao (53] il

Otl)

Since HAo = HCo’ vAo = VC°

” a
or HA*' - Hctl = + E <VAt - vOtl) oo-c'voocooooo(%)

Similarly, subtracting Equation (25) from (24), gives

a2 -
Hctl-HAtz-.‘g(vctl vAtz) ..--ocoa--oo.l(27)

By dividing Equation (26) by H, and rewritdng in the form,

far Moy %o Van  You]

== 0
Ho Mo 2gH,l Vg Vo |

we obtain,

hAt - thl = 2f('At - 'Ctl) ooooo-ooooucol-(28)

where h = % s Vom % » and P is the pipe line characteristics, and
° o
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lVo
agHO 0.0..--0-.00-0......‘..0‘0(29)

P=

aimilarly, by dividing Equation (27) by Ho and rewriting in the form

HCt]_ HAtg &V, [ thl vAtg]
e | Hg T 2giy L Vo Vo
wWe obtain,
hotl - hAta.- 2P(v0t1 - vAta) .oooco-.oooonoo(}O)

Equations (28) and (30) are conjugate equations for solving the
water hammer problem graphically both for penstock lines and pumping
pipe lines. FHowever, when they are applied to pumping pipe lines,
the sign for the slope "2/ " should be reversed, This is because
in the case of pumping lines the pressure wave developed is in the
same direction with the flow immediately following a power failure
while for power penstocks, the wave is opposite in direction with
the flow when the gate is being closed.

(b)e Pump Inertia Equation.

In order to make a water hammer analysis of the transient con
ditions a relation between the pump speed and tdrque at all times
will be needed.

In a rotating system the torque is equal to the moment of
inertia of the rotating eystem multiplied by the angular accelera=

tion. That is

2
dw WR™ dw
M= I‘-.dt = g at 0000'00000-000(51)

Jonsider a small time interval A%t and let the subscripts 1 and 2
denote the values at the beginning and end of the interval. Then

Equation (31) becomes

v
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N e 1 Z 2
i1 + Mo W = wp 27HR ) = N2
= =
2 g At 60 g ot

-7 1 % v,
or 1] = N2 = i?ﬁ%éi(AI + M2) A%

This equation may be then written in the following form since

1 |
o(-% and /ﬁ-% ’

o 'O

15g M
X, ~ o(zt ﬁ&f (/5/ +/52)4t 000000,00009(52)

Zut the pump input torque at the rated head is given by

o 60 Qoﬂo'
bo = r—-—nNﬂL.'
9 oflo
Then <, —0‘2 = (”Rz) N° YLO ( p,*pz ) At
or “l““Z' Kl(ﬂ,4ﬂ2)4t . oo-o-ooaoocoo(}’)

1 H
where Kl -%-NJR;%N-’?PTE-:- ..ooooo-.nooo(}})‘

Bquation (33) is the necessary relation between the speed and torque
at any time following power failure.

2, Graphical Solution.

(a)e Conversion of Pump Performance Curves to Pump Character-

istics on the h - v Diagram.

In order to use the grephical method for the solution of
water hammer with the conjugate equations, Equations (28) end (30),
it will be necessary to have the pump speed and torque relations
plogted on the coordinates of h and v where n is the head ratio and
v is the veloecity ratio,

For the normal pump operutioﬁ, the roquired pump torquo‘and
speed curves on the h = v diagram may be readily obtained from the
usual pump performance date which is supplied by the manufacturer.

A typical example of the pump performance data is shown in Pig. 6.
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Thease curves generally include the following data for the normal
speed of the pumpt

(1) #, the pumping head or dynamic head, plotted against

(2) #otor brake horsepower or pump input horsepower plotited

(3)n » the pump efficiency, plotted ngainst>Q¢
Ueing h end v as axes, two families of curves for « and s are
plotted as shown in Pig. 7. The procedure used in plotting X and

F curves is briefly outlined as followst

First step

Second step

Third step @

Fourth step

“' —
25

Q, the pump discharge.

against Q.

Plot the curve for « = 1 on the h - v diagram from
the head discharge curve given in Pig. 6.

