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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 hemmer, 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 hannner is the phenomenon arising~the pipes when the 

gate or valve is suddenly closed or opened. 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 making 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 dynamic pressure 

depends upon the length of time elasping during closure of the gate, 

the initial velocity of flow in the pipe and 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. 

1 "bV ---g at •••••••••••••.•••••••••••. ( l) 
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where 11 a 11 is the velocity of pressure wave in feet per second. 

The solution of these two equations is 

H - H0 - f(t + ~) + F(t - .! ) •••••••.•. (;) 
a a 

V - VO - - ~ [ - f( t + .!) + F( t - .! )l ••••• ( 4) a a a 'J 

where F and f represent arbitrary functions of the quantities t 

and t + .! respectively; F(t - .! ) is the sum of all the direct 
a a 

X 

a 

pressure waves at (t - i) seconds after closure begins and f(t ~ f) 
X is the sum of all the reflected pressure waves at (t + - ) seconds a 

after closure begins. 

In applying the theory of water hammer to pump lines, how

ever, slight change is necessary. The sarious conditions often 

occur after failure of electric power to the motors. Immediately 

after power failure, the pump continues to rotate in the positive 

direction pumping water up the pipe line aa 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 discnarge 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 metnod 

is common in use. 

The basic equations used for the graphical solution are the 



conjugate equations derived from the fundamental equations of water 

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

pump characteristics. 

(l) Conjugate equations. 

I l 

•••••••••• (5)a 

hct1 - hAt2 =+ 2 P ( vct1 .. vAt2) ••••••• (5)b 

H 
where h = Ho' 

V a Vo v - - , and f' --- which represents the pipe 
- V

0 
- 2g H0 

line characteristics. 

(2) Pump inertia equation. 

_, _ 91,758 Q.o Ho ( ) (6) 
oL, - °'2 - (WR2)(No2)( '1_o ) f3, + f3a .6 t • • • • • • • • • 

where o( = ! , a ratio between the pump speed at any time to the 
No 

normal speed for steady pumpiag conditions. f3 = ~o, a ratio 

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

corresponding to normal speed and rated pumping head. 10 = pump 

efficiency. WR2 = flywheel effect of rotating parts in lb.-ft.
2 

The procedure of the graphical solution may be outlined 

briefly as follows: 

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

on the h - v diagram. 

Since the pump characteristics are different for each pump, 

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



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

study each pumping plant 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 11 and v as axes, two families of curves, ol.. and f3 , are thus 

plotted from the pump performance curve and the known characteris

tics of the ol.. and j3 curves. 

( 2) LJ&termination 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:!: 2 f , 

the sign of which indicatea the direction. The points A0 , B,! 1., 
2 a 

and C1 are located at h = l, and v = l on the h - v diagram, beca
a 

use at moments indicated by the subscripts ( the pressure wave will 

not reach C until the end of t = 1.) these points are all in the 
a 

normal operation condition. The point Al Lis then located on the 
4a 

line with slope + 2 P passing through the point h = 1, v = l, on the 

h - v diagram. 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 can be done by drawing a line through point A1 L with 
4a 

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

By the same procedures, the points for A9 1 , C.!.2 ~a, etc. 
4; 4 



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 Ai L, A2 .!!. , and A1 , etc. 
2a: 4a a 

followed the power failure. The connecting line of these points 

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

pressures. 

III. HYDRAULIC STUDIES 

As the quantity 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 pipes. 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 1 s formula. 

where 

Hinds. 

Hf = Ke ••••••••••••••••••• (7) 

Hf= head loss due to pipe friction per thousand feet, feet. 

K8 = 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 J. 

- o /Av2 
- ,/90 ·2g ••••••••••••••••••• (8) 

where .a = deflection angle, in degrees. 

R 
0 = coefficient equal to 0.25 when Dis greater than 2.0 



The other minor losses due to expansion and contraction of 

pipe and 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 \dth respect to D equal to zero, and 

solving for De, the following formula is obtained: 

6.9J KaQ2.9 fbSgej 
De = 0.50218 ( . ) •••• •. • •.• • .(9) 

aHre l + J. 

where De= the economical diameter of pipe, feet. 

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

K8 = a general coefficient in the Scobey formula. 

f = load factor. 

b the value of the power loss in dollars per Kilowatt-

hour. 

Sg = the gross allowable tension in the steel pipe, pounds 

per square inch. 

ej = the joint efficiency of pipe. 

a = the unit cost of steel in the pipe, dollars per pounds. 

H the weighted average head including water hammer, ft. 

r = the ratio of the annual fixed, operating and mainte-

nance charge to the construction cost of the pipe. 

e = the over-all efficiency. 

i = 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 baaed on the weighted average water pressure and assumes unifonn 

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 thickne&s of pipe and the corresponding maximum allowable water 

head which aan safely sustain. 

(2) Graphically method for determining the length of pipe forcer

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 lose due to friction per year for different 

sizes of pipes. 

The total annual cost for different sizes of pipes i s then 

the summation of (5) and (4). The most economical size is the one 

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 

fail due to water hammer following a power failure , (2) the study 

of hydraulic losses in a pipe line and (5) the computation of the 

most economic size of pipe . The fonner 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 fundamental 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 detennine 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 moat economical diameter is the one in which the total 

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



between power loss and initial coat of pipe exists. A mathematical 

equation is derived in detennining the moat 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 tabular fonn 

as shown in the table attached. 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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OUAPTER I. I TRODOOTI 

The design of steel pip 1 not only t er of hydraulics, 

6 

but al o a problem in structur 1 an ly 1. Deign of pipe systems, 

t herefore, et b b ed upon the principle of hydr8.lllio, th 

theory of structures, d t t ho practicality 1n 

oonetxuotion d operation. r vi w o 

t h t although each of these faet~rs has b 

litar ture ~ev ale 

1ven cone ra le 

att ntion by previou inv ot1g tore, no co pr hens1v etu y has 

be n do which enables tho designer to combine all of th e fac

tors to obtain the t satisfactory pipe yete for given set of 

con i tion. The purpo of t his the 1 · i to bring toget r these 

individu lit d oorrel · t . 11 o h t hey c b ue d to 

obtain th bet solution to pr actical design probl , 

The computation o hydr lie losae along a pip line, the 

deter nation of t h xim pr eure ri due tow ter h er and 

the econo 1o eiz of p1pe ar t he main f aturee of d ign fro ·~he 

point of view of hydra lioe, whil t he t iclcn e r eq ire for t he 

pipe shell and the deeign of t1ffener r1 

for t h tructural do 1gn. se 1toma 

are t e 1 portant item 

r t h i port t actore 

involved in t he design of atoel pipes. The ethode of design of 

pipe thiokn e.nd eti ener r "' S have alr ady b n evoloped •. 

The tic es of pipe hell 1 ordinarily d ter nod y tho oop 

tension fo la ,nioh o bo ound fro1 t ; n on hy raulic a.nd 

strength o aterials. The otit oner ring are usod to re 1 t th 

oh ar orce 

culnrity of the pipe st 11 6 and to carry t he load ither to concrete 



? 

piers or to rockers . The principles of design involved have also 

been presented in t he •ueeign of L rge Pipe Lines" by Schorer, H. 1 

and the "Penetook Analysis and tiffener Design" by the u. s. Bureau 

2 of Reclamation . Therefore th e two factors will not be considered 

in this thesis . 

In or er to e the result of t his study readily avail ble 

in convenient form to designer, tables and charts will be prepared. 

The large t sizes of penstocke that have been built are tho e 

installed at the Boulder D with a di eter of thirty feet and o. 

shell thickness of 2 ¾"? For pumping plants, however, t he axi-

mum di eter of pipe used is twelve feet . 4 It is t he manufactur-

ers' opinion th t pipe thiokneaa greater than four inch e will prove 

too expensive for eoonomical use . Theoretically, no limitation haa 

yet beens t for the maxi lifting head. Several pumps can be 

used in series when one pump is not enough to serve the purpose. 

