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ABSTRACT

A model for the least cost layout and design of an urban

looped water distribution has been developed. The technique

couples the Hardy Cross network solving technique with a

Iinear programning based pipe diameter modification methoil.

An algorithm is used to assign different weights to pipes in

the system according to the effect that their modification

wiII have on the pressure at each node. A large number of

demand patterns can be considered sinultaneuosly during the

optimizâtion. Three design examples, including an expansion

of an existing system are analysed and the results compared

to previous studies.
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Chapter I

INTRODUCTlON

This thesís sÈudies t,he problem of optimizing a looped

urban water distribution network. This problem involved

finding the least cost network which has the flexibility to

perform adequately under various adverse conditions, such as

pipes breakage ând fire f lor+ conditions.

The American Water Works Àssociation ( AWIÍA ) estimates

that 915 billion will be ínvested in water facilities in the

corning decades. In fact, a recent issue of the Journal of

the AWWÀ is dedicaLed to economic considerations in water

supply and distribuLion. The Economic Research Commiltee of

the ÀWv¡À has found that the problem of optimal design of

looped networks is virtuall-y unsolved(Lauria [1983j ). It
was these same concerns which prompted this study into opti-
maI design of looped networks.

There is also a shortage of research which pertains to
uncertainties occurring ínwater distribution operation.

Fire flows are uncertain in their guantity and location ,

and pipe breakage is an additional uncertaintity. For nany

communities it is these uncertaintities, rather than steady

state maximum day flows, which are the determining factors

in system design.
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The problem of designing a looped system is directly
Iinked to uncertainties in the design and the operation of

the system. A J.ooped network cannot be optimized under

steady state conditions and remain looped, since the network

will be driven to branched system. The following thesis

wilI st,udy t,he problem of urban vrâter distríbution system

optimization by addressing the uncertainties in design and

operatíon of these systems.

In this method the Hardy Cross netwrk solvíng technigue

is coupled with a linear programming based pipe diameter

modification technique. The results from each technique are

passed to the other in an iterative process until an optimâl

solution is converged upon. The problem of flexibility in

the design is dealt with explicít1y by considering a Iarge

number of adverse conditions duríng the optimizâtion. Àn

algorithm is developed which assigns different vreights to

each pipe in the system according to ho¡r its modification

effects the pressure at each node. The method ís then test-
ed in three design examples. The first example demonstrâtes

the shortcomings of using a single steady state de¡nand pat-

tern in the design of a looped system. The second example

considers the same system, however, many demand patÈerns are

considered during the design. À final example considers the

expansion of an existing and the results are compared to
previous studies. It should be noted that the solutions ob-

tained by this model may not be the true mathemâtical opti-

-2-



rnal, however, for the practical problem thís model has ob-

tained less expensive solutions more efficientLy than previ-

uos model s .
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ChapLer I I

OBJECTIVES

This study investigates new nethods of designing the lay-

out and pipe sizes of urban water distribution systems vrhile

considering many of the rigorous criteria described below¡

1. The systen must deliver â certain flow at a specified

pressure to any node in the system when one of the

key pipes in the system is nol functioning. There-

fore at least two independent and adequate paths from

a source to each node must be províded.

2. The system must deliver severe fíre flow demands at

adequate pressures. While these fire f lorr' demands

occur infrequently at different nodes in the systern,

they may, however, oây be the liniting factor ín the

design of systems.

3. Combinations of 1) and 2)

4. The methods should be efficient enough to be applied

to Iarge systems.

5. The techniques used to solve the problem should be

widely ava i lab1e.

6, The method should be applicable to expansion of ex-

isting systems as well as design of nerr' systems.

4



7 The method should incorporate a realistic cost func-

tion, preferably usíng standard unit costs as given

by suppliers, i.e. cost per length.

5-



Chapler III
LITERATURE REVIEW

An overview of systems analysis of water distribution
networks was given by de Neufville et al. [1971]. In this
overview systens analysis was studied as being an integrated

part of the design process. The steps of the process !¡ere

described by "five fundarnental sLeps: (1) Definition of ob-

jectives; (2) formulation of measures of effectivenessi (3)

generalion of alternatives; (4) evaluationi and (5) selec-

tion."¡ It was stressed Èhat of the five process steps only

evalualion could be done by systems analysis while the other

four are dependent upon the judgement of the engineer,

Many of the previous techniques used in water distribu-
tion system optimízation were based upon a technique devel-

oped by Kar¡neli, Gadish and Meyers [1968]. In this paper

linear programming wâs used to oplimize branched water dis-
tribution systems in which the flow ín each section was pre-

determined. Since thís technique was the basis for much of

the subsequent research it ís reviewed.

r de Neufville et aI. "Sytion NeLworks.,JournaI
sion. December,L9îT;-Fã

stems Analysis of Water Distribu-
of the Sânitary Enqineerinq Divi-

. 825.
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The loss of energy as described by

formula was used in the form:

.r=1. r3xr012 0r.852 c-r.852

N G(n)5- 5-x.knl nln=I 'ì =.t

the Ilazen-wilIiams

D-4'87 Eq. (t)

where

J = friction loss in netres per kilonetre
0 = flow in cuhic netres per hour
¡1 = pipe diameter in rníllimetres
C = friction factor

There are c(n) different diameter pipes to be considerecl

in each section (n). It is clear that since the flow in

each section was known each pipe j had a specific head qra-

<iient which could be calculated using the Hazen-lfilliarns

formula. Thus, by multiplying the hearl graclient by the

Iength of each pipe (Xnr)and summing for all G(n),the total

friction loss in each section was calculateci.