Since the manufacturers' pump perforzance curves are
all based on the rated speed of the pump, the moter
brake horsepower is .dlroctly proportional to the pump
input torques Taking the brake horsepower at the
rated head as unity, the discharge corresponding to
a torque of 0.94, 0.8, ete. may be computed from the
brake horsepower curve and plotted on the o< = 1
curve as / = 0.9, 0.8 ete,

Since h and # are proportional to v2 or qz. the

2 can be draw

parabola curves of the type h = k v
throughltho points g = 1.0, 0.9, 048, etc. which
have already been located on the « = 1,0 lines
Points on the torque ratio lines, s , which corre-

spond to a uniform change in torque ratiofs are then
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located on these parabolas at equal head spacings,
Por example, the parabola passing through the point
A w 0,8 on the e 1,0 line is at h = 1,12, The
vertical distance, h = 1,12, is now divided into
eight equal parts and the values # = 0.7, 4 = 0.6
are plotted on the parabolas at h = % (1e12) = 0498,
h e g— (1,12) & 0.84, etes Then the A curves are
obtained by drawing smooth curves through the points
corresponding to each value of /4 which appears on
each parabola,

Fifth step 1 Since the pump discharge, Q, varies with the pump
speed, the speed ratio, « , is therefore propor-
tional to the ratio of velocity, v (X ¢ v eC h%.
Then o 18 proportional to h. This relation will
be used to determine the speed ratic curves for«,
The values of o = 0.9, o = 0.8, etcs may be deter-
mined by using the parabolas drawn above and the
value of h where each parabola cross the o¢ = 1
curves For example, consider the parabola which
passes through the point o » 1,0 and £ = 0,8,

For this point, h = 1.12, Then the point « =z 0,9
may be plotted on this parabola at h = 1.12(0.9)2

= 0,902 and o 3 0.8 at h » 1,12(0.8)2 @ 0,717, eotc.

Then the o curves are cbtained by drawing smooth
curves through these points,.

aixth step s After the curves for o and £ are drawn the pe~
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rabolas which were used to assist in the construction
may be removed,

(b)s Graphical Solution in A Pump Discharge Line Following A

Power Mailure when Reverse Flow Passes Through Pumps

In order to clarify this procedure, a typical example is shown
infige 8. The data given are as followss |
a = 2020 ft. per sec.
Vo = 5,31 ft. pef 5eC,
Qo » 33.7 cus fte. per sec.

Ho = 220 ft.

';'{Ra of rotating parts « 1154.7 lb.-ftz

pump speed = 1760 RPM

pump efficiency = 85 %

L e 1.4 soc.

a

The time interval At = %% will be used.
a% » i-% - % X 1:4 & 0435 800,

Prom Equation (29),

aV 2820 x 508
P sgi; s e oam e W 2/e 23

Prom Equation (33)a,
K = %‘i—%a = 1_7 ez L2 20,2238
From Equation (33), o
o-t2m K1{ S +f2 )2t = 02238 (B +52) x 0.3
= 0.078} (A+42)
The required conjugate equations from A %o the midlength point

By, and from B to O are written as followas
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ho ~hpp =-23v, =v,p)
2a 2a

hp L =hy L ®=23vyp ~v5 L)
2a a 28 a

hn _I..p. - hB L =+ 2051(Vc__!= - v L )
Y a a 8 B%:

hg3L = huoL =+ 2.51(VB§E - v,2L )
2a a a a

From these equations it can be easily seen that they may be repre-
sented graphically by straight lines with slopes oqdal to * 2,31,

The points Ag, B_L and C L are located at h=s 1 and v = 1 on the

2a a

h - v diagram, because at the beginning these points are all in the
normal operation conditions. The point A%% is then located on
the line of slope + 2.31 passing through hs 1, va 1, on the h= v
diagrams, The exact position of this point, however, should be de-
termined by means of the pump inertia equation, Equation (33).
After several trials, this point will be found to be at a value of
£ = 0,760 and = = 0.863. Other points for A%& » A%% s etcs are
determined in a similar manner as shown in Table I. _

