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INTRODUCTTON

The great speed of a modern large digital computer permits very
complex piping systems to be analyzed for transient flow provided a method
for describing the network can be adapted to computer usage. For most
systems the friction may be adequately treated either as proportional to
the square of the velocity, or to some exponential value of the velocity.
In the algebraic method, the end boundary condition equations for the C+
and C~ characteristicsl developed from the method of characteristics equa-
tions are applied over the whole pipe length between two junctions. In
effect this "lumps" the friction for the pipe as that given by the velocity
at the opposite end of the pipe one wave-travel time previous to calcula-
tion of events at a junction. In case certain pipes are very long compared
with others, any interior sections of those pipes may be considered as Jjunc-
tions. The combination of algebraic waterhammer equations plus indexing
of the pipes leaving every junction permits a simple program to be prepared
for complex systems. Each pipe is divided into a number Pi of equal
reaches such that the wave travel time Dt for each reach is the same for
every reach in the system. Hence P; Dt = Li/ai in which L; is the length
of pipe i and a; is the pulse wave speed in that pipe. This is a limita-
tion on the method, but since Dt may be selected so that a pipe has up to
10 reaches, suitable values of P; can usually be found for each pipe by
minor adjustments of pipe lengths and of wave speeds. In general, wave
speeds are not known with precision and small adjustments are permissible.

Steady-state initial conditions in the piping system must first

be established before solving the transient problem. For very large systems
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the steady-state heads and flows should be found separately to conserve
storage for the transient solution. For the example given both the steady-
state determination and the transient solution are combined. The program
will handle head-balancing and transient solution for up to about 300 pipes.
Many works have been published on steady-state solution of networks; how=-
ever, for the purposes of illustrating the transient methods, the Hardy
Cross method2 of balancing heads is used in this treatment.

The method of balancing heads is first discussed, then the alge-
braic equations are developed. They are next applied to a typical junction
of a network. The computer program is described and then an example problem

is given consisting of 20 simple circuits, 26 junctions and 45 pipes.



HARDY CROSS METHCD FOR BALANCING HEADS

The method for balancing heads, as developed by Hardy Cross, is
discussed briefly with regard to its application to use by the computer.
In this method, the elevation of hydraulic gradeline is knoﬁn at one point
in the system, and the inflows and outflows from the system are given.

In addition the resistance properties of each pipe must be known. The head
loss Hi in pipe 1 is given by
nis-1

H =R a lo, 1™ (1)
in which Ri is the head drop over the length of pipe for unit discharge;
n; is the exponent in the head-loss equation, Qi is the discharge. Each
pipe in the network is numbered and a positive flow direction indicated
in an arbitrary manner, If the flow changes direction, Equation (1)

changes ol

)

n.

To start the balancing procedure which yields the correct flow
in each pipe, flow is assumed through each pipe such that continuity is
satisfied at every junction. This can be accomplished rapidly by star-
ting at a junction with known inflow, Many pipes may be assumed to have
zero flow, since it is not important that values close to the final cor-
rect values be assumed. Continuity must be exactly satisfied at every
Junction, however, because it is not upset or improved by subsequent
steps in the balancing procedure.

The complex network is treated as a collection of simple cir-
cuits. In balancing a simple circuit, Equation (l) is applied to each
pipe and the net head loss around the circuit is determined. In Figure 1
pipes are shown with their assumed flow directions; as Q's have been as-

sumed for each pipe, the head drop around the system is given by

i 4 ni-l
P =%, Ry Q] (2)



The clockwise direction may be assumed as positive; if ZH; = O, then the
heads are balanced and no correction to the flows are needed. When ZH;
does not equal zero, a correction to the discharge AQ is calculated and
applied to every pipe in the simple circuit in either the clockwise or
the counterclockwise direction depending upon the sign of Equation (2).

To obtain the correction AQ, Equation (1) is differentiated

—_— = i
n. R, lQll (3)
and AHi/AQ_ is summed for every pipe in the simple circuit with all terms
i
positive. Then the corrective flow AQ is given by
,n.-l

ZH; ZR. Q. Q.| 1
2 = - - 3 %1% (4)
z(0H, /0Q.) . R g [Pt
1 1 1 1

If the ZHi in the clockwise direction is positive, then the flow

in each pipe should be decreased by AQ in the clockwise direction, e.g. in
Figure 1 the flow in pipe 1 would be decreased by AQ and the flow in pipes
2,3, and 4 would be increased by the same AQ.