The cost of the pipe in each section n was ec¡ual to the

sum of the lengths of each pipe j times the unit cost of

that pipe (k .). The objective function was therefore writ-' nl
ten

Iti n imi ze z = Eq. (2)

An inportant constraint upon the system was that the

pressure at each node nust always be rnaintained above the

minivnum allowable pressure. This was done by ensuring that

the sum of pressure losses in the pipe sections along the

-1



path between the reservoír and the particular node is equal

to or Iess than the aIlowable pressure difference.

Eo-E'x ,Jnl nJ

NI
€n p

c(n)Ij=I
v n Eq.(3)

whe re

P = the set of Paths from 0 to n.

E = the minimum aIlowable Pressuren

at demand Point n.

E^ = the reservoir Pressure.o

The total length of pipe in each section rnust equal the

length of that section. A Iength constraint r'ras therefore

needed.

G(nIj=r
xnl l Vn Eq. (4)

Using this formulation and selecting a group of eligible
pipe diameters for each section, the least cost solution can

be obtai ned .

More recently, Bhave [19791 has Índícated that since at

most two different diâneters are choosen in any one link the

number of eligibte pipe diameters coultì be reduced. He de-

vised a method of selecting these two pipe diarneters before

the optimization proceeded.

n

-8-



Alperovits and shamir [1978] expanded upon Karmeli et aI.

[1968] to include looped systems. The flow in each section

was init,ial.ly assuned and an additional constraint was need-

ed to ensure that the summation of headlosses around each

loop must be zero. This kept the problem hydraulically con-

sistent during lhe iterative solution procedure.

The dual

were used in

manner which

tive process

the solut ion

variables associated with the loop constraints

a gradienl technique to adjust the flows in a

wilL reduce the overall cost. Using an itera-
the problern was rerun with the new flows untíI
was believed to have converged upon optimalíty.

In this paper Alperovits and Shamir noted the impor-

tance of desígning for multiple demand pâtterns and present-

ed a nethod of expanding the problem to consider multiple

design Ioadings. Unfortunately the number of constraints

increases rapidly with the number of demand patterns, making

it impossible to design for afl the severe possibilities
which might occur within urban water distribution systems.

In theír discussion of Alperovits and Shamir [1978],

Quindry et aI. It929] noted a deficiency in the origínal
formulation and provided the corrective measures necessary

for the application of the gradient technique. thís new

lechnique took into accounL the dual solution of the path

consÈraints. while this correction lead to a cheaper solu-

tion, it did however reduce to a solutÍon in rçhich a

9



branched layoul , based on the paths chosen for headloss con-

straints, formed a primary network with minimum alLowable

pipe diameters spanning the primary Iinks.

It can also be shown that a cheaper solution ís obtained

if differenl paths are chosen for headloss constrain!s(see

Àppendix A). The cause of the dependence of the solution on

choice of the paths ín lhis formulation was due to an ím-

plicit assumption. Under this assumption ít was assumed

that a change in the resistance ( pipe diameter) in a sec-

tion of designated path has a one to one relationship with

the change in pressure at the end of that pâth. This is

true in a branched system because all of the flow going to

the end node passes through the designated sections. In a

looped network, however, there is more than one path to the

end node. Consequently the effect of changing the resistance

in one of these paths has Less effect on the head ât the end

node than than ít would if it was the only path. This issue

wilI be discussed in more detail during the development of

the model described in this Lhesis.

The Iinear programming approach was used ín a different
manner by Schaake and Lai [1969] to optimize looped water

distribution systems. The decision variable in this model

was derived fron the Hazen-WiIliams formula and was propor-

tional to the flow in each section. Hydraulic consístency

was mainÈained by assuming an initial head at each node

-10-



rather than the initial flows in the Iinks. A continuity
conslraint was used to insure that the summation of flow at

each node was zero. The cosL function was not linear but

was assumed to be a concave polynomial. while this polyno-

mial function was not directly usable in linear programming,

piecewise linearization was utilized to permi! inclusion of

the values in the model. A method to consíder multiple

loadings (up to three) was also considered. The expansion

of the New York City water distribution system was used as

an example to develop and demonstrate the model. There are

however a number of shortcomings to this procedure. Since

the head of each node was fíxed it l¡as obvious that the so-

Iution is far from opLimal. varíations in the initial head

patLern may provide a more 'optimal' answer.

Quindry et aI. t19811 expanded upon this method by adding

a gradient technique using the dual solution to adjust the

head at each node. A technique was then developed to solve

for the optimal flows, update the pressures, and re-iterate
until no major improvement was realized. This method re-

sulted in a less expensive alternative than Schaake and

Lai's solution (63.5 million vs. 78 million). However this
is far greater than the solution obtained by Gessler [1982]

(41.8 million) or by the model developed in this thesis
(38.8 million) (see section 5.4).

- 1l-



Morgan and coulter [1982] used two linked linear program-

ming models to determine the leâst cost layout and design of

â r,¡ater distribution system. A redundancy constraint was

added to Schaake ând Lai's model to ensure that at least two

pipes connect every node. rn this method a minimum pipe

size was not reguired and uneconomical pipes coulil by elimi-
nated from the Iayout. Since one linear program changed

heads gíven flows and the other linear progran changed flows

for given heads the two could be interfaced to work toward a

better solution. Theoretically multipLe loadings could be

considered, although Iike the previous models the additional

rnulliple loading constraints made the problem too cumbersome

to solve effectively.