From Fige 8, the minimum pressure above the intake elevation
at the pump due to water hammer is (0.08)(220) = 18 ft. and at the
midlength of the pipe the minimum pressure head above the reservoir
intake elevation is (0.31)(220) » 68 ft. The maximum head above
the reservoir intake elevation at the pump due to water hammer is
(1.61)(220) = 354 ft. and the maximum head above the reservoir in=

take elevation at the midlength of the pipe is (1.35)(220) = 297
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Table I

Values of =< and A in determining the magnitude of

pressure wave at different instants of time

location Pump torque Pump speed

0.0783( 5 + B2 )

ratio A ratio « e
A, 1,000 | 1.000 - -
| 1‘ 0.760 0.863 04137 0,138
Alﬁ. 0.610 0.755 0,108 0,107
% | 0.520 0.663 0.087 0.088
A__i.‘. 0.440 04592 0.076 0.075
A%% 04380 0.528 0,064 0.064
.q%‘& 0.325 0.472 0,056 0.055
: 0.285 0.425 0.047 04047
Azg 04250 04383 0.042 0.042
ete.

ft. The maximum and minimum pressure head may be plotted by using

the reservoir intake elevation es h = O as shown in Pig. %.

In plotting the minimum pressure line for the pipe line, it

frequently happens that at some points the pressure line will fall

more than 34 f£t, below the pipe line profile.

in pressure may cause the pipe to collapse.

Such a sudden drop

To avoid thie diffi=




o1

culty it is sometimes desirable to rearrange the profile of the pipe
line to keep the pressure in the pipe line sbove absolute zero at

all tines,.
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" OHAPTER III. HYDRAULIC STUDIES

As the quantity of flow which will pass through a pipe de-
pends upon the total head, the size of pipe, and the pipe losses,
any loss of head in the pipe will tend to reduce the flow. Careful
studies of hydraulic losses, therefore, are necessary before any
design is mades The hydraulic losses in a pipe consist of thg
entrance loss in the trashrack, the friction loss in the pipe, the
bend losses, and the losses due to contraction and expansion..

If 5 represents the total head to be delivered in the pipe,
then,

HOHd‘H.*Rf*Hl"HQ"’ H’ ooooooooonoooo(}l‘)

where Hg = difference in elevation between the level of water

surface at the intake and the level of water surface
at the discharge end of the pipe, or in other words,
the lifting head.

He = loss of head at the entrance in the trashrack.

He = loss of head in the pipe line due to friction.

H) = loss of head due to bende along the pipe.

Hp = loss of head due to enlargement of pipe.

H5 = loss of head due to contraction in the pipe.

Usually well designed pipe linees are installed without sharp
bends or sudden enlargements or contractions, In the design of
pumping pipe lines, however, all minor losses should be considered
in order to fulfill the requirement for delivering a required

amount of water in the pipe lines
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The method of computing these different losses may be outlined
as followss

Ae Friction loss,

Perhaps the greatest authority on the flow capacity of con=-
duits is Scobey, Fy Ce For many years he made a special study of
the various fo;mulno developed in this field and has conducted
nunerous field experiments to prove or modify their results,

In his paper, "The Flow of Water in Riveted Steel end Analo=

gous Pipes" 1

» 3cobey divides iron and steel pipes into three classes
in accordance with the smoothness of their interior surface:
"Olass 1, full riveted pipe, having both longitudinal end
girth seams held by ome or more lines of rivets with pro=
jecting heads.
"class 2, girtheriveted pipe, having no retarding rivet
heads in the longitudinal seams, but having the same girth
seams as full=-riveted pipe.
"0lass 3, continuous=-interior pipe, having the 1nt§rior fur=
face unmarred by plate offsets or by prejecting rivet heads
in either longitudinal or girth seams,"

The formula which Scobey has developed as a result of his

extensive experiments is
1.9
1.1 oaooooooooo.ooo.ooo(”)

e = Kg
D

1 Scobey, Fe C. The Flow of Water in Riveted Steel and Analogous

Pipes. Technical bulletin no. 150, U. 3. Department of

Agriculture. Washington, U. 8. Govt. print. off., 1939,
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where Hf » head loss due to pipe friection per thousand feet, in

feet.

