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APPENDIX E~1

PROGRAM USERS GUIDE

'E-1.1 INTRODUCTION :

This program calculates the flow and pressure ptofiie in a_hydraulic
network. The solution method is based on correcting the flow in éﬁch '
loop until a head loss balance is achieved. Flow corrections are deter-
mined from the solution of a set of algebraic equations. The equations
are made up from the total differential of the head loss around each
elementary loop in the network. The network does not require loop number-
ing or any special numbering sequence. 'The program is designed to operate
efficiently on large networks: it is presently configured it can accomo-
date 400 lines and 400 junctions. An option is available to allow adjust-

ment of initial line sizes to fit specific head losses.

E-1.2 MODEL DESCRIPTION

The Hazen Williams flow formula is used as the mathematical nodéinw
of the hydraulic network. This equation is expreésed as described below
~and utilized in the program to relate pressure loss to flow in a circular
éonduit. .Either USA, USA with imperial gallons, or metric units can be

' used provided they are consistent and not intermixed. The input data
rih Section E-1.4 delineates the appropriate units.
AP = (_QL.J..BSJ.S
: (x) .
i thete Q = flow in U.S. gpm, imperial gpm, or cubic meters per hour
| AP = pressure drop between the ends of the pipe in feet @r meters

X = pipe characteristic computed from the following formula:
o x=k c¥® @0
L?ﬁhékgkc = Hazen-Williams coefficient of roughness

D = Diameter of pipe in inches or millimeters
i K

Length of -the pipe in:feg; or meters

Constant



Since the sum of the pressure loss (gain) around eaeh loop in a
hydraulic network is zero, equation(l) can be applied to each pipe in4
each loop to yield a set of nen-lineor equations:that, when solved, will
define the ptessure profile in che network That is; each loop vill §
have an equation of the form.kpy ‘ . B

.ij - 151

Hhere Hj - headlloss in 100p J

= féL?'- number of pipes in. loop J

The set of non-linear equations deve10ped by utilizing equation (2)
'jare solved using Newtons methods which is essentially a means of liniar-
izing a non-linear equation set and thereby permitting the use of one ofi
the many methods available to solve linear simultaneous equations.h,_f |
The procedure is to use the mathematical chain rule to develop the totali
differential of the loop head loss equation. ' ’ -

ol
i, =y
k .5qk ,
Hhete?dhj = total differential of head loss in loop j
qu = total differential of flow in pipe k ‘
QHJ = partial differential of head loss in loop j with respect
. 3,(q)k-' o
BRI to flou in pipe k

;[Then, assumingAHj - de anqu1 | k'a set of linear equations resulti
- that can be solved simultaneously for Aqi, where Aqi 1is: the loop flou

3 correction. Using the corrected flow rate a new set of . equations are
found and another flow correction is detérmined. This procedure is -
continued until the loop flow adjustment in all loops is‘less than,somei

preselected value.

The Choleski method of factorization is used in solving the linea1
~ equation set. For symmetric mattices, this method is exttemely fast

and very accurate.

E-1.2



The mathematical model described above will not, in general satis-
factorily represent an actual hydraulic network. Therefore, pipe fittings
‘4end preseure changing elements such as pressure reducing stations (PRV)
.eed‘boester pumps can be included to obtain a model that is more repre-

_sentative of actual hydraulic systems.

The inclusion of pipe fittings is accomplished by assigning equiva-
- lent lengths to the lines. Equivalent lengths are input along with the
line data as explained in Section E-1.4.

To include PRV's it is necessary to have both the set point and the
pressure loss across the PRV. In this model the network is first solved
without PRV's and then the hydraulic grade line (HGL) at the junctions
downstream of each of the PRV's is compared to the set point. If the set.
point is below the calculated HGL then the pressure at the particular
junction is maintained at the set point for any additional network solu-
tions. Because controlling of the HGL at a junction mav cause unwanted
demand flows to occur, this condition is tested for and the model will
make adjustments to the PRV set point in an effort to eliminate large

demand flows.

The inclusion of tooster pumps is accomplished merely by defining
_the line that contains the pump and the amount of head Aincrease: across o

'the pump. These requirements are- described in Section E-l 4.,

The model assures that reverse flow does not’ occur in either the
PRV's or booster pumps. If reverse flow is found the pressure loss (gain)
across the element is adjusted until the reverse flow ceases or the
pressure loss (gain) becomes zero. If there is still reverse flow the
" resistance coefficient for the line that contains the pressure changing

element is set to a large value to effectively eliminate flow in that

- line.