The length ef pipe is 11 tad by the aximu water pressure inolud-

ing the water h 

pipe thickness. 

er, the hoop-tension stre , an the llowable 

In all practical oases the greater th 1 ngth of 

pipe the ore evere is the effect of water h er. 

In ~meral, pipes for pu ping plant are exposed and are 

1 Schorer, Her an. Deeign of large pipe 
eociety of civil engineers, ol. 

lines, Trane., .nerican 
98 , PP• 101, 193,. 

2 u. , • B1.1reau of reel ation. Penetoc 
deei n . in l r eport of Boulder 0 
bulletin no. 5. , ashington, 1940 . 

l ysi and etif ener 
yon Project, part V, 

? U. s. Bure of reel ation. 
plant and ppurtenant. 
19}1. 

Construction or Bou lder D m, po er 
Specification no . 519. 1as' ington, 

4 u. s. Bureau of reclamation. Plate s teel oiooharge p po for 
}re.nd ..,oulee Pumping flant , Coh.u11bia Baoin Pro ect, laahin. ·
ton. ~peoification no . 1}38. i aehington , 194b. 



supported by rocker ,support and anchorages. Th s paci between 

thee support usually ranges from forty f eet to sixty f eet . It 

can be eholfn t hat spans great r t han aixty feet are not economical 

because of t he r apidl y i ncreasing etroe due to be bendi ng , al

though it depends a lso upon t he di eter of pipe 

The soope of t his t hesl i s , therefor e, conf.ined to t ho e 

~aluee which a.re moat f requently encount r od i n the design of pipe 

systems or pumping plant . 

8 
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C TER II . STUD! OF WATER 

Water h er ie the phenomenon ar~eing i n pipes when the gate 

or valve i suddenly eloeed or op ned, Due to t he r id change of 

velocity, a dpn c pres ure will d velop as a re.sult of the sudden 

transfor at1on of energies. Because this rise or fall of pres urea 

often shows itself by i ng a noise eimil r to that produced by 

striking the pipe with a hwnmer , t his ph no~enon is usually referr d 

to as w ter h er. The intensity of this dyna ic pressure depends 

upon t he length of time elapsing during closure of the g to, the 

initial velocity of flow in t he pipe and t t\e speed of prop ation 

of the wave. The l onger the time tBken to destroy t he velocity 

and the leas the i nitial velocity in the pipe, t he s ller will be 

t he itude of t he dyn ic preeeure, and t h less is the danger 

from the en uing shock. 

The s e phenomenon will al o ooour i n the c ae of pumping 

pipe lines . With low velocities of f'low and t.he pumpe drivon by 

the engines o much in use in earlier days, t he problem did not 

ae ume its present proportionsJ now t hat centrifug l pumpe driven 

by electric motors are in common use failure of t he electrical 

supply during opsration often results in shocks on the pipes e.nd 

pump sufficient .to sh e the stati ons d often to d e the pwnp-

ing system. In such cases it is i mportant to find the ~nitude 

of t he change in preseure due to water er, and to design tho 

pipe to resist these d geroue proesures. 

In attacking t he problem of water h r, two broad ,,et~oi:;.a 

of attack have been used. In t~e first approach both watur and 



1J) 

pipe e.lla a r e consi dered to be rigid, end in t he eeoond both pipe 

wall and wat er are tre ted ae el tic . The second caee ie ch 

the mor e general and re truly repre~entative oft e conditions 

th t exi t. I t has, t herefore, been accepted ae the basis of 

t heoretical analysis in t h+e t hesis . 

A. :undamental ~guations of Water ~ er . 

1. General ~ uat ions for Pressure Rise or all . 

In the e lasti.c colw.nn t heory, it is generally assumed that 

t he pipe line friction, entrance lo a and the velocity hoa.d e.re 

negligi ble as compared vith t he rise in-head due to water h er , 

Two prineiplee will be used. One i the Newton•e second 
I 

law of otion - the resulting force acting on n element i equal 

to its ti rate of change of mo entum, i. o. F • 

other ie t he principle of' contit1uity. 

!!. and the 
dt 

Fir t consider the . ewton' s ae.cond law of motion. Fig . l 

shows the fore e acting on an element of water with length .ttx1• 

.dX1 

EwA(H+:~
1
t1x,) 

I 
----i 

I 
I 
I 

X 1+AX1 - ----1-i 

ig , l 

Let H a total pressure head including pre sure riee due to water 

h er, ft . 



1.i 

V • velocity of flow in pipe, ft . per eeoond. 

x1 • t he distance mea ured po 1~1ve f ro t he raa rvoir {as the 

origin) toward the gate in t h direction of tlow , ft . 

The unb lanced f orce ie w ! H AXl, t he a 
ox1 

to be oved is 

and 

. Then, 

or •••••••••••••••••••• (1) 

where w • unit weight of water, lb, per cu. f t. 

A • pipe cros - aotional area, a4. ft . 

g • gravitational acceleration, :f't. per &ec . per sec. 

ater hammer is actually a eeriee of pre sure waves created one 

after anoth r ae t he g te is being closed, i nter er d and ixed, 

and r eflected back and fort h in t he pipe until finally dying out by 

pipe f riction. Th velocity of flow in t he pi pe, affected by the e 

pressure w vee, vari s for different locations and di fferent · 1n~ 

etanta of ~i e. H and V are, therefore, both funct i on of xi and 

t. Then it can be written 

-av 
The term V ~ 

tion {l) b&co es 

2! ... ~ + ~ 2, = lY. + V L dt ~t ax1 dt at ax1 

be negligible when co pared to it , then Equa-

oH 1 'dV ____ ...,... 

-a x1 g at ••••••• •••••••••••••• (2) 

om the principle of continuity, it is apparent that if 

ep ca is do avail ble by the expansion of t he pipe e~ell a.nd t~~ 

eompre sion of the w ter under the i nfl uence of an exoees pr eae·,re , 



w ter wil l flow into and fil l the space t hu provided •. 

?i . 2 ehowe t he .condition of f low at t w9 eucoeesive i nstant s 

Ti and T1 + At during which t ho el ment AB ka ved to on. 

pr eure and velocit y at , B, C, and D re as given i n Fi g. 2. 

At time T1 

-- x, - ... -, ...... ---
~ 

p~ 

1---v 

4X1-_...,,..,_I 
1,8 

,A C 8 .0 

The 

At ti e T1 + ~t __ P_+_f_t4_t ...... lt_M_,_A_cj__._
1 

_____ ...... l_-+f-P_t~Ax,+Jf,ot+Jf,13t:> 

1--v~ ;;At :--v+Jf,..u; '"d1 (v+ Jf,4XJAt 

Fi g. 2 

· To satisfy t he principle o continuity, the element of water 

AB et co prese into the ele ent OD, The r educt i on in length of 

t he ele ent of water -A x1 due to a.n i ncrease 1n preaaur e i s g1.von 

by ( AO - BD ) . rther ore it is also equal to t he eff ot ot trat-

ohi ng t he pipe shell and of compr essing t he water. First t he 

quantity ( C ~ BD) shoul d be determined. 

ciently small t hen 

If ~ti~ taken suffi -

AO • vere.ge veloc1 t y in t he interval O x At 

• [v + l !!Y. At ] At • v ~t [ 1 + ~ (l ..!Y. ·.,. w >' 
2 dt 2 V ~t ax1 '.1 

and BD • average ve locity in t he i nterval BD " At 

• 

eglect i ng i nfini te$! ale of order hi gh r t han t he first,. t en 

•.•. ... ... .• . .•• • (;) 
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The reduction in length of an al ment of water . ~ x1 du to an 

incr ease in pressure AP is ade up of two parta, n l y , th t r 

sulting fro t he elasticity ot t he conduit vall and t t du to the 

compres ibility of t he fluid . The radial deflection of a shell 

under th action of an inoreased 1nt ernal pressure AP ia1 

APR2 
~ • Ee- ' • • • • • • • • • • • ·• • .. • • ( 4) 

where ~ = radial deflection of shell, ft . 