Kg = a constant which varies with class and age of pipe.

V = velooity, feet per sec.

D = inside diameter, feet.

For these three classes of pipes as mentioned above, .Scobey

gives the following coefficients:

Class

Class

Class

Class

Class

Class

Scobey

las Kg' = 0438 for new sheet metal full riveted pipes
up to 3/16" thickness.

1bs Kg' = 0.44 for new plate metal full riveted pipes
from 3/16" to 7/16" thickness with
either taper or cylinder joints,

les Kg' » 0,48 for new plate metal full riveted pipes
from 1/2" thickness up with either
taper or cylinder joints and for pipes
from 1/4" to 7/16" thickness when butt
jointeds

lde Kg' = 0,52 for new butt strap full rivet plate
metal pipes from 1/2" thickness up.

2. Kg' = 0.34 for new girth riveted pipes.

3¢ Kg' = 0.52'for new continuous interior pipes.
Welded steel pipe with welded field
joints or connected with bolted
couplers of the Dresser type belong
in this class.

also found that the coefficient Kz is a function of
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tize, that means, Kg will increase as the age of pipe increases.
The formula of Kg is suggeatod.by Sdobey as:
Ky » Kg' o0°01% sersavamensanssus(0)
where K" = Scobey coefficient for new pipe.
e = natural logarithmic base.
t = time, years.

The values of K, for different values of K,' and different dura=

tions of service are tabulated as shown in Table 2.

Table 2

Values of coefficients Kg for any age pipe

Age of pipe K" = Ka' = K.' = K.‘ = K.’ = K.' =

in years 0052 0.5‘0 0.58 OOM 0.48 0052

1 0323 0,343 0,384 0.484 0,485 0,525
2 00526 00547 0-588 0.“9 O.‘b% 005”
3 0330 0.351 04392 0,454 0,495 0.536
4 04333 00554 06}96 09458 0.500 . 0.541
2 0336 04357 04400 0,462 0,505 0,547
’
8
9

0.340 0,361 0.404 0.467 0.510 0.552
0u343 0,365 0,408 0.472 0,515 0,558
04347 0,368 0,412 0,477 0,520 0,563
06350 04372 0,416 0,481 0.525 0,569

10 0.354 04376 0,420 0.486 0.530 04575
11 04357 04380 0.424 04491 0,536 04581
12 04361 0,384 04,429 0,496 0.541 0.587
13 04364 04387 04,433 0.501 0.547 0,592
14 06368 0,391 04437 0,506 0,552 0,598
15 0.372 04395 0,442 0,511 0,558 0.604
17 0s379 04403 0,450 0,521 0,569 0,616
18 04383 04407 0455 04527 0,575 0.622
19 04337 0,411 0,459 0,532 0,580 0,629
20 04391 04415 0,464 0,537 0.586 04635

In order to simplify the calculations, a family of curves

based én the Scobey formula is plotted by using K = 0+34 for
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various pipe sizes ranging from 12 to 120 inches in diemeter as
gshown in Fige. 10,

For other values of Ky, the charts still can be used by mul=-
tiplying the values found in the chart by a correction factor.

Be Zntrance loss in Trashracks

The entrance loss in trashrack depends largely upon the intake
velooiﬁy. The allowable velocity through the net rack section to
avoid too great a loss of head will vary from about 1 to 2 feet per
seconds The fbllowingiriguroaimay be used for computing the en=
trance loss in trashrack:

For veloecity of 1,0 ft. through the rack, He = 0.10 ft.

For veloeity of 1.5 ft. through the rack, He = 0.30 ft.

For velosity of 2,0 ft. through the rack, He = 0.50 ft.
Cs Bend loss.

The loss of head due to bends in pipes is considered as the
excess loss over that which would occur in a straight pipe of the
same material and equal length.

1

The formula sugzested by Hinds™ may be recommended for use.