Kettler and Goulter [1983] have addressed a different
aspect of reliability. By analysing pipe breakage data the

statistical probabilities of faílures per kilometre for dif-
ferent diameter pipe was calculated. The probability of

failure of pipes in the paths from the demand points to the

source were constrained to increase the reliability of the

system. This study pointed out that srnaf 1 diameter pipes,

although lowering the cost of Lhe system, decrease the reli-
abil ity of the systen.

Ka1ly [1972] used a linear programming approach sinilar
to Karmeli et al. [1968]. Initially a design vras specified

and flows and heads were solved by using the Hardy Cross

I2



nethod. In this nodel the decision was the length of pipe

changed from the present dianeter to eíther a larger or

smaller diameter. If there was excess pressure at some

nodes then certâin pipes would be changed to smaller diarne-

ters. It was assumed that changing a length of pipe from

one diameter to the next would result in a proportional
(linear) head change at a junction. It was noted that in a

Iooped system this linearíty would apply only approximatley.

In a branched system, however, it would be accurate. The

new design was then resolved by the Hardy Cross analysis.

This iterative procedure was continued for several itera-
tions until a satisfâctory solution was reached. WhiLe the

results from two exarnpLes were given, one for a branched

system and one for a looped system, lhe procedure $as diffi-
cult to duplicate due to inadequate descriptions of the rnod-

eL and the f ormulat i on .

Ànother operations research technique, dynamic program-

ming has also been used to design water distribution systens

and other hydraulic networks (Mays et al. [1976j ). This

method has the advantage of being a nonlinear logical opti-
mization method. A more realistic cost function (actuâlly

cost tables) can therefore be used. Since the method re-

quires the problem to be seríalized into discrete stages it
i s part icularly appropr iate for pipei. ines (fiang

[].971l,Martin [1980]) and branched networks such as irriga-
tion systens (Yang et aI.t1975lÞ. This requirement however

13



makes dynâmic programning extremely difficult to adapt to a

looped wa!er distribution systen.

Methods other than linear and dynamic programming have

also been used in many studies. One of the earlier attempts

at optinizing a looped water distributon system was by Jaco-

by []-9681. The problem was defined subject to the ]aws of

hydraulic consistency. The pipe cos! function was repre-

sented by a nonlinear continuous cubic function and pumping

costs were also included. A merit function was used to move

toward optimality in which a cost penalty was assigned to

any constraint violation. The flows and pipe diarneters viere

then changed to reduce the sum of the cost of the system and

penalty costs. This modet recognized the probability of

reachíng 1ocal mínima and therefore suggested the use of

many starting points.

Deb and Sakar[1971](and Deb[1974,I976J ) have studied many

aspects of optinal hydraulic network design using differrent
techniques. In one paper (Deb and Sakar [1971]) ' a new

method ¡,¡as devefoped based on an equivalent diameter concept

from which the mininum cost of pipe was obtained for a par-

ticular pressure surface and reservoir height. The optimal

pressure profite was found for â particular network and the

cost v¡as empirically determined as a function of pipe size ,

service reservoir height and horse power of pumps. Àn exâm-

ple wíth a single source and a sleady state condition was

14



given. There was no reference to the incorporation of mul-

tiple sources or demand patterns inlo the design procedure.

In a later paper Deb ll-974l developed another method to

achieve least cost design of branched pipe networks. The

nethod could be used with the help of a desk calculator. In

a third paper looped systems were again analysed(Deb[1976] ).
In this paper it was recognized that without suitable con-

straints the system would deteriorate to a branched system.

To overcome this problem minimum pipes were specified. The

location and elevation of the single reservoir was consid-

ered along with energy costs during lhe optirnization proce-

dure.

The optimization method used in aIl three papers by Ðeb

(peb and Sakar[1971],Deb[1974,l.9767 ) analysed the ilerivative
of the cost function with respect to the change ín diameter,

while satisfying constraints ¡,¡hich represent the minimum

flows and pressures at the nodes. Since the derivatíve was

needed i! was assumed thât the cost function is continu-

ous.The nearest commercially avaiì.able pipe diameters ¡,¡ere

selected following the analysis. The continuous function

used was first derived by Linaweaver [1964] for large scale

pipe and tunnels. Unfortunately, it is un1íkely that the

cost function for smalI discrete pipes will follow this con-

tinuous polynomial f uncÈíon.

15



Shamir tl974l proposed a method of optimizing both design

and operation of water distribution systems. À newly devel-

oped optmization technique was combined with a previous flow

solving model (Shamir and Howard [1958]) to produce a new

procedure. The objectíve function was conslructed to select

the optimal changes in an existing system or an existing de-

sign of a new system. Decision variables associated with

operation (pump and valve settings) as well as design vari-
ables (pipe diameters and pump capacities) were considered

for up to five differen! denand pâtterns. The problem was

solved using a generalized reduced gradient method which

used Lagrangian multipliers to construct the gradient vec-

tors. These gradient vectors were used to rstep' towards an

optinal solution while maintaining the hydraulic consislan-

cy. A Iarge network (20 nodes, 50 pipes) was solved to il-
Lustrate Lhi s nethod.