Each simple circuit is corrected in this manner, in any convenient
sequence; then the procedure is repeated until the sum of the absolute
values of AqQ for all simple circuits becomes less than some predetermined
tolerance. After the heads are balanced in all simple circuits, the
elevation of hydraulic gradeline is calculated for each junction, starting
with the junction with given head.

For determination of steady-state flows for different boundary
conditions, other balancing tediniques may be needed. The transient equa-
tions, developed in the next section, may also be used to find steady-state

initial conditions.” Whether this is an economical way depends upon the



relative cost of engineering time to program the steady-state solution
compared with cost of computer time. To do this, for example, all flows
could be taken as zero, all heads equal to reservoir head, then the as-
sumed outflows started instantaneously at time zero. Steady-state con-
ditions will be approached after several round-trip wave travel times

across the network.



AIGEBRAIC WATERHAMMER EQUATIONS

Solution of the partial differential equations of waterhammer

by the method of characteristics®

leads to two finite difference equations,
one valid along the C* characteristic and the other valid along the C~

characteristic. When expressed in terms of discharge Q and elevation of

hydraulic gradeline H, applied to the pipe of Figure 2, they take the

form
(5)
+, N L a n-
T H (%) - HA(t-g, "o [QB(t) - QA<t-§)] -;% ;22 QA(t-g)!QA(t~§)! -1 g
. (6)
CT: H(t) =g (t-L) + 2 {? (t) - q (t—L)] +fa q(t-I)a (t-L)ln-l L
A B 2 gA |7 B a 2Dght A B A & a

a is the wave speed, A the pipe cross sectional area, f the friction
factor, L the pipe length, t the time, D the pipe diameter, and g the ac-
celeration due to gravity. These equations are valid for any time t, in
steady or unsteady flow, as long as the pipe remains filled with liquid.
In general, each equation has two unknowns, QB and HB at time t for Equa-
tion (5), and Q, and EA at time t for Equation (6).

For algebraic waterhammer these equations are simplified by col-
lecting the constants.

i L
B, = B Ry = 7174 . (7)
1 2gDiA4

The term Ri is the same head loss coefficient used in balancing head in
the Hardy Cross method. Each pipe is divided into Pi equal reaches such
that

P, Dt = i (8)
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with Dt the time increment for the wave to travel through any reach of
the system. The discharge Q for a pipe is triple subscripted Q(J1,J2,J)
in which J1 is 2 if the downstream end of the pipe is designated and is 1
if the upstream end of the pipe is designated, J2 is an integer representing
the pipe number, and J is an integer representing the time

T = (J + JC)Dt (9)
with JC a constant integer. The junction heads are double subscripted,
H(E,J) with E the junction number and J the time counter. In this notation,

Equations (5) and (6) become

ct: Q(2,32,7) = @(1,32,5-p(32)) + B(32) [H(E,,T-P(J2))-R(J2)Q(1,J2,T-P(J2))
la(1,32,5-p(32))|*"] - B(52) H(ER,T) (10)

c”: Q(1,J2,7) =Qq(2,d2,5-P(J2)) - B(J2) [H(EB,J—P(J2))+R(J2)Q(2,J2,J-P(J2))

la(2,32,7-p(32)) |2-11 + B(J2) H(E,,J) (11)

These two equations, which are available for each pipe at any time, are
used together with continuity at a junction, and a valve equation (if an
outlet is present) to calculate the elevation of hydraulic gradline at the

Junction and the flow through each pipe into the junction.



APPLICATION OF THE AIGEBRAIC METHCD TO A TYPICAL JUNCTION

In Figure 3 junction 91 has four pipes connecting it with a valve
outlet; two of the pipes, 7 and 13 have the sign convention for flow into
the junction while the other two, 17 and 23 have the sign convention indi-
cating flow out of the junction., The head H{91,J) and the flows Q(2,7,J),
Q(2,13,7), a(1,17,J) and Q(1,23,J) are unknowns to be found at the current
time. There is one equation for each pipe, Equation (10) for pipes 7 and 13
and Equation (11) for pipes 17 and 23 as well @s the equation of continuity
for the junction, so for no valve outlet five equations in five unknowns
are at hand. With a valve, as shown, an additional equation for flow through
the valve QV(91,J) for given opening is available for determination of the
additional unknown QV(E,J).