The formule is
Hl 30\/% —vﬁ 000‘o¢09-ooouo-(57)
where A = the deflection angle, in degrees.

0 = coefficient.

Also Hinde suggested that the coefficient of U may be equal to 0e25

1 Hinds,J. | Loss of head in pipe line due to curvatures Technical

memorendum no. 10, U. 5. Buresu of reclamation, 1919.
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when R/D is greaster than 2,00, where R is the radius of bend curve
and D is the diameter of pipe. Practically the R/D ratio is seldom
less than 2,00 For convenience to use, Equation (37) is plotted
as shown in Figs 1ll,

De Gradual Enlargement losses.

In the design of pumping pipe lines sudden enlargement can be
avoided, but gradual enlargements will still exist. The formula

of loss of head due to gradual enlargement may be written as
2 2
ViT - V
52- f'}‘—é'é"-g. ..............(58)

where Vy = veloeity in smaller pipe.
V, = veloeity in large pipes
f = an empirical coefficient depending upon the angle 8,
® = double the angle between the axis of the pipe and its
sides
King gives the values of "£" as fbllown:l
e 2° 390 4% 80 g0 9 g0 g0 0°
f .033 ,03%6 .039 .042 ,046 .05 .055 .066 .078
e 1° 12° 15° 2° 2° 4° 50° 6° 75°
£ 090 o100 180 310 .490 600 4670 <720 720
8 x°
£ 670
Ee Gradual Contraction lLosses.
In accordance with the practice of the Buresu of Reclamation,

the formula for loss of head due to gradual contraction way be

L King, He W Handbook of hydraulics, pp. 191, 1230,
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written as
v -V
'3.5 = O.l -—g--.——l-.

.2g .0....0..00‘0.0“0.(59)

where V, = velocity in smaller pipe, ft. per sec.

Vy » veloeity in larger pipe, ft. per secs
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‘CHAPTER IV, DETERMINATION OF THE MO3T ECONOMIC 3IZE OF PIPE
A definite determination of economic diameter of pipe is very

difficult from a hydraulic point of view, since there are an indefi~-
nite number of sizes of pipes which can carry the given discharge.
The smaller the diameter, the faster the water flows, and the
greater will be the loss of head in the pipe liness Consequently,
a larger percentage of the total power is used in overcoming pipe
frietion, On the other hand, the smaller the pipe is, the cheaper
the pipe will be, and the smaller the initial cost. The most
economical diameter, therefore, is the one in which the annual cost
is a minimum and will be obtained when a proper balance hetween
power loss and initial cost of pipe exists. The formula for the
most economical pipe for penstocks has already been derived by
Voetsch and Fresen in 1958.1 There is, however, a slight differ-
ence between penstocks and pumping pipes. Based on the same princi«
ple, the formula of the most economical size for pumping pipes will
be developed.

A. Formule used for Determining Economic Diameter of Pipe.

In the analysis of economic pipe diameter, some assumptions
will be presented:
(1) Uniform diameter through whole pipe line.
(2) The weighted average pumping head including water

hammer will be useds

1 Voetsch, Charles and Fresen, M. H. Goonomic diameter of steel

penstocks, Trans., American society of civil engineers,
VO].. 105’ pp. 89’ 19580
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(3) The entrance losses, bend losses, ete., commonly of
minor effect, could be neglected, without appreciable
effect upon results

(4) The head consumed in friction loss forms a small part
of the static pumping head end the size of the puﬁpihg
motors and plant remains constant for a reasonable
variation in the size of pipe.

(5) The pumping plant is continuously running through the

 whole years '

(6) The Scobey formula for flow of water in riveted steel
pipes is used.

Based on these assumptions, the formula fér economical diameter of
steel pipe will be derived as follows:

For annual cost of power los$S in friection, the equation is

1,176 K5 @>*7 £ b
ip = - a Dh'g oso-o-oococccoc-(m)

where E, = the annual cost of the lost power due to friction in

a pipe.