Ap • incr eased internal pressure, lb. per sq. ft. 

R • inside radius of pipe, ft . 

E • odulus of el stioity, lb. per sq. ft , 

e • thicknes of pipe shell, • 

Then t he change in volUllle due to t he stretchi ng of t he shell is 

[lC (R + ~ f- 7CR
2

],s.xl • 2 ft R 5 .4 Xl • • • • • • • • • (5) 

s ince ;r. ~ 2 is very small when oompa.red to 2 c and 

leoted. 

be neg-

Sub titution of 'quation (4) in (5), gives the change in 

volume due to strotc ing oft e pipe shell, 

,. 2 X R• P 2 
2 n: Ro A Xl : Ee .d Xl •• •. •••••• •• • • (6) 

Equation (6) divided by Jt" (R + c )2 gi,ree ·the reduction i n length, 

2 TC R APR2 
AXl 2R.t.P .1 x1 

Ee :n: (R + ! y.= Ee 
••• ••••••••••• (7) 

Th change in volume due to the oompr ei bility of t he wat r 

under t he i nternal pre aura A P is 

1 Timoshenko , s. Theory of plates and ehelle. pp . 404 . ., • Y. 

craw-Till book co., 1940. 
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!.!: x volume ot water in t h length a x1 
K 2 

• JtR i Xla p • • • •, • • • • • • • (S) 
w~er K • bulk modulus of water which i d f i ned as the r tio of 

unit co pre ive stress to t he volumetric train. 

~qu tion (8) di?ided by th are gives the change 1n length due to 

· comprea ibility of w ter , 

JtR
2 

4 X 1 4 p a x, ..o. p 
K 7C ~z. = K .. . ............. .. (9) 

Then the reduction 1n length o an ele nt of w t 'f' A x1 du~ to an 

inorea ed pre ure 4 P ie t h sum o (7) and (9) , 

.. . ... (10) 

The total pr essure change1 ..d P, during A t · i e 

dP 
AP • dt 4 t . .. .... .. ... . . . . . . . (11) 

But, P ie f unotion of x1 a.nd t, and expre_seed ae 

!E =a 2!. + ~ dix, :s ]E. + V Op .• " • • •• • . ... . .. ( 12) 
dt at ~Xl dt 3t 1XJ. 

S11betitu.tion of Equations (11) and (12.) i n (10), ivee 

t he Teduotion i n length • A X~ + ~I ; ~+V *]At. .... .. (l') 
Now we may equate Equation(~) to (1~) , 

- ~ .A X I A t • A XI [!L ,j. !.7[!E.. ,f,, v~].6t c> x, me KJ at -at 

-av : - {!L + lJ[~ + V 2!, ] c, x, · Ee K at ~:x, 

1lP 
The term V - 1a very small when compared ?ix, 
lected, t hen 

~p 
to '3t and b neg• 

!!, ~ - [~ + ½] * •• •••• ••• ••••• • (14) 

Since P ~P an ,. 
: wH and E' :; w n'' qu.ation (1-t) becomes 

2!... = - {.l!. + .!.] cl -ax, Ee K . at 
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or l 'J a2 "'l!V -- -- -i t g ~x, ••••••••••••••••••• (15 ) 

where •••••••••••••••••• (15) 

and r pre nte t h , loci t y ot pres ur e wa'le . 

ro t he two princi ples of t1on , qu tione (2) and (15) 

now be aolv d s ultanoou l y. wo di fferenti 1 equations re 

obt 1neds 

••••• , ••••••••••••• (16) 

d, •••••••• ••••••••• • ~(17) 

By ol vi t eae t wo parti 1 di fferential equation, we get 

• • f'( i - .!.I.) + 
a 

(t + .!I..) 
a 

V - Vo • [t(t - ~) .. (t .. ;'-) J 
•••••••••••••• (18)a 

·······-······ (18)b 
(18) are t e fund ent 1 we.tar h er equation. Dut for 

conveni nee, t ne dietanoe f ro t he gate to t he reservoir will be 

con ider d a po itive eince t e di turbanee ooours i niti ally at t h 

ga.t. as n i g , } and ve t o ard t er aervoir. By eubsti-

t uti •X . r + x1 , Equ tion (18) beoom 1 

1 

H - R0 : F(t. .. !. ) + f ( t + ! ) 
a a . , ......... (19 )e. 

V - V0 : .. h (t - !. ) • f(t + .! )} al' . a 
........... (19 )b 

1

--~-1 _ --:--!--o,;.,n,<,rx 
. -+v -==r-~"k 

Or/9111.for.ti~.,J~ +x1 

er i n pi pe, inol u ing t hose supplied 
Univera t y of Tgron o, Toronto, 

152, 19;58. 



In those expressions H ie the pr our head, and V, the v locity, 

at a point on t h pipe x f eet f rom t.he gate t t eoonde after clo• 

sure begine J F(t • L) ia the aum of all t he direct pre ute w ves 
a 

at. (t ~ .!)second after clo ure b gineJ t ( t + !.) i t n eu of 11 

t he reflected pre sure wave t ( t + .!.) 
a 

eeond13 e·r closure be-

gins ; and P.0 and V0 are th initial pressure head and velocity be

ore th clo ur ot gate 

2. Velocity ot Prose~r 

The v locity·ot pre sure w ve, 110.•, in a pipe is detin 4 in 

Zquation (15 ) , 

~····•••••••• (15)a 

wh re W • unit wight of w ter = 62. 5 lb. per ou . .. 
g • gr :vitational cceler tion • ,2.2 ft" p r ec. per c. 

K • bulk dulue o water • 2 .ooo l • per sq. Uh 

e 294()00 x 144 lb . per q. f't. 

E YOU · •s dulu fo r ste l pip wall pprox1 t ly 

• 29. 400 ,000 lb, pr q. in. 

• 29400000 x 144 lb .. per 4, • 

substituting thee v l u e in Equatlon (15), 

• 4,660 

J '1 + l~e. 

•• •• •• •••• (l5)b 

In order to s1 plify t he c l Gulation , t cuTVe of 1an ie plott d 

by using t he r tio of ~ ag tnst "a• e hon i n Fi g. 4, where D 

i th~ 1ne1d di eter of pipo, d e i t. e tniCKne e ot pipe wall 

of t. b.e e unit.. 
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lihen pumpi ng plant and it pipe line are be designed it 

i nece aary t.o know what water h er conditions are 11 ely to be 

noounter ed. Or dinarily, the worat oonditione ooour after f ilure 

of electric power to the pump otore . or a eyete without a 

check valve at tho p p, where the water in t no di charge line can 

re rn throu h t he p p, a. o rte.in eri e of events occurs after 

power failure. I ediately after power r -·1ure. the pup con-tin~oa 

to rot te 1n the oeitive dir ction pumping water up t e pipe line 

e it low own. A time i r ehed whe t e head int e discharge 

line ie grater than that prod c by the p p and t hew tor flows 

b ck throu h the pup, with the pup continui g to rot te in the 

positiv d1reotion. Lt r the pump low to stop and reverses 

its direction of rot_tion, th nit operat a in reverse a a runaway 

turbin • 

Ito b seen t hat after pow r -ailur the low of water i n 

the diseh rge pipe is controlled by the char ctoristic of the pump 

impeller an the inertia of the rotating ele nte of the pump. 

Since tbe p p cbaracteri ties re dif'f'erent or each p p, it is 

not possible to et up gener 1 rules to cover the olution of surge 

proble for all plants . Tho only atis a.ctory procedure is to 

st udy each p p plant i ndividually. 