In Equation (10), applied to pipe T

(2, 7,J) = cU(T) - B(T)H(91,7) (12)
in which C1(7) is comprised of the first two terms on the right-hand side
of Equation (10), all being known from previous calculations. ¥or pipe 17,
Equation (11) applies and yields for flow into the junction

-Q(1,17,9) = c1{17) - B(17) H(91,J) (13)
in which C1(17) is the negative of the first two terms on the right-hand
side of Equation (11), a known quantity.

For no valve at the junction the sum of the discharges into the

Junction must be zero. After summing up all the flows into the junction

Sy = 0 = 5C1ly - H(91,J)ZB; (14)
Hence
H(9L,J) = 2 (15)
SB;

Then from Equations (12) and (13) the discharges are calculated,
-8-
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If junction 91 of Figure 3 has an outlet to atmosphere control-
led by a valve, then the net inflow to the junction through the four pipes
must just equal the flow through the valve. It is convenient to express
the valve opening by a dimensionless coefficient 7. First by writing the
orifice equation for the valve for steady-state

QUV(E) = (CpAy)g J2g HH(E) (16)
in which, for convenience, the network is assumed to be in a horizontal
plane and the elevation datum for hydraulic gradelines is the system ele-

vation. In general for non-horizontal systems

QW (E) = (cph, ), J2e(HE(E) - EL(E)) (16a)
in which EL(E) is the junction elevation based on the same datum as the

hydraulic gradelines. For any flow through the system

W (g,J) = cphy/eg H(E,J) (17)

or, for the more general case

QV(E,J) = CpA, Vg (H(E,J) - EL(E)) (172)
After dividing Equation (17) by Equation (16)
QV(E,J) = v VCN(E) VH(E,J) = CV ~H(E,J) (18)

or dividing Equation (17a) by Equation (16a)

QV(E,J) = 7 VC(E) VH(E,J) - EL(E) (18a)

The dimensionless valve coefficient 1 is given by

oA
T = T A (19)

in either case and the other constants are collected into

QVV(E

VCN(E) = Vi E) (20)
VC(E) = QV(E) (20a)
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T is unity for steady-state flow and goes to zero as the valve is closed.
CV in equation (18) is T VCN(E).

By writing the continuity equation including the valve

2 - QV(9L,J) = 0 = C1; - #{9L,J)IB; - CV H(9L,J) (21)
whih yields a quadratic equation in H(91,J) only and may easily be solved.

The transient solution starts with steady-state at time t = 0, the
time is incremented to Dt, then each junction is solved for heads and flows
as indicated, in any order. Special boundary conditions are then solved,
such as the flows from junctions of fixed hydraulic gradelines. The re-
sults may then be printed out, the time incremented by Dt and the proce-
dure repeated, taking the valve openings as function of t, i.e. T(E,J)o
Special boundary conditions such as one or more pumping stations may be

included.



DESCRIPTION OF COMPUTER PROGRAM AND EXAMPIE PROBLEM

A network, Figure 4, is used to illustrate the methods. It con-
tains 20 simple circuits, 26 junctions, and 45 pipes. All inflow is at
junction 26 where the elevation of hydraulic gradeline is held at 500 feet
by the presence of a reservoir. Ten outlets, numbered 1 to 10 discharge
from the system to atmosphere through valves. These valves may be stroked
in any manner, the rt-time data being supplied as input data to the program.
Since Hardy Cross balancing may be accomplished using relative values of
flow and of pipe resistances, the inflow is taken as 100 and the desired
steady-state outflow from the ten outlets is given as input data that
must add to exactly 100. ZEach pipe is numbered in any manner with the
pipe number shown at its midpoint. An arrow is drawn along each pipe to
establish a positive flow direction. The relative pipe resistances
R(1). . . R(45) are given in the input data. They may be the actual re-
sistances, from Equation (1), calculated from Darcy Weisbach friction factors
or from the various exponential formulas. The exponent may vary for each
pipe as well as the resistance coefficient.

The steady-state flows through each pipe and the junction head
determinations are first considered. By starting at junction 26 flows are
assumed through each pipe such that continuity is satisfied at each junc=-
tion. These are shown in the input data as QQ(1) = 60., 40., 10., etc.
listing the flow through each pipe from 1 through 45. The apportioning
of flows is rapidly accomplished and does not need to be close to the
final answer for the method to converge. One may, for example, select
flows such that 28 of the lines are initially assumed to have no flow, and

still satisfy continuity at every Jjunctbn.