, Also included in the model is a means of comparing the calculated
heed loss in each line to a specified tolerance. If tie Head loss is
not within tolerance, the line diameter is adjusted. After each adjust=~
ﬁent the system flows are rebalanced and again head losses are compared
to the tolerance. This process is repeated until all head losses are

satisfactory or som? specified maximum or minimum line diameter is reached.

E-lo 3



'E-1.3 COMPUTER PROGRAM

The computer program is divided into a MAIN program and 12 subrou-
tines; the subroutines are named INPUT, CHNG, TREE, LOOP, PARAM, NUMBER,
MATRIX, ZERO, HYDGL, PROFILE, DIA, and COMP. A functional description
of each subroutine is given in the following paragraphs. The algorichms
‘used to define and number loops were devised by R. Epp and A. G. Fowler ‘

Subroutine INPUT. This subroutine reads comments and parametér datA'

and all data required to describe the lines, junctions, and demahd f1ow$j
of the network. Also, a table is established that relates line numbers‘

to junction numbers. Output of line data is also accomplished if a‘dété.
error is found or if this output option is selected on the parameter card

(see Section E-~1.4).

Subroutine CHNG. If there is reverse flow in a PRV with zero presqure

loss this subroutine removes the set point control from the junction
downstream of the PRV. Also, the effective resistance of the line,thgt
contains the PRV is set to a large valve; this virtually eliminates the

flow in this line.

Subroutine TREE. This subroutine initializes flow in a11 of the lines.

The 1nitializacion is such that a mass flow balance at each 1unction is

achieved; however, there may be zero flow in some lines.

Subroutine LOOP. This subroutine identifies all of the network»loopé;

Subroutine PARAM. This subroutine reads the water source and booster

pﬁmp data. One card is needed for each water source.(there must be at
least one in the network) and the first such resource defined becomes
the reference head for the network. The water source(s) can be either
é“pump or reservoir or both. Imaginary loops that connect the reference

junction to all constant head junctions are established in this subroutine.

Subroutine NUMBER. This subroutine assigns numbers to the loops in

the network. Adjacent loops are numbered sequentially; this tends to
-increase the number of zero filled diagonals in the coefficient matrix
thereby reducing the number of elements that must be considered when

solving the equation set.

E-1.4



Subroutine MATRIX. This subroutine calculates the partial differen-
tiala of the loop head loss and sets up the coefficient matrix. After
calling subroutine COMP to solve the equation set, the flow rates in all

lines are adjusted. The amount of flow rate adjustment is compared to
the limit set on the parameter input card and if none of the adjustments
exceed this limit the solution algorithm is stopped, if the adjustment

in one of more lines does exceed the limit a new coefficient matrix is
established and another solution is obtained. This iterative proceduring

is continued until the flow adjustment test is passed.

Subroutine ZERO. This subroutine is used to test the pressure down-

stream of all PRV's when they are wide open. If the pressure is above
the PRV set point then the pressure at the affected junction is maintained

at the set point, if the pressure is below the set point no action is

taken.

Subroutine HYDGL. Starting with the given HCL at the reference
junction this subroutine calculates the HGL at all the remaining junctions,

The procedure is to move from junction to junction in the network while

subtracting the head loss in each connecting line.

Subroutine PROFILE. This subroutine generates all of the program

output.’

Subroutine DIA. This subroutine compares line head loss and makes

.aoy necessary adjustments to the line diameter.

Subroutine COMP. This subroutine solves the set of 1ineat simulta-

.:néous equations. The results obtained from execution of ‘this subroutine

are used to adjust the flows in the network.

Bel.4 “PROGRAM INPUT REQUIREMENTS

Preparation of Input Data

1. Prepare a sketch of the network. Show all lines. loops, yariqble
head flow inputs .:ud outputs, booster pumps. PRV's, and watet

sources.
*

A line is a reach of pipe between two junctions.

A loop is a closed cireuit fotmed by. tvo or more lines,

E-1.5



:;A junction is a pipe tee, cross. point where water ‘enters or

'leaves the system. or a point where pipe characteristics change.

A constant head input or output is a point where water enters or
leaves the system under a constant pressure while a variable head

input or output is a point where flow remains constant. .

2. Assign identifying numbers to each line. The sequence of the
numbers is of no significance to the program; however,, sequential
grouping of line numbers in certain regions may be useful to the.

user when referencing lines.