The an lytioal solution o w ter h r proble s h often 

very tedious and co licated. he proc ae of tr ing the effects 

oft e different wave (direct and re lected v ) produced, eo a 

to proper au ation, i vary lengt. y . Ther fore t e follov• 



1.9 

inu graphical method 1 presented f or u e in t ead of, the an lytioal 

method pr viouely o~tlin • 

1. quations for Grap ieal $01Qtion. 

T oe\ of b eio equations are neoe aary i n solv th 

water h r probl • They r the conj gate equation and th 

pump inertia equ tion a dev loped in the, following two articles . 

Th bol u d in this article a.r d f'in d. s t ol101nu 

H • pu pi ~ead t any time~ ft . 

H0 : rat d 

h • !! 
0 

ping b ad, t . 

• p p speed t any time in revolution per i nu e. 

0 ~ no 1 p p speed f or steady p ping · oondi t '1on •. 

N 
cl. • -

No 

• pump input ~or qu corr ond ng to a given peed and 

tle d. 

0 • pup input torque oorreepon 1 g to no al speed an 

r ted putnptng hea & 

'>L p p efficiency. 

rt.
0

~ pump effic1oncy at t he r ted pu ping ead• 

w • angular v looity 1n radians per 2n:: 
cond • "'6o"" 

Q • pump diaah ,rge t any t1 e in cu. ft. per econd. 

Q0 ~ p p discharge t rated p pi head i n cu, f't , per 

aeoond. 

q ,. V 
• V • -

0 Vo 



2 2 WR : flywhee l eff et of rotating parts in pounda ft. 
2 

I : mom nt of- inerli ot rot ting parts= !!....!L 
g 

(a) . Oonjug t £quat1on . 

In using graphical methods, two oonju.gate 4u tion should 

bo first deriv d from. th fund ant 1 equ t1on • 

Using u tion (19)a and (19)b, 

~ and eubtr ot tro Eq~ i1on (19) , th 
g 

U,1ply J!!qu tion ( 19 )b by 

8 .. Ho • i (V0 • V) • 2F( t • ;) 

and add to ~quation (19), 

•••••• • ••• ••,(20)a 

R - ffo : !. (V0 • V) • 2£(t + ~) ••••••••••••• (a:>)b g a 

Equation (20)a evid tly applies to th direct wav s it inc ludes 

\h F te only while Hquation (20}b appli to the r e~looted w ve 

e it include theft only .. 

i--,,,,,"'"'""":--1- --------------
H_!:fdra.vl,c Gracl,'en-/- I 

C , IA 
'-----------------+-I Gafe. 

.-------L 

Fig, 5 

Now consi der a pipe line AC aa shown in Fi g. 5. Since the 

entrance d notion loBeee and the veloG1t y h d are neglected, 

the hydraulic gr d1 tis horizontal. If th BQbeoript o i used 

to denot the oondition of initial ste d flow , it t'ollowe thats 

-----~-----------------------· 
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•••••• •• , ••••••••••• (21) 

pplied to E uation (ro ), it give t 

~or tho dir ct w ve s 

ollowing eerie s 

H t - :tA
0
•· g{VA

0
- Vt) + 2(t) (x • O) •••••••• (22) 

H ~ H • - .! (V - V ) + 2 {t 1 - ~,) (x • L) 
ct1 Co g Co Ct1 a 

or (t1 : t .., ~) 

••••••••••••••••• (25) 

or the refl cted w s 

H t1 - Oo • + g (Yo - VCt1) + 2f(t1 + ~) (x • L) 

or Hot 1 - o • + i (voo - - vct1> + 2f(t2) 

KAt 2 - o • + i ( Ao - V t 2) + 2f(t2) 

3u bt r a-cting u tion ( 2,) t'rom ( 22) , give 

0 

or 

• ••• ; •••• (24) 

•• •• • •••• (25) 

·········-··· · (26) 
l arly , oubtracting Equation (25) from (24) , give 

By dividing qu tion (26) by 

~ _ Hct1 • 2 a~o [V t _ 
Ho o 2g o Vo 

we obt in, 

•...........•. (27) 

d rewrit ng in t he form, 

······~·······-- (28) 

vhere h • , v • ! , and f 1.s t he pipe line oh ract rie-t.ics, and 
o Vo 
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aV0 
P = 2 H g 0 

.. , • •• ~ ................... .. (29) 

1 11 rly, by dividing quation (27) by Ho- and rewriting 1n the form 

we obtain, 

t ., n,u. • - 2 f ( vot - v t ) l . 2 1 2 
•• • •• •••••••••• (,:>) 

quation (28) and (;'>()) re conjugate equations for solving ' tne 

water h er prob le gr phcica ly both for pen. ,toe~ line and pumping 

pipe lines. However, w en they ar& pplifJd to pu ping pipe lines, 

the sign for \he lope 82 f " should be ro r ed , Thi is . beofNee 

in t he o ee of pumping lines the pres- ure wave developed ie in. the 

e e di rection with the flow i diately following a power fa1l\,,lre 

while for power penetocke, the wave ie opposite in dir ction with 

the flow when the g te is being closed.. 

{b ) .• 

In order tQ e a w ,ter h er analyeh of t he tran ie 1i oon. 

dition.a relation between the pu p speed and torque t. all ti es 

will be needed . 

In a rotating system the tor~~ is equal to t h ment of 

inertia of th rotating oyatem ltiplied by t 

tion. That is 

gular aoce l ra-

••••••••••••• • (, 1) 

Oon ider all ti e i nterval At and l t t h aubscr1pt e 1 and 2 

denote the values at t e begi nni ng and end of t he i nt erval . Th n 

qu tion (;1) beco ee 
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i 
2 n wR N 

60 g 

or 

Thie quation m~ be then written i n the allowing to ine 

N M 
o< • - and /J • - , N0 14c, 

............ c,2> 

!lut the pwap input torque t the r ted head ie given by 

60 Qo W 
Mo ... 2 7C N,,rt.o 

Then o(,-o<.z • 78QoHo ( ;'+A ) At 
('A'Rz )(N/ >to , r2 

or •......•..••. (}') 

where •....... ·~-· .• c,,-)a 
Eqlle.t1on c,,> 1s the neceeea.ry r l tion between the p ed and t.orque 

t y tim following power failure. 

2. Graphi~al Solutio~. 

( ) • Convers ion ot Pwnp PertormanQ Cu~ee to Pump Ohar et l'-

1 tics on tge h - v Diagram. 

In order to u the graphical ethod for t h eolutlon of 

water h r with th quation, quat1one (28) and (,0), 

it will be neoe s ry to have t he p :p apee4· and .torqwe ·relat1ons 

plotted on t he coordinates of hand v where n 1 the h d ratio and 

vi t n velooity r t1o. 

For t h no alp p operation, the reiuired pwap torque and 

sp d ourvee on the h • v di r ma,y be readily obtained tr-om the 

us al pump perf'ormanco d t~ which ie uppli d by t h manuf oturer. 

A typical xample of t ho pu p perfo ance dat i shown in Fig. 6. 



i'IO. 3'jq · 1. ! U 1 J t,• t!il· '1:;lf ind·,, :.th lir.c~ Rt renlt'l!. l<t.UFF!:.L & ESSER CC. 
[r.zr :,vi:1':!, i ... 10 '"· 

',.,_.i,. ·, :.,:.;, .. 
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lly include the tollowi d t for th o al 

epeed of t he lllllP I 

(1) H, t he p ping head or d i c 

Q, the pump diechar e . 

(2) tor br e horeepGwer or pump pllt or

inst Q. 