Watanatada [1973] used a more complex guadratic function

to define the costs. The nonlinear function represenLíng

the systen, along with constraints, was defined and solved

using the Lagrangian function. Both capital and pumping

costs were considered during the solving of the system for

a single steady state demand pattern. Minimum diameters

were specified to prevent the system f ro¡n deteriorating to a

branched system. A major strength of this method is that ít
was polrerf ul enough to be used on a large system (50

nodes ) .

- 16 -



Rasmusen [1976] has used a heuristic technique to con-

verge upon an optimal solution. The technigue operated in a

two stage fashion. The hydraulic flow problem was solved

initially ând then the pipe diameters were modified to re-

duce the cost. These two problems were linked and solved

iteratively until the optimâI solution was found. Within

the procedure itself nodes with pressures below the minimum

aIlowable were labelled critical nodes. À11 pipes in which

flow may travel from the source to this node were labelled

critical 1inks. These critical links have a potential for

saving energy by a reduction in pressure losses. tloncriti-
cal pipes could be reduced to save capitâl costs. The rela-
tionshíp between energy costs and capital costs dictâted the

degree to which pipe diame!ers were reduced or increased.

The fact that a number of paths from source to node have an

important effect on the pressure at the critical node is an

important concept in designing looped water distribut,ion
systems. This concept which has been recognised by Rasmusen

has been neglected in many other studies (Bhave [1978], Af-
perovits and Shamir tL978l). While only a síng1e source and

a single steady slate demand pattern was considered during

the design, Rasmusen indicated that further work would en-

able the nodel to consider muLti-source netv¡orks.

Bhave [19781 suggesled a simple technique which can be

used without the aid of a conputer. The procedure found the

optinal spanning tree,which were t,hen termed primary links,

-17-



with redundant pipes connecting the end nodes to create

Iooping. WhiIe energy costs were consideredronly a single

source and a single steady state demand pattern were used.

cessler [1982] has used a complete enumeration approach

!o arrive at an optimal solution. Alternatíve designs were

generâted and tesled. The first test calculated the cost of

the new alternativê and checked it against the best previous

cost. If it faileil this test, i.e. was more expensive, Lhen

a new alternative was generated. If it passed this test
then the network was solved to check if it performed ade-

quately. If this second test lras failed then the alterna-
Live was discarded. rf the test was passed then this alter-
native became the new best soluton. New alternatives were

generated and this was continued until the choices were ex-

hausted.

This method is very time consuming and would presently be

impracticable on a system of any complexity. The method,

however, was made more usable by the procedure of "group-

ing". By grouping certain pipes into sets (at the discre-

tion of the design engineer) and specifying that all pipes

in each set must be the same size, the number of alterna-
tives was greatly reduced. ÀIthough this technique ensures

that the solutíon ís a global optimum for the specified
groupings , there is no guarentee that the groupings are op-

timal. Thus the true global optimum may not be reached.

-18



This technique has been applied successfully to the New

York Cíty water supply problem. The solution is the best

published !o date being over thirt.y per cent cheaper than

the sotution generated by the Quindry et a1. t19811 nelhod.

i{hiIe this method is applicabfe to multi-source and multi-
demand pattern design, the time reguirements which are aI-
ready quite extensive increase very rapidily wÍth the size

of the system.

The problem of designing the layout as well as the size

of the components has been addressed in recent years. Mays

et aI. 119761 incorporated the layout and design of se¡+er

systems into one moilel. A heuristic technique using dis-

crete differiential dynanic programming (DDDP) was used in a

conjunctive form with two models to form a screening model.

One of these models simultaneously considers system layout

and design, while the other uses the layouts of the first
model to compute the optirnal design.

Martin [1980] used dynanic programming to optimize a wa-

ter conveyance system. In this study lhe layout and conpo-

nent size of a single path large scale system was consid-

ered. À combination of facilities (pipelines, open canals

and pumping stations) were considered durÍng the optimiza-

tion. Both of these dynamic programming rnethods, i.e. Mays

et aI. [1976] and Martin [1980], were limited to serial sys-

tems and are unsuitable for looped Ìrater distribution sys-

tems.

- 19 -



Ro¡+eLI and Barnes It982] have addressed the problem of

obtaining a layout for municipal water distribution systems

directly. A two l-eveI hierachically integrated system of

models was developed. An economical tree layout was first
developed then redundant pipes were added. À "rule of

thumb" rnethod, which estímates pipe capacíty usíng just the

diameter, and neglecting the hydraulic aradient, was used

in the model. The perfornance of the system was not testêd

by a network solver and hydraulic consistency is neglected

during the optimization.

The rnajor shortcoming of these present optimization meth-

ods is they tend to design inflexible systems. Tenpleman

[1982] in his discussion of Quindry et aI. t19811 stated

Templeman continued lhat the design criteria must include

the flexibility to serve firefighting demands at all nodes.