-11-
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The computer program, written in MAD compiler language (Michigan
Algorithm Decoder), Figure 5, contains two read statements. The first read
statement, No. OO0l inputs circuit information for the Hardy Cross steady-
state balancing. The input data for this statement is shown in Figure 6.
The first part of the program, statements 001l through 007 solves for the
steady-state initial conditions. Statement 002 is used in locating integers
in the series X(1) = 1,2,2 . . . which describes the simple circuits. For
example G(4) is the number of integers neededto describe the 3-sided cir-
cuits, G(5) equals G(4) plus the number of in*tegers needed to describe the
L-sided circuits, etc.. Statement 003 sets all exponents equal to the given
exponent NN in the head loss term. Each NN(I) may be placed in storage di-
rectly with input data if they vary.

Statement OO4 is a compound iteration statement that solves Equa-
tions (2), (3), and (4) then corrects the flows, checks to determine if the
tolerance has been met, and continues to balance all the circuits until it
has gone through them Z times or until the desired tolerance is reached.
Statement 005 converts the relative R's by multiplying by SS, and converts
the relative discharges to actual discharges QQ(I) by multiplying by SF.
Statement 006 calculates the heads at each junction of the system.

The indexing system for specifying the circuits starts with
X(1) = 1,2,2,12, 11, 3. These first 6 integers specify the 3%-sided circuit
comprised of pipes 12, 11, and 3., The first number 1 indicates flow in
pipe 12 is clockwise, the seconds number 2 indicates the flow in pipe 11
is counterclockwise and the third number 2 indicates the flow in pipe 3
is counterclockwise. In the second line of statement OO4 starting J = 0,1,

etc., W determines the clockwise or counterclockwise term, and Y the pipe
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number, QP collects certain terms that are used in the next two terms, DH
collects ZHi and HD is & dHi/in. Then DQ the correction is calculated,
and the absolute DQ's summed for all circuits. Finally the Q's are correc-
ted for each circuit. This is continued until the tolerance is satisfied
or Z is reached. In accomplishing the balancing, statement OO4 takes up
all 3-sided circuits in the order given by the data in X(1) = ..., then
continues to the L-sided circuits, etec.

Statement 006 uses the indexing given by the data for XX(1) = 1,1,
12,5,1,14 . . . H = 500 is given as elevation of hydraulic gradeline at
junction 26, With reference to Figure 4, the first 3 numbers of XX(1)
indicate in order, the pipe number, the flow direction (1 if toward the
next junction, 2 if toward the previous junction) and the junction at which
the elevation of hydraulic gradeline is being computed. Similarly 5,1, 14
gives indexing information for calculation of head at junction 14, etc.

By judicious selection of order of junctions, all elevations of hydraulic
gradelines are calculated and the final one is junction 26 which checks the
program. In statement 006, L is the junction number, Y is the sign on the
head loss term and 7 is the pipe number.

The print results statement, 007, prints out the final steady-
state discharges through each pipe and the elevation of hydraulic grade-
line at each junction.

The second read statement, 008, provides the additional data
needed for the transient calculation. These data are shown in Figure 7.
Statément 009 sets initial high values for minimum HGL elevation and low
vaiues for maximum HGL elevations, which are subsequently adjusted to their
proper values. OStatement 010 is similar to statement 002, now acting for

the 2nd set of X(I) data read in. It computes the number of integers in
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X(1), i.e. G(2) = 0 is given in the data, G(3) is the number of junctions
with 2 pipes times the number of integers needed to describe the Jjunction.
For a junction having two pipes 8 numbers are needed. X(1) = 10,1,7,1k4,1,
8,15,2 states, in order, junction 10, 1 means & valve is present (O for no
valve), pipe 7, connected to Juncticn 14 has flow (1) into junction 10;
pipe 8, connected to junction 15 has flow (2) out of junction 10. The in-
dexing data for all other junctions having two pipes follow in any order;
then all the junctions having three pipes are ;isted etc. Hence, G(4)
represents the number of all the integers listed in X(I) up to the begin-
ning of the listing for 4-pipe junctions.

Statement 01l gives constants needed to handle the valves. DTA(I)
is the spacing, in time, between data points in the tau-time data TA(I,0)
=1.,, . . . listed in Figure 7. VCN(I) calculates Equation (20).