(;) 'Yl. , t he pu p e fio1ency, plotted a inst Q., 

U 1ng h d V axe , two f i lie of tirve f or o< d ;, r 

sh.own in ig. 7. The procedure u ed i plottin o{ nd 

~ ourvea is riefly outlin d as fo llow J 

iret step P lot t he curve for o( • l on t.b.& h • v 

t he ead discharge eurie iven in 1. 6. 

ho 

Be-0on etep s Si nce t he enuf'e.ctur r e • pwnp per o anoe curves re 

all b aed on t he rat d apoed o t e pu p, t he .otor 

brake horeepow r ie direly propot""ti n l to the p p 

Third te.p 

input torq, e_. T t he brake horsepo er t t 

rat d head a unity, t e di ech re corre ponding to 

a torq~ of 0 . 9 , 0. 8M, eto~ 8¥ b c ~ted ~P th 

brake bor epower curve and plotted on t e °"' • l 

ourve a / • 0 . 9 , 0 . 8 eto . 

2 2 Since h and / are proportiQnal to v or q , & 

par bola curve of ~he type h = k v2 c be dra~ 

t hrough t h points 19 • 1 .. 0 , .9, 0 8, tc • . w lch 

h ve already been locat d on t · e o< . , 1,0 11 ~t. 

ourth te ; Points on t he orque r :tio lin o, ,s , 1oh corre-,, 

spon t.o a i 0 ob e i n torq e ratio 1e ' r then 



. ,. 

. ·i. ·: 
. . f-:-- .. 

. ·:,I. 

.. 
· - I'• I 

I ' 

1.2 

:_:::1 

- . - ~ . . .... 
: 1:·:: : . !: -:-~--r. -~---

i . . • 

---__ ..... __ 
· · · t • · : . I · : : -: ~ : i . · : : .. l .. ;··:i:· .: :: .. _L.:.: 
; _ : ~ , ; : ~ : : ·: : :r: ~: ;- .: : . · i · : . 



ifth at p t 

i xth ate,p 

l ocated on t hese p a bolaa t qual head paoin s. 

or ex ple, t he p r bo la p ssing through t he point 

/I • o . 8 on t he c,(. • 1. 0 line is at h • 1. 12. he 

vertical d1 tanoe, h 21 1. 12, 1a now divided into 

eight qu l p rte and the v lues ,s • o. 7, ,g • o.,6 

are plotted on t he p rabolae at h • ! ( l . 12) • 0 . 98, 

6 h • 8 (1 . 12) • 0 . 84, etc. Then the /1 curves are 

obtained by drawing s ~th curves through t he points 

corresponding to aoh va.lu of' ~ which appears on 

each para.bola. 

ince t he pump discharge, , vatiea with the pump 

ep , the ep ed ratio, o1. , ia therefore propor-
.1. 

ti nal to t he ratio of velooity, v (o< cC v oC h~. 

z 
Then °" 1e proportional to h. Thi relation will 

be used to dete !lne t he ope d ratio ourvea f'o r c,( • 

Th.e va.lu s of o1.. • o. 9, oi. • 0 . 8 , etc. e.y be eter-

mined by using the p rabolas drawn above and the 

valuo of h wh re eac par bola orose t e o< • 1 

curve, or ex ple,; eons1o.er tlle parabola which 

paseee t hrough the point c1. • · 1. 0 and p' • 0 . 8. 

For thie point, h : 1. 12, Then the point o1. : 0 9 

8::/ be plott~d on this parabola at h • 1.12{0. 9)2 

: 0 . 902 end °' : o.8 t h 1. 12(0.8)2 • 0 -717, eto. 

Then the c,1. curves are obtained by rawing smooth 

ourvea t hrough these points . 

Aftor t he curvee for °' and /J are drawn the pa• 
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rabol a which w re used to as ist in t he construction 

ey be re ved . 

(b ). Pump _l)ischa~g allowing A 

rse F\ow Pa sea ThtQugh ~mp. 

In order tool rify t h1e procedure, t pical ex ple i shown 

in i g. 8. The data given aro aa, ollow s 

a = 2 20 t . per aec. 

Vo• 5.81 t. pr eec . 

0 • 5;, 7 cu. • per so. 

Ho • 220 t . 

2 2 o rotating p rte • 1154. 7 lb .•ft 

pu p ecd = 1700 RPM 

p p off1eiency • 85 

1 * 1.4 soc . 
a 

The ti e int rv 1 .4.t a 1 .~ will be· u ed. 
a 

rorn qU_ation (29) , 

.,,-.- • 282) X 5. 81 1. 155 
2. }2. 2 ~ 220 • 2 P • 2. }l 

= o. 2238 

rom quation ( ,, ) , 

o<,-ol.2 • 1( ,B, +/2 ) ...::1 t • 0 ,22'3 ( ~ + /2 ) X 0 . ~5 

The require conjugate equations f rom to th dlength point 

B, and fro B to Oar writte follow s 
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h 
0 

- h L - - 2. }l(v - v L) 
B- Ao 

2a 2a 

hB..f. - h L . - 2,;l (va-1 - V L ) 
0 - 0 -2a a 2a a 

he !t. - h .21! • ,jo 2. }l(v0_k 
- V ~ ) 

a 2a . a 

he_i& ... hA2L ·•. 2. ;,l(v ~ ... VA2L ) 
2a a a a 

etc. 

From these equa.t1one it can be easi1y seen t hat t hey be repre-

sented graphically by straight. lines with slopes equal to t 2.}l. 

The points Ao , B-1! and C 1 are located at h •land v • 1 on t he 
2a a 

h - v diagr am, because at t he beginning t heee points ar all i n the 

normal operation oondi tione . The point"-!~ ie ten located on 

the line of elope t 2. ;1 passing t hrough h • l, v • 1, on the h - v 

die.gr • The exact position of t hi point,· however, should be de• 

tem i ned by means of the pump inertia equation; Equation(;;). 

After several trials, t his point wi 11 be found to be at. a value of 

,B • o. 760 and °' = o.86;. Ot her point for A lL , AiaL , etc. a.r 
2a 

deter.tnined in a ei lar anner as shown in Table I . 

From Fig. 8 , t he minimum pressure above the i ntake elevation 

at the pump due to water hammer ia (0.08)(22:>) • 18 ft . and at t he 

mi dlengt h 0£ t he pipe t he mini pressure cad above t 8 reservoir 

intake elevation is (0. ,1)(22:>) • 6~ ft. The maxi head above 

t he reservoir intake elevation at t he pump due to water h er is 

(1. 61) (220) = }54 ft. and t he ax1mwn ead above t ere ervoit in

t e elevation at t he mi dlengt h of t he pipe ie (l. }5)(220) • 297 
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Table I 

Ve.lu a of o< and /3 in determining th rn_agnitud of 

pressure wave at di f ferent instants of ti e 

Location Pump torque Pump speed o.01a, c ~ + /Jz ) 

°'' - ol.2 
ratio /J ratio o<: 

Ao 1 000 1. 000 

AlL 
4a 

0. 700 o ,. 86} o. 1,1 0,1;8 

A, lL 0 . 610 0. 755 o ioa 0 .107 
2a 

A~ 0 .520 o.668 0 .087 0 .088 

~ o.44o 0. 592 0,076 0.075 
a 

1! o. ;eo 0 . 528 o. 64 0.064 

~ 0,,25 
2a 

o. 472 0.056 0.055 

7L 0. 285 o.425 0.047 0.047 
4a 

A~ 0. 250 o.,s, 0,042 0.042 
a 

ete. 

rt. The maxi um and inimum pressure head be plotted by u. ing · 

t he reservoir int e elevation ash a O a shown in ig. 9. 

In plotting \he . ni rn pre sure line for the pipe line, it 

frequently happens t hat at some points th presoure lin will fall 

re tan ~ ft. belo t he pipe line profil . Such a sudden drop 

in pr"ssur cau t he pipe to eollap e . To avoid t h1 d.i f fi~ 
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cu ty it ie ao etimee deei rable to r earrange t he pro ile of the pipe 

lin to eep the pr eure i n t he pipe line bove absolute zero at 

all tie • 
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0 TER III . HYDR ULIC S'l'UDI $ 

Ae th quantity of t lo whioh will pas through piped• 

ponds upon t total he d, the ize of pipe, and t he pipe lo e, 

any lose of head in the pipe will tend to reduce t he flow. Careful 

etud1ee of hydraulic loses, ther ore , are n oes ary before any 

design i de . The hydraulic losses 1n a pipe oonsi t of t he 

entrance los in t he tra hrack, t he friction loas 1n t pipe , th 

bend loe e , and t tle lo oe due to contraction and expan i .on •. 