Ka = a general coefficient in the 3gobey formula which de-_
termine the head loss in friction,

Q = iha rated discharge expressed in cu. ft. per sec.

f = load factor.

b = the value of the power loss in dollars per iilowatt-
houre

e s the over-all efficiency of the plant to the point at

which power is purchased.




D = the inside diameter of the pipe, feet.

For annual cost of pipe, the equation is

Y

334 H D2 ar (1 4+ 1)
. Bg Oj

where H = the weighted average head including water hammer, ft.

Q.QQ."OO..‘....I(“I)

& = the unit cost of steel in the pipe, in dollars per
pound.

r = the ratio of the annual fixed, operating and meintenance
charges to the construction cost of the pipe.

i = the percentage of overweight of steel in the pipe, due
to laps, cover-plates, rivets, welds, etc., expressed
as a decimal,

8, & the gross allowable tension in the steel pipe, pounds

g
per sguare inch,
aj = the joint efficiency of the pipe, expressed as a
decimal,
Thus, the total annual cost, Ly, of 1-ft, section of pipe is

the sum of equations (40) and (41), that is

2.9 L 2
. o lel76KeQ " £h 334 HD ar (1+441)
L‘t. e =
e D Sgﬂj

ooovotoooooo-oouoooo(aa)
To determine the economic diameter, we may teke the first deriva~
tive of Ey with respeect to D and set it equal %o zeroj thus

dBy _ 1,176 Kg Q"> £ b(= 4.,9) , 668 HD a r(1 ¢ 1)
e D/°

daD sej

o
a5




547524 Kg q2'9
- -

£b 668 Hpar (1 +1)
01)5¢9 *

% °3
.lh‘l.".‘ﬁ““(hi)

Solving Equation (43) for D; we get the economic diameter of pipe,

69 «9 '
KgQ £5b SE '1
LE R M
U = 0¢50218\J/ cEra e ry) vee oo (44)
For preliminary determination of economic diameters, we can

make use of curves instead of Equation (44) and save time in come

putation. Designating

"9,
0.50215f/ E = A 0000001000000(45)
69 2.6
L-H id - B o-cooooo.onoo(%)

we obtain, instead of Equation (44)

D’ = A XB oo.ootoco-ooi("'?)

Kg £ b ag @
are (1+1i)

where K =
Then, using a logarithmic scale, plot twe curves, one representing
HBquation (45) end the other representing Equation {45). From
these two curves, as shown in Pig, 12, if we have A and B, Dg can
be easily obtained, |
Be Detailed Studys

For practical design, the thiclkness of steel pipe along the
whole line is not uniform for the purpose of economy. It varies
with the water pressure which certain thickness of plate can sus-

tain, Hence Equation (44) as mentioned above, which is based on

the weighted average waler pressure in the whole line and assumes
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uniform thickness all through the line, is not exaetly correct.

Detailed study should be carried out as followss

1, Caleulation of Thickness of Pipe.
Talckness of pipe is computed from the ordinary hoop=tension

formula which may be easily found from texte on hydraulics end
strength of materials.

For different diameters, we can tabulate the relation between
the thickness of pipe and the corresponding maximum allowable water
head which it can safely sustain.

For example: (using allowable strese 13,500 1lb., per sq. in., and

the joint effieiency 0.50)

D(dismeter) } t(thickness) H{pressure head)
+ <
6 - 243"
]
o 2
'
- 166
7! T : 209!
#
2511

|
|

2. Graphical lMethod for letermining The Length of Fipe for

Certain Wall Thickness.

For certain diameters of pipe, plot the profile of the pipe

line from the pumping unit to the discharge end, as shtown in “ig.13..




For simplicity, assume the pipe is a straight lines In Fig.
13, "ab" is the static head level, "ac" is hydraulic gradient inr
clﬁding friction head, "ad" is the maximus hydraulic gradient in=
eluding the rise of head, hm;x.’ due to water hammer.