Since the algebraic waterhammer method needs values of H and Q,
Li/Ai seconds earlier than the current calculation, it is necessary to
place in core storage the steady-state heads and Q's for the previous JJ

increments of DT, where JJ is the largest P; for any pipe,plus one. State-

ment 012 accomplishes this objective for discharges, and statement 013 does

the same for heads.

Statements 014, 015, and 016 sets the headings for the transient
output. Statement O1l7 is the heart of the transient program, as it, together
with the internal fuhctions Pt. and AT., calculates transient heads and dis-
charges at each junction. Jt is the number of time steps DT that may be
taken without exceeding storage requirements. Statements 018 through 022
move the calculations back in the storage space and causes 017 to be exe-

cuted again and again until the maximum time ™ of the transient is obtained.



-15-

In reading statement O0l7, each opening parentheses starts an
iterative through statement; each closing parentheses to one of these
statements is the end of the iteration. J represents the time steps, M
is used to denote the number of pipes at junction under consideration and
K locates data in X(I). A is the £C1l; in Equation (14) and C is B, in
the same equation. E denotes junctionnumber. L is the counter in proceed-
ing = through all the pipes at a junction, from 1 to M, used in determining
A and C. C1(L) is the first two terms on the right hand side of Equation
(10) or the negative of the corresponding terms of Equation (11). The itera
tion through L for a single junction closes just before AT. in line number k.
AT.(T) is the internal function statements 026 through O41 that performs a
parabolic interpolation for T and then calculates the head, and the dis-
charge through the valves at the junction. The next L iteration calculates
the discharges through the pipes at the junction. The M, K, and L loops
close here, then the PT. internal function solves for special boundary
conditions and prints out results.

For the example problem, arbitrary valve closures have been se-
lected for all ten of the valves, rapid enough so that a rather violent
pressure fluctuation occurs. The computer output is shown in Figure 8
- - - it has been selected in an arbitrary manner to illustrate heads and
flows at various junctions. To print out all the results wauld take ex-
cessive computer time. The maximum and minimum HGL elevations, however,
are printed out for all junctions. Although calculations are made for each
0.1 sec the results are shown for 1.0 sec intervals. The core storage
has been moved back after each ten time steps. This, however, is not ne-
cessary with the small number of pipes used. The program, with the di-

mension declarations shown (statement 025) is suitable for a 250-pipe
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system with up to 20 valve-controlled outlets. An approximate formula for
JT, the number of steps that may be retained in storage is

18,500 - (14JP + 5 JU + 17 JV)
2 JP + JU + JV

JT = (22)

in which JP is the number of pipes, JU the number of junctions and JV the
number of valves. This is based on the 32K - core storage of the IBM T7090.

If more detailed information is desired on the transient condi-
tions within a given pipe, any sesction between two reaches (or all sections)
may be considered to be a valveless junction. In fact, column separation
and subsequent rejoining could be calculated for the pipe. Computer execu-
tion time for larger systems would be roughly proportional to the number
of pipes in the system. The example problem required 81 sec time, from
which estimates may be made for larger systems and longer duration of
the transient.

Figure 9 shows the transient heads resulting from a pipe rupture
at junction 21. For this calculation the head at Jjunction 21 was set eqgual
to 0. after steady-staté conditions were established with the reservoir
at 200, feet. Minimum heads were restricted to - 33. feet. Since these
periods of vapor formation lasted only a short time, up to 1 %-seco, very
little column separation would occur and high pressures would not be ob-

tained.
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SUMMARY AND CONCLUSIONS

A procedure has been developed for calculating hydraulic tran-
sients in complex distribution systems containing up to two or three hun-
dred pipes with multiple valved outlets, The complete computer program,
in compact MAD compiler language is presented. The basis of the water-
hammer analysis is the use of algebraic waterhammer equations applied over
each pipe of the system, thereby calculating flow at each end of the pipe
and head at each junction at time increments of the order of one-tenth the

wave travel time in the longest pipe.
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Figure 1. Simple circuit to which head balancing is applied.
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Figure 2. Pipe of length L and wave speed a, with positive
flow direction shown by arrow.