Most of the papers mentioned consider only one demand pat-

tern and thus tend to design branched systems r,rith minimum

size redundant pipes connecting the end nodes. Two papers

"Optimization tends to renove redundancy, and any spare
capacity which is not immediately required by the design de-
tnand pattern is optimized out. Thus, alI flexibilíty is re-
moved. The optimization process is not at fault here, it
merely extrapolates the design process to its logical 1im-
its. Such faults are inherent in the design procèss ilself
which does not directly incorporate resilience, ftexibility,
and reliability into the the design process.'r2

Templeman,À.8. , "Discussion of tooped Water Distribution
Systemsrr , .JournaI of the Environmental Enqineerino Diví-
síon,ÀSCE. pg. 599, June , !982,
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ÀJ.perovits and Shamir [1978] and Quindry et aI. t19811

realized that flexibility is obtained by considering more

than one demand pattern (two to three patterns were consid-

ered). This however falls far short of considering a fire
flow at each node in the system.
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Chapter IV

MODEL DEVELOPMENT

4.I GENERAL DESCRIPTTON

To begin the optimization procedure an initial layout and

design for the system is assumed. For a given demand pat-

tern t,he flows ín all pipes and the pressures at all nodes

is then determined. Of the many methods available (see Hol-

Ioway and Chaudhry [1983]) to solve this problem the Hârdy

Cross technique appears most suitabLe due to its simplicity
and general widespread acceptance. The sofution provided by

the Hardy Cross Method is passed to a pipe design/modifica-
tion procedure. If lhe pressures at some demand or diver-
sion points are below minimum ít is necessary to replace

sections of pipe lrith pipe of larger diameter. This proce-

dure determines which sections of pipe should be replaced in
order to raise the pressure to the minimum at the least
cost.

Conversely,if the pressures are above the minimum aIlowa-
ble then some section of pipe may be replaced by pípes of

smaller dianeter. Agaín the decision is which section of
pipe should be replaced in order to bring about the greatest

saving while maintaining minimum pressure requirenents else-

- ¿¿ -



where. In general r replâcenent of designâted pipes (desig-

nated pipes are the pipe diameters which have been initialì.y
assumed or selected as replacement pipes in previous itera-
tions) with both smaller and larger diameters is needed

since sorne areas may be underdesigned while other areas may

be overdesígned. An overall reduction ín cost may also be

obtâined by increasing the dianeter of one pipe, therefore

allowing a number of other pipes to be replaced by pipes of

smaller diameter. This new configuration of pipe sízes is
passed back to the network solver to calculate true f f or,rs

and pressures. The process is repeated iteratively until an

optimal solution is reached. This process is described in
more detail in Later sections.

4.2 SINGLE DEMAND PÀTTERN

The procedure used in multíp1e demand pattern design is
an extension of that used for single demand pattern design.

The common parts of the formulation will t,herefore be de-

scribed in thís section and the differences will be ex-

plained in the section on multiple demand patterns.

Since the powerful simplex algorithm aIIows complex prob-

lems to be solved efficiently, linear programmíng is used to

select lhe optimal replacement sections. In order to fornu-

Iate a linear programning model the terms must have linear
relationships. In this model the cost function is con-

23



structed hy assuninr¡ that the cosÈ of replacinq a lenqth of

one diameter of pipe with the same length of another diane-

ter'is a linear function of the lenc¡th of pipe replaced.

The basis of this assurnption is described as follows. The

unit cost of pipe is usually tlef inerì in cost Per length (.ie

<ìotLars per netre). Expressing the unit cost of a pipe as CO

for a desic,nated Pipe of the dth tliameter antì C, as the unit

cost of a replacement pipe of rth diameter, then the unit

cost of replacing piPe d with pipe r is a constant.

K- = C - C- Eq. (5)
dr t Õ

Usinq the rief inition of cost qiven in the above equation

the obiective function can be vtritten

rfinimize , =T Kiarxia, * Kia"xia"

where

K, . = the unit cost of chanqing a pipe of
lclr . _th -.the cl draneter to a larqer dia-

neter pipe r.
R.->0ldr

1S the cost of changing a PiPe of

dianeter to a smaLler diameter

Eq. (6)

K. _

lcis
the

-th

PiPe

K. . <0
lcrs

= the decision variable¡ the lenqth of

pipe d replaced by PiPe r or s.

x._ e x.,lr,r I cls

-24



In this part of the procecture the pressure must be con-

strained to maintain a feasible solution. If the flow in

each section remains constant' as in a branched system ,

then every metre of pipe replaced will cause a proPortional

change in pressure across the section. For example un ,j,1,

value of 2 netres wiII cause twice as much chanqe in pres-

sure across the section as an xi.r vaLue of L metre. This

relationship can be derived fron the Ilazen-l¡iLliams fornula

J=r.13 x 1012 01 '852 c-I'852 D-4'87 Eq (7)

$rhe re

J = hyrlraulic ctra<iient in rn/kn

0 = flow in Iiters/second

c = Ilâzen-vtri1liams friction coefficient

D = diameter in metres

The change in pressure hea<ì (AP)caused by replacing a

section of diameter d with a section of diameter r is

APi6r=Giarxiat Eci ' (8 )

where

G,- = J. - J.-
ldr )r lcl

"jo = the hydraulic graciient in metres per

kiLometre for pipe diameter d

in link j

Atl other terms are as previously described.
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The chanqe in pressure at a particular node is the su¡r of

all changes in the flor,¡ links between that node and the

source which has a f ixetl head.. The change in pressure at

each node must satisfy the minimum allowable pressure at

that node. The constraint to ensure this conclition can be

e xpres secl as

, !o "iur*iar+ 
Giasxia" à Hi-hi for all i Eq. (9 )

where

G..- & G..- = the change in pressure caused by
ldr los

rePJ.acing the designated PiPe d

with a larger PiPe r or smalLer

pipe s

H, = the mininum aLlowable pressure hea<it
h.I = the existinq pressure

All other terms are as previously described.