3. Assign identifying numbers to each junction. The sequenCe of
numbers is not significant to the program so the user can assign

the numbers in any convenient manner,

4, Show the flow out(positive) or in (negative) at each junction

that does not have a constant head.
5. Show the HGL in all junctions that are to have a oonstant head.

6. Using the sketch of the network as described aboVe the data can

be transcribed to the input forms described below.

Data Requirements

Program input requirements consist of a comment card, a svstem
parameter card, junction data, line data, water source data, and booster
pump data. The comment card is the first card in the data set and it
can contain a maximum of 80 characters that are used to describe or
identify the network being analyzed (see Table E-1.1). The second card in
the data stream contains system parameters that are used to establish
~solution tolerance, adjust demands, limit the number of iterationms,
control output, indicate whether USA, USA with imperial galloms, or
metric units are being used and to specify the head loss tolerance and

related parameters.

The solution tolerance (item 1 in Table E-1.2) is used to terminate
program execution, i.e. when the flow adjustment in all loops is less
than the solution tolerance it is assumed that the network is balanced.
If necessary to change all of the demand flows by some amount a factor

(item 2 in Table E-1.2) can be entered to accompltsh this. For example, if

E-1.6



:*all flows were to be increased by 25 percent a factor or 1 25 Hould be
f;entered The maximum number of iterations (iten 3) is used as a means

‘ 7of terminating program execution if the solution procedures is diverging.
':Items 4 and 5 are self explanatory. R :

The minimum and maximum head loss allouable (items 6 and 7) is used
Mto determine if a line diameter is too large or too small. The increments
‘(items 8 and 9) are the step changes that will be made to a line diameter
if. the head loss in that line is not within the allowable Small and
large diameter lines can be varied at different increments if necessary.
The diameter that séparates small and large is determined by item 10,
i.e. all diameters equal to or greater than the value if item 10 are
considered large; all other diameters are considered small. There may
be some cases in a network where the head loss in a line is fixed by
conditions other than line size. For this reason a maximum and minimum
diameter allowed can be included in terms 11 and 12 to stop the program

from searching for a nonexistent solution.

TABLE E-l 1
COHHENT CARD

BT



~ TABLE E-1.2

~ SYSTEM PARAMETER DATA -

"y

_ Coiumn

ments are not allowed otherwise
enter\a 1

7 Item '\L“?ogition
'Solution»Tolerance L o - 01-06 F6.0 - US, Imperial GPH,

'_‘A factor to adjust che demand flow ‘07-12  F6.0 ‘.NA S
Maximum number of 1terations ; N 13-16 14 (right ‘NA

: KR ] S "jJustified) s B
'Enter a 0 if the iine data is to :i7718 12 (right NAfgﬂ‘xT'
be printed out, otherwise enter a 1 . - justified) e

' Enter ay0 for US units, a 1 for ”fll9420 12 (right NA

_metric units, or a 2 for US units S Justified)
with imperial gallons N ﬂ
Minimum head loss allowable Vﬁﬂ?ﬁ”21;26 F6.0 £f£/1000 ft or

o . »/1000 m
~ Maximum head loss'éllodable. ‘UAf327'32 ~F6.0 £t/1000 ft or
_— | . L ~ S m/1000 m ‘

. Increment for small diameter. lines "133-38 . . F6.0 inches or millimeters
Increment for 1arge diameter- lines' 39-44  F6.0 inches or millimeters
Diameter that separates large - 45-50 F6.0 inches or millimeters
and small lines T . '
Maximum-allowable diameter o 51-56 F6.0 inches or millimeters
Minimum allowable diameter t-57-62 ‘FQ:Qﬂ Lu _inches or millimeters .

"Encer a 0 if line diameter adjust- 63-64.: };_;2;' ];];-’ ‘ NA

v
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Junction cata follows system parameter da.a; one card is required
for each junctior in the network plus a blank card that is used to
terminate the junction data imput. Table 3 lists the junction data
requirements. Item 2 "ADDRESS" can be used to describe the location ;r

any other pertinent information related to a junction.

The PRV requirement is used only for junctions downstream of a PRV.
If the PRV is functioning the program will maintain the downstream HGL
- at this set point. If the PRV is not functioning no action is taken,
" that is the HGL at the downstream junction is allowed to vary.