Figure 3. Junction 91 having four pipes and a valve outlet.
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READ AND PRINT DATA

(I=44141.6¢

5¢GLII=G(I-1)e2%({I-1)eN{]-1)) S e

SPRAY . (INNyNN{L1)es NNLJIP))
CALCULATION OF STEADY STATE HEADS AND FLOWS

(M=0,14M.G

eZoORQDLeTOL1QD=00 e (L=3g19LeGaN oUS28L o VEN(L ) *U, (

I=hsUsl1eGaVoDH=04 sHD=0ay (J=00 Lo JoEel oW X{GIL)¢I#J¢L ), Y=X(GIL)
1400 ,QP=R (W) ®.ABS.QQ(W) P (NNIW)=10) yDH=DH+SIY)*QQ(W)*QP,HD=
HO +NN{w) *QP) 4 DQ=0DH/HO+Q0=QD+ < ABS e DQef =l sl sdaEalla =X (GIL ) ¢+1+J
“L) o Y=X(GIL )+ 1+J)4QQIY)=QQIY)-S{W)*0Q) }))

(I=19191.G

(1=19341.G.

oJPHRETI=RETI*SS,QQLTI=QQIT1)2*SF)

XX L=XX (142} g Y=S{XX{I41))2=XX{]),

HHOL) =H-Y*R{Z)*QQ(Z)*.ABS.QQ(Z).P.INN(Z)=1.) oH=HHI(L))
PRINT RESULTSMyTMSSySFoTOL,QQU1)eseQQUIPIyR{LIceeRIJPIJHHIL) oo e HH{JU)
READ AND PRINT DATA

(I=141,1[.E

(1=34141.G,
(I=1sleleGo
(J2=1414J2.

1))
(J=111sJdaC

eJUyHMIN{I ) =H HMAX(1)=0,.)

6oGlIN=GlI=-LIeN(I-1)*{3%]-1))
JYOTACTI=TCII)/DTVVCNLI)=QVVIT)*SF/SQRT.(HH(1)))
GedPy(Jl=1919J1eGe2eld=1919deGedJsQldl4d2,J)=QQ1J2

eJJeldl=lelsdleGodUsHIJLad}=HH{JL} )

PRINT COMMENT sl HEADS AT SELECTED JUNCTIONS FOR INDICATED

TIMES. ALSO DISCHARGES AT DOWNSTREAM END OF SELECVED PIPESS

PRINT COMMENTSO J TIME HJI HJ2 HJ3 HJ& HJS HJ6
HJT HJ8 HJ9 HJLI0 HJLl HJIL3 HJIlé HII9 HJ21 Q1

Q8 Q23

Q31 Q38s

PRINT COMMENTSOS o

(J=dT 010 deGedToT=lU+JCI ¥DT o (M=22,1 ¢y MaGeNyJ2=2+438MoJI=N(M)*J2,
(K=l.J2:K-G-J31A=O..C=0-'E=X‘G(")*K)1(L*lolgL-G.NcV'K*3‘L1“3x
(GIMI4VELY o Y=XIGIMI#V~1)Z=X(GIMI+V) ,D=Q(W,Y4J-P(Y)},Cl(L})=D*
SIWIEBLY)®IHIZyJ-PLY))-S{W)*R{Y)*D* . ABS.DPINN(Y)~]1.) ) yAzA+C
LUL) oC=C-BUYI)gAT ol T) o (L=1sloleGoMyV=Ke3¥L 4F=KIX(GIMI*V+L)),Y
EXIGIM) V=10 4Q(F s Yo J)=SIFI*(BIYI*HIEsJI-CLIL)) L) )4PT.(T))

(J=1414J.6e

JIolV=1l91loVeGoadUsHIVoJI=HIV, J+22)))

(121019 leGedPolV=1ly19VeGe29ld=loledeGeddsQiVelad)=QlV,l,J¢22)

R D]

(J=1+19J.Ge.

JC=JC+ZZ
JT=dJ+l

JIelV=1ly19VeGedVoQVIV,J)=QVIV,J¢22)))

TRANSFER TO FOX

INTEGER 19dsJd1eJd29d39JT9dCoUsV oW Yol NePoXXgEaX o JdReJPysJU IV o d XXy
JIodT oZZL g Ko KL g K2 9 Mol oGoFoX

DIMENSION X(2000) ¢ {QVVoVCNoDTALTCoC1leKIE20),Q(2#250%20),H(135820),

Qv(20%20),

(PeByRyNNI(2500 s TA(20%{0ccal 1)) oNEF}4S5(2)4XX(420),

HH{135),QQ(2500 ¢ (HMAX HMINY (250),6G(10) e
INTERNAL FUNCTION AT.(TT)

WHENEVER X{G(M)#+K+1}.E«L.AND.TT.L.TCI(E}

I=TT/DTA(E)+1

TH=(TT-1*DTA(E))/DTALE)D

CVv=VCN(E)®

AlEsI-1)-2.