If the initial solutíon is not close to the optimal the

nodel may try to replace nore of a designated pipe than is

available. lt is obviously unrealistic to allow a pipe

Iength greater than that of the link length to be replaced.

The fotlowing constraints are therefore needed.

x. -ldr < L.._J

x.- < L.
lds

is the length of link j.

Eq. (10)

Eq. ( Ir )

L.
)

-26-
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lf the desiqnaterl pipe in the link is rna<le up of two

ameters (see Fiqure 1) then the length of pipe availabl-e

be replaced is less than the lenqth of the link. The

constrâints are

d 1-

to

neu

x. _ldr
x. - <

lcrs

the tenqth of designated

pipe of snaller <i i arne ter

the length of desiqnated PiPe

pipe of larqer rliameter

ttj
,,,

Ect. (12)

Ec{ . ( 13 )

where

trj

I 
^..¿J

and

trj*trj="j (see Fiqure 1)

AII other terms are as previously describe<l .

If the system is branched it can be sol-ved directly with

the linear proctramning model as formulated. vlith a looped

system, however, aclditional factors nust be taken into ac-

count. If there are several paÈhs to the demand node i fron

a source (or sources ) with a fixed heacl then all paths to

that node must be considered . lt should be recognized that

a change to one link, on one of these several paths, fiâY

not have the same irnportance to the change in pressure at

node i as a change in another link in the sane path or in

one of the other pâths. This condition is explainerì in ref-

erence to Fiqure 2 which shows a simple looped system. It

can be seen that chanqes in links l and 4 will have a rlirect

-21
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l
hj

ï
lzj

Figure 1: Definition of Length constraints
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one to one effect on the pressure at node i. The weightinq

attrih,uted to link j with reqard to its effect on norle i is

II. .=1 .1l

The weiqhtinqs given to tinks 2 and 3 must be less than

one since links 2 and 3 do not hanclle all the flow betneen

the reservoir anrì the outlet separately. The method used to

weight these links is to caLcul-âte the Percentaqe of f lov¡

drawn from node i that passes throuqh Iink j. For exanple

if 65S of the f lorv is passing throucth Iink 2 and 35t is

through Iink 3 then the weightinqs would be llt, = 0.65 and

!'rrr=0.35.

Consequently, Equation 9 can be nodif iecl to consider many

paths.

for aI1 i Eq. (14 )

where P = the set of paths from node i to a

f ixerì heari source. (each link is

counted only once )

À11 other terms as previously tlescribed

vlith a loopecì system' however, the linearity assumption,

expressed by Equation I4, only holds approximately for the

changes in pressure, since the flows in the pipes do not re-

rnain constänt as pipes are changed throughout the network.

This is ín direct contrast to the situation which exists

j Fnttt j"jor*i,rr * t¡ilcia"xia" > tl ' -h '

-29
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Figure 2: Simple Looped System
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with branched netvrorks. A feedback to the network solver
(see Figure 3) is therefore needed to caLculate the true

pressures and flows. This process ís repeated iteratively
until an "optima1" solution is converged upon. This conver-

gence is recognized when the change in cos! becornes insig-
nificant ( 0.013) and none of the lenglh constraints are

binding.

-31 -



GIVTN SYSTI'1 t)ESIGN AND OEI1ANDS
SOTVE FOR FLOI{S ANO PRESSURES
USING THI HARDY CROSS 

'IETHOD

ASSUI.t II{G FTO[{S REI{AIN UNCHANGED
ADJUST P IPT D IAI1ETTRS AND RE¡IOVT

PIPES TO REDUCE THE COST AND
rltET THt PRESSURE REQU TREnENTS

USING THE !INEAR PROGRAI.I¡IIING ¡tODTL

Figure 3: Schematic of Model
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4.3 MULTIPLE DEMANÐ PATTERNS

If a system is desígned for one situation I then the most

economicaL layout will be a branched system. This is due to
economies of scale , where one large pipe is a less expen-

síve method of transporting water than two smaller pipes.

However, if a single pipe fails then no flow can reach the

nodes downstreâm of this failure. This problem is alleviat-
ed by adding redundant pipes to ensure looping. These pipes

have small diameters, usually Lhe minimum available diame-

ter, and there is no guarant,ee that t,he secondary path can

deliver water at an adequate pressure in case of a primary

l ink f ailure.

À solution to this problem is to design this system Ìrhile
considering aIl the i,¡orst case scenarios; fire flows and

pipes breaks. One method of doing this is to add one set of

constraints for each demand pattern. Formulatíons for mul-

tiple demand patterns are described by Schaake and Lai

[1969], Àlperovits and Sharnír [1978] and Quindry et a1.

[1981]. The problem with these formulations is that the

additional constraints needed to consider multiple demand

patterns increase rapidly making the problem conputationally
impractical. If forty constraints were needed for one de-

mand pattern then L20 would be needed for three demand pât-

terns.



Many of these constraints can, however, be eliminated be-

cause they are non-binding. From Iinear programming theory
(HilIier and Lieberman [].9801, p. 68-117) it is known the

maximum number of non-zero variables in the solution equals

the number of bindíng constraints. Eguation (6) (p.23)

states that there are two variables for each link in the

system, one representing the length of pipe to be replaced

by a larger diameter pipe , the other represenling the

Iength of pipe to be replaced by a smaller diameter pipe.