If R r&presents t be total h d o "e d 11v ~ed in t he pip , 

ten, 

H• . ... •••••••••• •••• (,4) 

were Ra • diff ~ence 1.n e l atioa bet een t h lev l of w t r 

surface at t he i ntake and tne level of wt r surface 

t the diecnarge end o t he pipe, or i n ot er words, 

t he lifting head. 

He = loss of h ad at the entr c in the trasbr ck. 

Rt::: lose of head i n the pipe Un due to :friction. 

H1 • los of head du t o bends along th pip~. 

H2 = los of he d due to enl rge nt ot pip . 

a, = lose of bead du to contraction 1n t e pip • 

Usu lly w 11 designed pip 11nee are 1 t 11 d wit ut rp 

bends or eudd n enl~gement or eontr ction . In the design of 

p ping pip 11n , novever , 11 minor lo ee ebould be con i d red 

in or der to tu1ri11 the r quirement ford livering a required 

ount of wat r in the pipe line. 



The method of o puting t hese different lo s 

a fo llows s 

A. Friction· • 

35 

be outlined. 

P rhaps t he greatest authority on the flow c paoity pf oon-

duit i s soob y, ; o. or y year he ade spoci l study of 

t ho v riou f o developed in this f ield and has conducted 

n erou fi ld exp ri ants to prove or odify their result s . 

In hi p per, 1The Flow of ater in Riveted Steel and nalo

gouo Pipes 111 , Seob y divides iron and .,teel pipes into t hree olasee 

in accord nee with t hee ootbnees of t neir interior surf oet 

"Ola 1, t'ull riveted pi~e, having both longitudinal and 

girth eeams held by one or more line of rivets with pro

jecting head , 

"ol ee 2, girth- riveted pipe, having no retarding rivet 

heads in the longitudinal ee e, but havi ng thee e girth 

e s as full- riveted pipe . 

110lase ,, continuous- interior pipe, having t h interior fu r-o 

f ce un arred by plate offsets or by projecting rivet heads 

in either- longitudinal or girth ee " • 
Th fo wtlioh Scobey has developed as a r esult of' hie 

extensl.ve experi ento .is 

1 Scobey, • C; 

Pip e. 

•••••• ••• • ,. • • • • • .. • (}5) 

The low of tr in Rivet d eel end Analogou 

Technical bulletin no . 150, u •• Dep rt en~ of 

Agriculture. Washington, u. s. Govt. print . off., 19}9• 
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where Ht • ea.d. loss due to pipe friction per t housand feet, in 

f~et . 

K8 a a constrant which v r1 · with c ass and 

V • veloqit t fe t per eo. 

D ·• in i de di eter, feet , 

of pipe. 

For 'these thr e ola.s es of pipes &a entioned abo? 1 • cobey 

giv e t he following co fi.cient 1 

Clase la. .K8 • = o. '8 for new 1:1heet etal full z,i v ted pip 

up to }/16" t h1cknee . · 

Clase lb. lC8
1 

• 0,.44 for new p etal full riv 'b d pi pes 

f ro }/16" to 7/16" t hiokne e with 

either t~per or oyl1nd r joint . 

Olaes le . {8
1 

• 0. 46 or new plat et 1 full riveted pi,pe 

trom l/2 t t hickness up wit h oith r 

taper pr cylinder joints and f or pipes 

ro 1/4" to 7/16• t nickn s~ ¥hen butt 

jointed. 

Ola l • K 1 
• 0 . 52 for n b~tt tr p full riv t pl a te 

met l pipe tro 1/28 t iolmes up. 

01 es 2. 1 1 
• o. '4 fo r n w girth riv t ed pipe . 

Olae ,. K8
1 

• 0 . ,2 for new oontin"ous int rior pipes . 

Welded steel pi p with welded fl ld 

jo i nt or connected with bolted 

coupler oft e Dress r type belong 

in t his els . 

Scoby also fou.nd t hat t be coefficient K i a Qnetion o 



ti , that ans , K8 will 1norea ea the 

Tho formul o K8 1e sugg eted by Scobey ae: 

3•7 

of pip 1ncre es. 

Ks • Ks, eO.Olt ··········-······ <'6) 
wher K I 

8 
• Scobey coefficient for n w pipe. 

e : natural logarit o bas • 

t • time , ye rs. 

Th valu of K for different values of K 'and di fferent du~a~ 

tion of rvice are tabul ted s ehown 1n Tahle 2. 

Table 2 

Values ot coefficients 8 for an.v e pipe 

A e of pipe K I K ., ~ K I = K ' : . ' . 8 e 

in ye r 0,,2 o.~ o.,a o,44 O 48 0 .. 52 

l 0.,2:, o.'4, o. ,e4 o~444 o.485 0.525 
2 0. , 26 0,'547 o.,aa o.449 o.4so 

0 ''° ' o.,~ 0 . '51 0. ,92 o.454 o.495 0.5:,6 
4 o.,;, o.~4 0 ~}96 o.458 o.,oo . 0 . 541 

' o,,'6 0.,57 o.4oo o,462 O 505 O 547 
6 o.;4o 0. ,61 o.4o4 o.467 ~. 510 0.552 
7 0.34:, 0.:,65 o. 408 o.,A72 0 •. 515 0.558 
8 o.'47 o.,6a o.412 o.477 0 . 520 0-. 565 
9 o.,,,o o. ~72 o. 416 o.481 0.525 0.569 

10 0.,54 0.,16 0.420 o.486 0 . 5,0 0.575 
11 0. ,57 o.,ao o. 424 0,491 0,5'6 0. 581 
12 o_.}61 o. ,e4 o.429 o.496 0 . 541 0.587 
l} O ~4 o .. ~ 7 o.4,3 0 . 5()1 0.547 O 592 
14 o. '68 o. '91 o.4-,7 0. ,06 0.552 0.,98 
15 0. ,12 0. ,95 O 442 0 . 511 0.5,a o.604 
16 0. 575 0 .. :,99 o.446 0 .. 516 0.56:, o.s10 
17 0. ,19 o.40, o.450 0. 521 0.569 0"616 
18 o .. ,e, Ot4o7 o.455 0. 527 0.575 011622 
19 o. ,a7 o. 411 0.459 0.532 0. 580 o,. 629 
a:, 0. ,91 o.415 o.464 0.5,1 0.586 0.6,5 

In order to s i mplify t he c loulations, a f ly of curves 

based ~n t he Scobey f o ula is plotted by ·using K
8 

• o.'4 for 



variou pipe izea ranging from 12 to 120 inohos in diameter as 

shown in Fi g. 10 , 

38 

For oth r valu~e of K8 , the charts still can be used by l• 

t i,Ply. t he veluee ound in the ohart by a corr ction factor . 

B• ~·::.:::.::.:::~::.....::~~- .::i.:.:n .... ,T.:. .. .:..:~a:::.::s:..:,hr:::..z&:;.::o..::;,k4 

Te ent Qe loss in traa rack d:ep nd lar ely upon t he intake 

velocttr Tb~ allowable velo~ity trough the net rack aeotion to 

avoid too gre ~ a l~s ~t head will vary from about l to 2 feet per 

· econd. The fol.lowing· figuree· ay be ~eed for comput.ing the en• 

trance iose in traehracks 

Fo:i- velocity ot 1.0 rt. thziough t,he ra..01t, 

For velocity of 1.5 ft , through tne re.ck, 

For velocity of ~.o ft. through 1, e rack, lle • 0. 50 :f't. 