Line data follows the junction data; one card is required for each 1
line plus a blank card that is used to cerminated the line data. Table,
E-1.4 described line data input. | ’

JUNCTION INPUT DATA

Item - Column Position  Format B )Uﬂiﬁf,_‘ijl'
Junction Number < _ 01-05  ', 15 (right ' Vﬁkﬂ
- ‘ o . Justified) '
Adress 3 o "7§ﬁV06-25 e 5A4 NA
' Ground Elevation _f : 3u,526-32; . F1.0 Feet or
. e DR SRR ‘ ' Meters
Demand Flow T UFLO- US GPM, Impe-
Pt R ( rial GPH, CHH

PRV‘Sg;’Poiﬁti@f:»v”d‘ Feet or Meters

e : i

= 'zwf T
b Following line data is the water source data. One card is needed

?for each water source (there must be at least one in the netuork) and
the first such source defined becomes the reference head for the network.
Tﬁé,water source(s) can be either a pump, a reservoir, or both. Table E-1.5

:tabulates the water source data requirements.

E".l.g



_ Booeter punp (or preasure reducing vnlve) data is next.; One card
‘bis needed for each pump (or valve) plua a blank card that is used to
terminate the booster punp data.‘ See Thble E-1, 6 S

LINE INPUT DATA

- Item : -+~ Column Position Format Unit

Line Number - 01-05 15 NA
Upstream Junction Number ~ 05-10 15 NA
Downstream Junction Number 11-15

Line length , ,a'16f21 ‘ F6.0 Feet or Meters

Line Diameter S i22=27 . F6.0 Inches or
SR T S Millimeters

Hazen-Williams : L ff"\ _ FR 037/
Coefficient 2833 F6.0 (Feet)®

Equivalent Length | ‘3@%39; C F6.0 Feet or Meters

Enter a 0 for existing R T B
line or a 1 for new lines 40-44 - 15 NA

Sample data sheets are ehoéhfeefe;hiﬁite7E-i;ietht&hgh E;1;IV.

E-<1.10



WATER SOURCE INPUT DATA

Itenm

Comments

Junction No.

Hydraulic

Grade Line

Storage

- Column S
Position ‘Format Unit
01-05 15 (right NA
justified)
 11-200  F.10.0 = Feet
o S ‘ o or
7. Metres
21-30 F10.0 MG

Enter the identifying
number of the junction
that represents the
water source.

Enter the hydraulic
grade line of the water
source, that is, the
elevation of the water
sur face.

1f a reservoir, then
capacity in MG, other-
wise 0 for pumpstation.

E~-1.11



' TABLE E-1.6
'BOOSTER PUMP OR PRESSURE REDUCING VALVE INPUT DATA

: Item

Column
Position

Format

Unit

Coﬁments

‘ Liné Number

Number of Pumps
in Parallel

Pump -Coefficients

01-05

06-10

11-20
30 oo
l31—40”;]~

15 (right
justified)

15 (right
jus;ified)

F10.0
F10.0

NA

NA

Enter the identifying

number of the line in

which the booster pump
installed.

Enter the number of pumps
in parallel.

Enter the coefficients

of a third degree poly-
nominal that expresses

the pump head as a func-
tion of flow. If a
constant head is desired,
enter the required head
as the first coefficient.
Use a negative valve if
a pressure reducing valve
is used.

First coefficient
Second coefficient
Third coefficient
Pourth Coefficient

E-1.12



'EZ1.5.  PROGRAM OUTPUT

'lﬁtogram output is shown in the Sample Data Sheets, Exhibits E-1.I to
E-1.IV. The first page has title and shows the number of junctions and
.lines in the network and the total system flow. Also some information
is written out to indicate various stages of completion. Vector A in the
program is limited to 6,400 elements, hence its length is printed out as

an aid to the user.

It was necessary for the program to change the pressure loss (gain)
in any of the PRV's or booster pumps, the number of the lines that contain
the elements is printed out. The amount of pressure change can be deter-
mined by comparing the value printed under the column heading, BOOSTER,
or PRV, to the values that were input. Also, if it was necessary to adjust
the PRV set point this information is printed out. If adjustments to line
diameters were made, the affected }ine number, the nev diameter, and the
old unit head loss are printed out. The number of iterations required
to balance the network flow is also shown. If this number is one greater
than the input iteration limit, the wvuel has not converged to a solution.
See Section E~1.6 for a discussion concerning the occurrence of this

problem.

! The next éet of data is junction related, Here the junction number,
identification, if any, and the hydraulic grade line, hydraulic' pressure,

and demand flows are shown.