If pressures need to be increased then the larger diameter

pípe wilI replace the designated diameter, and if the pres-

sures can be reduced a smaller diameter pipe will replace

the designated diarneter. Therefore, only one of these vari-
ables ¡,ri11 ever be non-zero in the solution. In many cases

íf there is no change in the pipes of that link, both vari-
ables will be zero. Therefore the maximum number of pres-

sure constraints needed ( independent of the number of de-

mand patterns) is equal to lhe number of 1ínks (N).

À further condition of this model is that when Lhe opti-
mal solution is found none of lhe length constraínts wilI be

binding.They âre, however, needed initially if the first
assunption is far from optimal. Since the number of these

constraints is not dependent on the number of demand pat.-

terns considered they are Ieft intact for the multiple de-

mand patterns situation.

J¿}



The pressure constraints userl must be selected before the

linear proqramnin-q stage proceerls. The llardy cross stage of

the procedure first solves each of the denand patterns for

the pressures and flows. The amount by which the actual

pressure is below (or above) minimum pressure is caLculated.

a.. = H.- h.. for aIl i ancl t Eq.(t5)rt 1 tE
a.a = the amount the actual head

is below the mininum allowable

head at nocle i demand Pattern t

Startinq \,rith the Iargest value of a'a the pressure con-

straints are cons truc ted .

T- u.. c. - x. - * rriitci.a"*jo" 2 H.-h.r v i
j fiP rlt lÈdr lctr

Eq.(16)

where

cit,rr = Jit.-Jita
J.. . = the hydraulic qra<iient in metres per

I tcl
kilonetre for PiPe d in link j when

the fLow in the pipe is 0i¡ for

derna ntl Pattern t.

AII other terms have previously been rlescribe<l

This construction of pressure constraints continues until
N constraints have been constructed.

one aspect of thís technigue is

two similar nethods workíng together

interaction be tttee n

ach ieve optimality.

the

35 -
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The well accepted Hardy Cross method solves the flows and

pressures in an iterative manner which uses the previous so-

lution to arrive at a better solution. The linear program-

ming method developed modifies Èhe previous solution to ar-
rive at a better solution. This iterative process has been

used with linear programming in previous studies by AIpero-

víts and Shamir [1978], Quindry et at. [1981] and Ka).1y

119721. In lhe two former studies the design variable is
the diameter or length of a certain diameter selected as op-

posed Lo the length of dianeter to be modified used in the

latter study and in this thesis. In the studies by Alpero-

vits and shamir[1978],and Quindry et al. [1981] therefore the

simplex tableau from the previous iteration must be saved in

sorne form to maintain efficiency. If the previous tableau

is not saved, many redundant simplex iterations must bè car-
ried out at each step. This condition reguires a cornplex

sinplex computer package in order to save and modify lhis
tableau during the optinization. In Kallyrs technique and

the one described in this thesis the previous solution is
described by the zero sinplex tableau. This makes i! possi-

ble to use a straightfoward simplex package, while stí11

naintaining the efficiency of the method.
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4 .4 I^IEIGHTING ALGORITH¡I

The weiqht assiqned to each link j in the pressure con-

straint equation (Equation 16,p.33) for each norle Í and de-

rnand pattern t is denoterl by l{ijt. Since i ând t remain

constânt throucthout the weighting procedure for each equa-

tion, they are omitted for clarity in this example.

"ij. = !Jr= (Qr,/r*) x w* 'Eq. (17)

where

O.= the flow in link j
l

I = the sum of the inflov¡ to node m
m

w = the weiqht of the norte irnmediatelym-
downstream of I ink j.

Thê !¡eiqht of the node m is calculate<ì as

Eq.(I8)

where

B the set of all outflow Iinks from

the node m.

The proceclure begins ât the norle beinct constrained with

m=i ancl w-=1.0 . The algorithm used to calculate these
m

weights is tlemonstrated by application to the simple network

shown in Figure 4. Initially this network ís solved for a

given demand pattern ând pipe configuration using the llardy

Cross technique. Thê Hardy Cross solution provides the

t^¡ = \- ti.r jê-o,
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f lovrs in each pipe and the pressure at each node' Since

this weighting algorithm requires onty the flows in each

pipe, the pipe diameters ând the denands an'l pressures at

each norle are not shov¡n in Figure 5. only the f lol¡s ín each

link which are obtained from this Hardy cross Solution, are

shown in this figure. In this example the ec¡uation (Equa-

tion L6, P.33) constrains the pressure at node 5. The pro-

cedure beqins irnmediately upstream of this node. The total

flow entering this norle is calculated from the sunmation of

aIl infLovr, i.e. tinks 5 ancl 7 (160+I90=350) and the weicrhts

of links 5 anrl 7 are calculatèd from this total .

I'Ir= (160,2350) x 1= .46 Eq.(19)

\tr= lIgO/350) x 1 = .54 Eq.(20)

These weiqhts are then assigned to the nodes upstream of

the 1inks, .i.e no<ìes 4 and 6. For exaÍìple node 4 is as-

siqned the weiqht 0.45 from the single outflow link from

that node. Similarly node 6 is assigned a weiqht of 0'54'

The process then continues upstream. Under this formulation

link 8 contributes 100? of the f lorv to node 6 via norle 7'

Link I has its weiqht calculated as follows

r^lr= 1x(.54) = .54 ¡c{'(21)

Link 3 contributes 50t of the fLow to node 4, ancl is

therefore assigneri a weiqht calculated thus

vl3= (.5)x(.461 --.23 Eq.(22)