'the. loe · ~f' head ~u.e to bends in pipes is coneido~ed e.s the 

excess lo s ovf:tr t hat which wollld 0001.u· in str ht ptpe of the 

e e mat r1 l · d equ 1 length. 

The formula &ug ~ t~d by 

The formula. 1s 

ds1 ay reco · ended for uae+ 

Aleo indo auggtlsted th t the eoefi'ioi nt of O may be equa.l to 0 .25 

· es of head tn pipe line dtte to ourv t.ur~. Tee ical 

me orand ·. no .. 10, u .. s. raau of reel ation, 1919• 



< 

' z 

2 3 4 5 6 7 8 9, l 2 3 4 5 67891 2 3 

2 

6-+-_...._...._ __ ___._--+1---"ll---i--hlf--H--½--,o.+-~---l~,...._+-+-.,.....+,.--.<-,f---t---l-f-----A---41'- ..... -+-+-+--+--1--~f-.- +-,,___+-,11--.--~-- 11---,1 

&+.---e--,-~---½---,L-!--+--r+--+--,..Fl--+--W-,+----+-- -'-l--+----+i'--l-1'--l-+---+-·>'-+·-+I 

5 6 7 8 9 1 

2 .3 4 S 6 7 8 9 10 20 30 40 50 60 70 80 90 100 zoo 300 400 5 e 7 8 9 1000 

2 

2000 

QUANTITY OF FLON CUBIC FEET PER SECOND 

I 39 
3 2 3 

3 4 5 6 1 7 8 9 , l 0,000 2 3 4 5 6 ' 



0 

when R/ D ie grea~er t han 2. 00 , where R is t he radi u of bend ourv 

and D i t he di · e't;er of pipe. Pr ctio lly t he R/D ratio is eldo 

lee t han 2.00. or convenience to uae, Equat i on (}7) is plott d 

In t he deign of pumpi ng pip l ine udd enl rge ent e b 

oid d; but gr du l enl rg til l exi et. The t o 

v1 velocity in s 1 ~ pipe 

v2 • elooity 1n large pipe. 

b 

.... . . ... . .. *. 4'. {,a) 

f • Mt empiric ooe f ioient dep ruling upon t he angl • 

8 • double t he an l bet ween t axis ot t h pip end i t 

sid • 

Ki ng giv t h v l ue of 11 " ollow 1 

f .o,, .o'6 .0,9 .,042 .o46 .050 055 .. 066 .078 

110 12° 15° a:,O ,oe> 400 500 (x)o 75° 

t . 090 .100· .-lliO . ; 10 . 4!X) . 600 .. 670 ,,, 700 • 720 

500 

,. 670 

In ocord,u,.o with t h pr ctic of t he r eau or Reclamation, 

t n to re, lo of head du to gr dual contrac~1on be 

King, H. • nandbook of hydr aulics , pp. 191 , 19,9. 
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ri t ae s 

·• ................... (~) 

ller pi pe, ft.pr a o. 

V1 • v loci yin larg r pip , tt , per eo. 
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A definite dete inat1on of econo ie di ater of pipe is very 

difficult from a hydraulic poin~ of vlow, aince there ar an indefi

nite number of eizee of pipes which can carry t he given discharge. 

The smaller the di et.er, the faster t h water lo e, and the 

greater will be t he lose of head in t he pipe line~ Consequently , 

a largei- peroentag of the tot l power 1 used in overeo g pipe 

friction~ On the other h d, t o ,Iler the pipe 1e, the oheap~r 

the pipe lfill be, and thee aller the initial cost. The oat 

eoono c _l diamoter, ther fore, ie the one in wni eh t he annual coat 

1s a 1ni · and will be obtained whtm a proper balance b t ween 

power lose and initial coat of pipe exists, The formula for the 

most economical pipe for penetooke hae already been d rived by 

oetech and r& en. in 19,S. 1 There is, however, a slight differ-

ence between penstocka and pumping pipoa . Based on the same prinoi 

ple , the formula. of t he 

be de,velop d , 

~ eoonomioal ize fot pumping pipes will 

In the analye1s of economic pipe di ater, so e ass pt1ons 

will be presented • 

( l) Unifo rm di eter through whole pipe 11n • 

(2) The weighted average pumping he d i.ncludi ng water 

h er will be used. 

1 Voet soh; 0 arlee and Fr sen, 
penstoeks , Tran ., 
Vol. 10~, PP• 89, 19~• 

M. H. Econo i e di eter of steel 
rican society of civil engineers, 
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(') The entrance loese, bend lo ea, etc .. , co nl y o 

minor effect, could be negl cted; without e.pp,reciabl& 

efteot upon re ult 

(4) he head cone~med in friction lo a oms a e 11 part 

o t e- tatio pt1ni.p! head !l'ld t e s1~ of the pumping 

otora end lant re -ins cons.tant for- ,a r asonable 

variation in t h . size o f pipe . 

p ont !e oontinuo ly running through the 

whole year. 

(6) The .Se&'bey for~ la for flow ot water in riveted steel 

pip is use. 

Baaed on t b.eee ti-Sau pt.ions, t he tor la for eeonomi,cal di e,ter of 

s teel p1po will be d: ,t1ved as follows t 

where 

For annu l cost of p<>wer loss, j,:n t~1ct1on, the equatiort is 

..... . ........ ,. (4o ) 

f • the annual coat of -t.he lost l)OWet due to friotion in 

K
8 

• a general eoef ioient in the Scobey formu la which de-

termine the head loss i n friction. 

Q :; the rated discharge exp7eseed in cu,., tt. . per sec . 

f • l<>ad factor. 

b t!te value of t he po r loss. in dollars per kilowatt-

hour. 

~ . \he ovor .. all eff i oi ncy of t he plant to the point at . 

whieh power is puroha ed. 
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D • the inside diameter of t he pipe, feet . 

For annual cost of pipe, t he equation 1a 

2 

' HD U (l ,i.,_ ~) . 

·· ·········-·~···(41) 
where H • t e weighted average head including water hMIIller, :rt. 

a • t c:, unit cost or ete l in the pipe, in dollars p$r 

pound. 

r • the ,re.tio of t he, annual fixed, ope~ating e.nd intenanoe 

c • ·rg,ea to t he construction cost ot the pipe. 

1 * t e percentage Q overweight of steel 1n t he pipe, due 

to lap, cover-plate, rivet.a , welds , -t.c., expre ad 

e.e a dee al,,. 

sg a t h gross allowable ten$ion in the steel pipe, pounds 

per square inch. 

e3 ,. t h.e joi t Qtf'ie-1 nc1 of t he pi,pe, expres ed as a 

dee ~ . 

Thua t t he total annual cost, t' of 1- ft . section of pipe 1 

t he su of equations (4o ) and (41) , that is 

r.. • 1.176 KaJl~·
9

. P ~ ,~ H n
2 

, r (l + il 
w e D • s8 ej 

·····j· ··· ···~··-··· <42) 
To determine t he economic cl i eter, we, y take t h f1r t deriva ... 

tive of Et with r espect to D and eet it equal to zero ; ttu.ts 

dEt 1. 1 6 {{ ---dD 
+ 6~8 }l D • r (l + 1) 

eg ej 



D e. I' (1 + 1) +---------668 
-o 

ag ej 

I I st ~ 

. ..... ,(44) 

For prel\ .nary d te nation of cono o di e-t~r , we oan 

e uae o cu_rve inst ad of .quation (44) d s ve tun 1n oo · 

putation. De 1 ati g 

.,.9 
o .. 5021s7i • •• •••••••••• • (45) 

~ • B ·~······· •.• (46) 

i nete~d ot Equation (44) 

D : X ••••••••••••• (47) 

on,, using a logari le aoale, plot tro curves, one ~~pree ting 

qua,tion (45) d · e other repre enting uat1on ~46).. ro 

t h.eee two cu:rv . , ae hown _in i g. 12, 1f WO· :Ve A . d B, De can 

be ae1ly tat od, 

Det.all,_e_ 

Foi- pr etto l de 1 , t he t ·ckne of et 1 pipe long t h 

w ole line is not unifo for the purpo e of economy. I t varies 

with thew ter pressure hich certain t omess of plate o ouo-

tatn-. Reno Equetion (44) as entioned above, which ie ba ed on 

t wighted ve.r.age water preeeure in th wl'l.ole line and e.esumee 
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unU'o . . th1oknes all through t he e, is not exactly eor r .et, 
. . 