(TA(E [ )4 5¢THO(TA(EQ I+ 1) -TACE o I-1)¢TH®{TA(E(I+1)+T
*TA(E. 1D 1))

WHENEVER CV.LE.O.+TRANSFER TO FX1
HUEsJ)=( 5% (CV/C)ePo2-A/CI#(1.-SQRT 1= (A/ICO{.5%(CV/C)oP o2~

A/C))).P.2
QVIEsJ)=CV
OTHERWISE

WHENEVER X

1
$SQRT.(HIELJ))

(GIM)#Kt1)aE.14QVLE d)=0. S —— e -

HIEsd)==A/C

END OF CON
WHENEVER H
WHENEVER H
FUNCTION R

DITIONAL
{Esd)aLoHMINIE ) yHMINIE)sH{E J)
(EsJ) e GaHMAX{E) s HMAXLE)=H{Es J)
ETURN

END OF FUNCTION S -

INTERNAL F
H{JUyJ)=HO
(I=111s1.6
1)-R{1)*0s.
WHENEVER J
GellsHiVed
19Ql24234J
WHENEVER T.
PRINT RESU
TRANSFER T

UNCTION PT.(TT)

«2902QU2, 1y J-Pl1)1)4QUYs14J)=DeBULI)SIHO-HIL3-],J-P(I
ABS.DPLINN(I)-1e) )
JURULEe Jo PRINT FORMATSIH 'ISqual.lSanOu5F6.2‘3.JOJCpT'(V'l 14V
JIeHIL34d)oHI 140 ) oHL19e ) o HI21 o d) oQE2,0 440 ,4Q12,8,0
) 9Q(2¢3145J)4Q12,38,J) ’
G.TH .
LTS HMAX{1) oo e HMAX{JU-1) yHMIN(]1) oo e HMINCJU=-1) 4 DT, DTV, JT,JXX
0 HERE -

END OF CONDITIONAL

FUNCTION RETURN N —
END OF FUNCTION

END OF PROGRAM [

Figure 5.

Computer program for balancing heads by Hardy Cross Method and for calculating
transients by algebraic waterhammer equatlons.

$001
%002
%003

*006
$004
*004
€Q04
*004
*0n5
#006
$006
*007
*008
*009
#010
*011
012
*C12
*013
014
*014
*015
*015
*015
%016
%017
%017
*017
%017
N7
*017
*018
*019
*019
2020
*021
%022
023
024
*024
*025
*025
2025
%026
#027
*028
#029
*030
%030
*031
#032
#032
#0313