The next output is the line data. This consists‘of ali information
related to each line in the system. A minus sign on the flow and velo-
city means that the flow direction shown by the from-to node numbers is
reversed. For example, in line 2 the flow is from node 157 to node 235
because the flow is positive, whereas in line 1, the flow is from node

160 to node 157 because the flow is negative..

E-1.6 GUIDANCE ON USING THE PROGRAM

The hydraulic network analysis program is easyf;o\uSe,éﬁd éff;c£enf‘
in terms of computer run time and storage requirements;'JHowévét;lthefe '
are some techniques that can be used that will yield’evéd bettetkprogfam

performance. These are tabulated below.

E"1013



3”1. If there are more than two (2) water sources, choose the refer-
' rence source in a manner that minimize the distance between the

reference and the other sources.

2. Set the solution tolerance (item 1 in Table E-1.3) as loose as'
possible. Experience with the program indicates a tolerance
of 5 to 10 gpm (1.4 to 2.27 cmh) will yield satisfactory answers
for most networks. It is advisable, however, to make a test
run at, say, 1 gpm and then 5 and then 10 gpm to determine the

most appropriate magnitude,

3. The program will normally find a solution in less than 30
iterations; therefore, the iteration limit (item 3 in Table E—l 3)
should be set at approximately 30.

There are several data error detecting features in the program to

aid the user in identifying data errors. These features are:

1, The junction numbers assigned to the line data are compared to’f
the junction data. If a match is not found, the improperly
defined line(s) number is printed out. '

2. 1If a line is isolated from the network, this is noted and :
~ printed out. el

3;,:If junctions have been defined and not used, this is printed

vout including a list of the unused junction numbers.
i Q,E'Incorrectly numbered pumps. PRV' s. or reservoirs will be noted;i

"Srb‘If the limit on iterations is reached the solution procedure is,

probably diverging,

Program Restrictions
1. The maximum number of lines is 400 and the maximum number of
' junctions 1is 400. - : EE RIS

2. The maximum number of lines that can be connected to a’ junction is 7
3. The maximum number of booster pumps is 40. L T '
-4, The maximum number of reservoirs plus PRV's is 40 v «
5; The maximum length of vector A is 6,400. The length of vector A
- is influenced significantly by the number of. reservoirs and/or
the number of parallel lines.

E-1.14



SAMPLE DATA SHEET
EXHIBIT E-1.1

-- TLST CASK
N0 OF JUNCTIONS s - nf:--o OF LINES = 17
TOTAL SYSTEW YLOW s 13000.0 GPH UR cun SRR L e -
CALCULATE INITIAL FLOWS | SE el ma L
——NET=2ORK FLOw au.ucn. 8- 0,000 - —-— -~ - - e L PN AR
FIND LOUPS SRenhad s o
READ RESFHVOIR DATA = = . . o e
—NUNBER LNUPS B S SRR S

LENGTH UF VECTOR A & g8 -
SET UP MATRIX

———  ————— — - - o —

NUNBER OF ITERATIONSS

WO OF HESERVUIRS PLUS FIXED HEAD- ‘JUACTIONS & s ; o
——NO-OF—UUNCTIONS -8-- —1 7 NO-OP- LINES—e—f} v o=
TUTAL SYSTEM FLUV ® 0.0 GPN OR CnH
——CALCULATE INITIAL FLOXS —
NETHOHK FLOY BALAMCE = 0.002 o
FIND LOUPS
——ﬂLAO~RESEkVUlR'UATA
NUXBER LOOPS S
LENGIH OF VECTOM A = 2%
——SET -UP-MATRIX — — —
NUNBER OF ITERATIONS® 1,*,j;; ,,_,;,fo* ‘
PRY SET POINT AT JUNCTION 4 HAS BEEN ADJUSTED 10 332,0 vrcausg o:uano s 4
NUNSER OF ITERATIONSs 3 ‘4*;7'f7”'“'
'/ PAV_ SET POINT AT JUNCTION 4 HAS BEEN ADJUSTED To 334.0 BECAUSE ozhxun

"nuuatl OF ITERATIUNSw - 3 --%-
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NUNBER OF ITCRATIUNSS
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- - cm—
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SAMPLE DATA SHEET |
EXHIBIT E~1.111
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St gy B

Wb e e eng e
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TONDST(L)=ine

'BEST GOPY RVRILRCLE

LECLoL(NUZ ) 0. 0) G Ty 142
CONTINUE -
CUNTINUE

IF(J LT uinCS) GO 10 144 . .

"GO TO 145 T e
10L(ROZ) =1 R
Lo+l
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END
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