DetaU,ed tu y a · uld b~ car:rie o·ut a fbllow t 

nei-on 

to ~la wntoh e;y, b easily t o~n:d f rom texts on hJ r - lie end 

etrength o · 

For d1f · rent di · ~tar , we o ta t1l t t rel -i on . tw en 

.allow bl . ter 

o.- elX: plei (u tng llo · bl tre 1,,500 lb. per sq,.. in.- ant! 

~he j~int eff ioieno O, S'O ) 

D(di tet-) 

6' 

7'' 

t (t hick:ne e) 

._._ 

l '* 
4 

.if 
-f 

H(preseu:ra be cl ) 

195• 

24~· 

29,-, 
....... 
166• 

209• 

251 1 

-
or 

For oertQJ.n di . etere of pipe, plo~ t h prof i l or t he pipe 

l i n frQm t he pwnpi. uni t to t he di oharge end, e hown 1n , 1g . 1,. 
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For- eimplioity,. a. ume the pipe is e. straight line. 

oludine the riee of head, h , due to water b er. 
max. 

49 

H 

_l 

In 1g. 

Fro point ndn, ea ure down th di te.noe equal to the axi-

m water heads t hat can be uatained by di:f'for nt th1ckneae of pipe 

wall aa obtained from above. Draw linea rom those points e1, e2, 

etc ., , parallel to t he xi .wn hydraulic gradient 1ad• until they 

intere ot the profile of' the pipe ·at i\, t 2, etc. Th portion of 

steel pipe which lay above tlleoe inter ·acting points o thooe which 

can b installed with such pipe t hiokne e, b cauae they are within 

. aeure ~he length of eaoh ortion for different pip t hick-

nee, and tabulate it as shown i Table j . ollow the a pro-

cedure as entioned above, find the length of pipe end t ho corr -



sponding pipe t.htomess fer othor diameter of pipes, as D2, D~, tc. 

L-on t o , pipe o corre pondi . t p t . · 

Di et.er of p1pe Thtck:n~~a of pip Length ot pipe 

t 1 L1 

t2 L2 

t, 1, 
-,..:• .-· -- -. 

t1 L1 

t2 lia 

t, L:; .. ·-
t.1 1,l 

. ta ·1,2 
I)~ 

t.3 1i, 
- ,._~-

, . · Oalo-ula_tp ,fhe _ ei~b't, o__f f> iPe, J?~r or Diff erent 

iz~ of Pipe and Di;fterent Thiokn:e
1 

, •• 
. ji: - . - - • - - . - . . . -

Thew 1ght of pip per foot l ngt 1 gi by 

?:- · t (1 + 1} w 144 
where D and both xprBsaed 1n inohea. 

w = unit w~ignt of s~ el = 487 lb. p r cu, f't . 

i • t ne percent e ot over w 1gbt of t l 1n tho pi • 

--·------------------- -----·----· 
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Tho v lues of i , 8:/ "lary from 0.05 to 0 , 25, depending on the span or 

type of uppor~ used . In gen ral; using 1 • 0-2 ia atisfaotoiy. 

Te vel o!t of flow 1n i io bo.aod on the rated diach~rge, 

y = 

5. Calculate The Pipe F·rictd.on . 

For t e detail d study, a.1 l in,0r losses . o.y be ne leoted end 

t Scobey 1.'o le. for low in steel pip ay be used. The f'or la 

i v1. 9 
Hf• Ks Dl.l 

6, Oaleule.te T e Friction Lose. per 

Te riction lo a per ear in ie ive by 

7. Tabul eter. 

All ite a ~hich have been considered a oontributtng to th 

rational aeloctton of the mo at cono ical eize of pipe have be n 

inserted in a tabular for. as shown in Table 4. 



_ __...._~• 

-~~ 4;.fo-~1lf r 
I ' • 

J:lu ses Jr 
; s ~ '!f · . ·~ 

t [. 

, ,, 

·r 
- .i.....---
. - I , l 

; l l •- : ~ 

. 'J __ : 
I -
I 

I----,---+-..... __ ........ __ .....,.~1----, +---+---i-..... · - ---- ·-4---+--+---+--+-------+---... --__._------+-'--+---t---

i + -:,~f 



53 

y 

The aotor,a inYelved int. e econo cal d~aign of pipe aye e 

tor pumping plants are (l) t e d termin tion o pr s ur , rt~ and 

£ ll due to. water h or followi a p wer f l ~e, (2) t he study 

of hy raulio losee in a pipe line and(}) the computation of the 

-st eoon9 o iz of ip i he f o er t o fa.ct.or are tbe pre

requiei t in b'"""ne.. t he pipe and t he · tter le t he , inal pro .. 

cedure r quired to obtain t e tn0 t e,09nom\cal destgn of pipe sys-

tee . 

Be. e t.ipon t principle of .continuity., ewton 1 a second law 

f motion and ook 1 law, the fund ental equation, o water hammer 

are developed• A graphical solution in deter ning the imwn 

and mini pr esure due to water h er 1 introduced by oo -

bining t he fund ental equo.tions with ta pump cha.ractorlstice for 

a particular pu pi plant. Tho pressure thu obtained i 

used to dete · ine 't>h t hiokn ee of pipe sh ll, h1le t he ini 

. pressure 1G of value to cb.oak t he pr ofile o pipe line 1 t he hy

raullo r dient f lls below t he p1po lin • 

Th hydraulic losses in pipe line con i et of t h entrance 

loea in t he t aehr ok , t he friction lo a in t he pipe, t he bend 

loesos , and t he lo eee dut'l to contracti on and OJCP ei on. Their 

computation ar baaed upon t he principle of hydr aulic&. In 

order to e.lce t he roeults of study r eadily e.valiable in convenient 

f o to d ei rs, t . l e d charts re pr p red. 

The at econo cal d! eter 1e t ho one i n whi ch t he total 

annual coet i o min and will be obtained when a pro·per b l Lee 
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b-etwe power loe. and i.ni i;.te.l ~st of' pipe xist • A m t.he tical 

equ · tion i derived in det..ermining th ost o.one>m1cal di eter of 

steel p1pe • 

·aowever, t"o:r practie 1 d sign, the th1olmee o ete: l pipe, 

~long t whole line i not i.an1form for the purpo e ot econoJl\Y• 

D t .Ued tu.dy 1s,. ther fire ., neee s . .., e the length 

of pipe for a. cer-11,ain given th1ckne e,. th. gr ,phical thod hiu• 

pr$eeat.-o4 is Vf.'f'Y helpful_. 

All it .. 1th1Qh have been eon tel r d _ oq trib11M.ng to the, 

rational eel ction of. tho moat. econo _cl ·ize ot· pipe have been 

insertecd 1n tabular form ae sho 1n table 4, By p:rooe ding in 

o~-d.01" fl;<>l'be th. ta.bl _ from left to right. 11 ~• f'aetore in• 

l o'\io all t · 1ft o 4<m ld r t1on and properly 

- . bl t.he-lr t!!lft ct apizn the nn, l s e lect.ion. Orily by this 

eh er · e-udlar qs<t · · tic at .ack ca.n t desi er be as sured 

e:c(l1runn.cal l cti:an &f pipe for ch individual pwnpil\g 
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