#0364
18035

*036
*037
%038
*039
N4 0
*04)
%042
%043
*044
044
%045
*045
045
046
*N47
%048
*049
050
%051
%052



INPUT DATA FUR STEADY

atll= 60,0 40.0 10,0 30.0 30.0 10,0 20.0 15.0 15.0

11.0 2040 10.0 25.0 15.0 25.0

Ritl= 1.0 1.4 15.0 7.0
8.0 3.C 7.0 2.5

x(hy= 1 2 21211 3 1
2 2353334 1 1

15 20 1716 4 1 2

12 36 42 43 41

XX{1)= 1 1 1z 5 1
25 40 1 6 3§

2 18 21 1 19

-01-

STATE FLOW AND HEAD DETERMINATION

35,0 15.0 30.0 2040 2240 1240 1040 3040 30,0 5.0 16,0 4,0 100 6.0
0 15.0 8.0 3.0 <0 6.0 9.0 «0 6.0 9,0 6.0 ~5,0 «C 1IN0 25.0 o
640 8.0 5.0 6.0 6.5 3.0 9.0 4.0 6.0 5,5 10.0 8.0 45 4o 20.0 5,0 25,0 7.0 1n.n
5.0 3.2 20,0 7.0 12.0 25.0 22.0 15.0 12.0 18.0 14.0 9,0 8.0 10,0 .0 7.5 2.3 6.5
2 2 4 6 5 1 1 2223623 1 1 2243025 1 2 2252019 1 1 2262827 1
2333732 1 2 2454442 1 1 2 2 2 3 4 1 1 1 2 213211514 1 1 2 2
2171918 9 1 2 2 223242021 1 1 2 232413130 1 1 2 2 31 43 29 28 1
1 1 1 211141610 1 1 1 2 2 610 9 8 7 1 1 2 2 213639 40 38 37
14 7 1 10 8 1 15 18 1 20 27 1 9 29 1 8 44 1 T 45 2
2 24 36 2 23 37 1 5 41 1 22 3) 2 21 2 4 34 2 2 22
20 1 3 17 2 16 16 2 171 14 2 1 11 2 13 3 2 11 2 2 26
N(3)=9.9.2.NN=Z.001[*lbyN=5.TUL’.lO.JP=65.S(l)=l'5(2)8—l'JlX=7B'HH(26)=5(‘0»SS=-01.SF=.60.JU=26'H=500'G(3)=0'QD=2
Figure 6. Input date for first read statement.
INPUT DATA FOR ALGEBRAIC WATERHAMMER SODLUTIJON
P{l)s 7 4750686565 96557456554569617656179665576755447¢6929
+020 039 ,016 .012 .0C8 .024 010 .027 .020 .0l4 .0l2 .026 +021 020 .033 ,911 001 .01l 01O
«.010 .016 .015 .02]1 .008 .004 .002 .006 .007 .003 .006 006 008 .001 ,004 .N09 .013 .CC6
8.0 9.0 15.0 12.0 10.0 10.0 QVVIL)= 3,0 4,0 10.0 6.0 7.0 15,0 25.0 10.0 15.0 5.0
«50 440 .30 .20 .10 .00 .00 TA(2,0121.00 ¢93 485 76 66 55 +43 .32 .20 .07 .00 .00
«48 37 427 .15 .04 .00 .00 TA(4,0)231.00 .80 462 .46 <32 .20 .10 .05 .01 0N .00 .NO
«50 40 .30 .20 .10 .CO L00 TAL6,0)21.00 ¢93 o485 476 «66 o455 «43 .32 .20 .07 .00 .00
«48 37 .27 .15 .04 .00 .00 TA(8,0)=1.00 .80 +62 .46 .32 .20 .10 .05 .01 .00 .00 ,00
55 +43 432 .20 .15 .10 L00 TAL10,01=1,00 .90 .80 .70 .60 450 .40 .30 ,20 .10 .00 .00
15 224 03623 139 6 2 6 1 3926 14025 1 7 144 B 14525 1
12 1 212 0 126 1 413 2 514 214 0 512 1 613 2 710 2
1820 217 014 1 11519 21616 219 02118 11517 120 3 2
29 8 2 2 12218 134 4 23523 222 041 5 13121 143 8 2
1417 21318 216 01013 11617 1 915 217 3 220 019 3 11815 1 26 21
12119 223 4 222 2 223 035 2 133 4 13624 237 5 2 5 13723 13
B 129 9 1 43 22 1 4225 1 44 7 225 038 5 142 B 245 1 240 6 2
614 111 1 21016 2 3 11716 12019 119
21 025 3 12620 130 & 13122 228 9 2
24 3 13021 232 5 23323 2

B(l)= .04) .040 .C12 .020

.008 .014 .006 .C19

TClli= 7.0 5.0 6.0 16.0
TA(L,00=%1.00 .90 .80 .70 .60
TA(3,0)=1.00 .91 .82 .73 ,60
TA(5,0)=1.00 .90 .40 .70 .60
TA(7,0)%1.00 .91 .82 .73 .60
TA(9,0)=1.00 .93 .85 .76 .66

2 PIPES X{1l)= 10 1 7 14 1 8
3IPIPES 11 0 226 1 313 2
15 0 810 1 916 |

9 12720 12821 1

@ PIPES 1 11211 11113 1
221 9 218 013 1}

4 1 41 22 23825 2

S PIPES 13 0 412 1 311 1
20 224 4 22521 2

6 PIPES 4 12318 134 2 1

KU1)22yK(2)=1yUnl0yTM=30,DT=, 1y Ns64N(2)24¢99843,19IV=104JT220421210,+J7=10,H0=500,46(2}=0,0Tv=210JJ=,10,JC=~10

Figure 7.

Input data for second read statement.
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