I'rom point "d", mou.ufe down the distances equal to the maxi-
mum water heads that can be sustained by different thickness of pipe
wall as obtained from aboves Draw lines from those points ey, ep,
oetcs, parallel to the maximum hydraulic gradient "ad" until they
intersect the profile of the pipe at £, f5, ete. The portidn of
steel pipe which lay above these intersecting points are those which
can be installed with such pipe thickness, because they are within
the allowable limit of the corresponding meximum water pressures,

leasure the length of each portion for different pipe thick=-

ness, and tabulate it as shown in Table 3., Follow the same pro=

cedure as mentioned above, find the length of pipe and the corre=
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sponding pipe thicimess for other diameter of pipes, as Dy, Dz, ete.

Table 3.

Length of pipe for corresponding pipe thickness

Diameter of pipe Thickness of pipe Length of pipe

t 51

t2 Lo

b b by

1 Ly

t2 Lp

: b5 ks

b Iy

%y Ly

2 Lo 43

3. Caloulate The Weight of Pipe per Foot Length for Different

3ize of Pipe and Different Thickness.

The weight of pipe per foot length is given by

%’&(1-*1)\:
where U and ¢ both expressed in inches,
w = unit weight of steel = 487 1b. per cues ft.

i = the percentage of over woight'of steel in the pipe.
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The values of i may vary from 0,05 to 0,25, depending on the span or

type of support used. In general, using i = 0.2 is satisfactory.

4, Caleulate The Velocity in Pipe for Different Size of Pipes.

The veloeity of flow in pipe is based on the rated discharge,

Ve %%—

5« Caloulate The FPipe Friction loss for Different Size of Fipes.

For the detailed study, all minor losses may be neglected and

the Scobey formula for flow in steel pipe may be useds The formula

is 1.9
fig = Ks Y
D -

6. Caleulate The Friction loss per Year in KiWH for Different

3ize of Pipess

The friction loss per year in XwH is given by

Q Hp
10

7« Tabulation Form for Computing The Economic Diameter.

x 0,746 x 8760 = 653.5 He

All items which have been considered as contributing to the
rational selection of the most economical size of pipe have been

inserted in a tabular form as shown in Table 4.
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CHAPTER Ve SUMMARY

The factors involved in the economical design of pipe systems
for pumping plants are (1) the determination of pressure rise and
fali due to water hammer following a power failure, (2) the study
of hydreulic losses in a pipe line and (3) the computation of the
most economic size of pipes The former two factors ere the pre-
requisites in designing the pipe and the latter is the final pro=-
cedure required to obtain the most economical design of pipe sys=
tems.

Based upon the principle of continuity, Vewton's second law
of motion and Hook's law, the fundamental equations of water hammer
are developeds A graphical solution in determining the maximum
and minimum pressures due to water hammer is introduced by com=
bining the fundamental squations with the pump characterfstics for
a particular pumping plants The meximum pressure thus obtained is
usad to determine the thickness of pipe shells, while the minimum
. pressure is of value tc check the profile of pipe line if the hy~-
dranlic gradient falls below the pipe lines

The hydraulic losses in a pipe line consist of the entrance
loses in the trashrack, the friction loss in the pipe, the bend
loasoa; and the losses due to contraction and expansion, Their
computations are based upon the principles of hydraulics,. In
order to make the results of study readily avaliesble in convenient
form to designers, tahles and charts are prepared.

The most economicel diameter is the one in which the total

annuael cost is a minimm and will be obtained when a proper balance
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between power loss and initial cost of pipe exists. A mathematical
equation is derived in determining the most economical diameter of
steel pipeQ.

‘lowever, for practical design, the thickmess of steel pipe
along the whole line is not uniform for the purpose of economy.
Detailed study is, therefore, necessary. To determine the length
of pipe for abocrtlin given thickness, the graphical method here
presented ie very helpful,

All items which have been considered as contributing to the
rational selection of the most economical size of pipe have been
inserted in a tabular form as shown in table 4. By proceeding in
order across the table from left to right all gixteen factors in-
volved in the selection will taken into conlidorgtion and properly
evaluated in their effect upon the final selection. Only by this
approach or a similar systematic atteck can the desizner be assured
of a safe economical selesction of pipe for each individual pumping

plant,
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