Likewi se

(.s)x(.46)w6=

- 38
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It should be noted that the flow to noale 5 from node 7

follov¡s two distinct paths. The weighting at node 7 is

there fore

w7= (.23)+(.541 = .77 Eq.(24)

The weiqhts for each link and node are shown in Fiqure 5'

l,inks 2 and 4 have weiqhts of zero since none of the flow

going to no<ìe 5 Passes throuc,h these links.

l lrr: ! Irì,rr:rliì.'f
¿tl N,Jlatiitr:ìrir

l,-NIJiìAlìl[$
4I-



chapter v

USING THE MODEL IN DESIGN

5. ]- INTRODUCT]ON

Three types of examples are ilÌustrated in the following

sections. The first example ,a large network vrith two res-

ervoirs , is designed using a single dernand pattern. using

one denand pattern is the standard procedure in present op-

timization methods. This example wiII demonstrate the basic

approach used in the model while illustratíng the shortcom-

ings of single demand pattern design.

The second example uses the same network but wÍth consid-

eration for multiple demand patterns. This method will
create a reLiable and flexible water distribution system

while eliminating pipes deemed uneconomical.

The third example uses a real problem encountered in lhe

expansion of the New York City Water Supply Tunnels in 1969.

Since this problem has been studied many times (Schaake and

rai [1969], Quindry et aI. [1981] and cessler [1982] ), its
soLution aLlows the model to be compared in terms of per-

formance and efficiency with respect to previous models. A

listing of the conputer program used in these examples is

shown in Àppendix B.
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5.2 SINGLE DEMAND PÀTTERN ÐESIGN

The example netvrork shown in figure 6 has 20 nodes and 37

possible pipe locations. The costs per metre of the availa-

ble pipe sizes are shown in Table 1. The systetn lengths and

connections are shown in Table 2 and the initial pípe size

assunptions are shown in Table 3. The denands, minimum aI-
Io¡r'able pressures and initial pressure assumption for the

systen are shor,¡n in Table 4.

The results of the first computer run are shown in Table

5, r,¡here the final column Iists the maximum weighting given

to eâch pipe during the construction of the constraint equa-

tions, Many of the pipes have been reduced to the sub-mini-

mum diameter and then automatically eliminated. The cri-
teria for eliminating these pipes is that if the entire
section of pipe is designated sub-rninimum and the maximum

weighting is less than 0.5 it is removed. The reason for

its removal is that a small pipe is uneconornical due to

economies of scale. A low maxirnurn weighting also indicates

that sínce only a small proportion of flow to any node pass-

es through this pipe then its removal will have little ef-
fect on system performance. It can be seen that although

the system tends towards branching, it is not entirely
branched since many of the weightings are Ìess than one.

i^iith a single denand pattern the rnost economical system

should theoretically be a branched one. The model is there-

a.'a
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souRCE

t'igure 6: Possible Pipe Locations for. SysLen in Single and
Multiple Denand Pattern Des i gn
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TABLE 1

Cost per Metre of Different DiameÈer Pipes

Diameter
(¡netres)

Cost
( $/m)

0.125
0.150
0.200
0.250
0.300
0 .350
0.400
0.450
0.500
0.550
0.600
0.650
0.700

58.00
62.00
7r.70
88.90

138.70
112.30

169.00
207 .00
248.00
297 ,00
347.00
405.00
470.00
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TÀBLE 2

Pipe Data for System

Pipe

Connecting
Node s

From To
Len g th

( metres )

1
2
2

4
5
6
7
at

9
10
11
t2
13
t4
15
16
t7
18
19
20
2l
¿¿
23
24
25
26
27
28
29
30
?ì
32
33
3+
35
36
37

1
I
I
2
2
2
3
3
4
4
5

6
6
7
7
I
9
9

tô
10
11
11
1t
t2
t2
13
14
t4
14
15
16
16
t7
18
19

10
T2
13

o

2
4
6
3
Ã

6

7
I
9
7

10
9

11
t4
11
t2
3.2
t6
1a
13
t7
T7
15
16
19
19
18
'tQ

18
20
20

48
86
80
77
35
62
67
79

l_l- 5
75
55
70

760.00
520.00
890.00

1r.20.00
610.00
680.00
680.00
870.00
860.00
980.00
890.00
750.00
620.00
800.00
730.00
680.00

500.00
450 .00
750.00
720.00
540.00
700.00
8s0.00
750.00
970.00

1tr
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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TABLE 3

Initial Pipe Size Àssumption

Pi pe Ðiameter
(m)

Length
(m)

1
2
3
4
5
6
7
ð
9

10
11
I2
13
I4
15
16
t7
L8

¿U
¿I
22
23
24
)^
26
27
28
29
30
3L
32
33
34
35
36
37

0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0,400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400

760.00
520.00
890.00

1120.00
610.00
680.00
680.00
870.00
860.00
980. 00
890. 00
750.00
620. 00
800.00
730.00
680.00
480.00
860.00
800.00
770.00
350.00
520.00
670.00
790.00

1150.00

19

550.00
750.00

700.00

700.00

500.00
450.00
750.00
720.00
540.00

850.00
750.00
970.00

Initial Cost= $ 4,590,040.00
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TÀBLE 4

Initial Pressure Assumptions

Node
Mi n imun

Head
(m)

Dema nd(I/s)
initial

Hea d
(rn)

1
2
3
4
Ã

6
7
tt
9

10
L1
l2
13
14
L5
16
I7
18
r.9
20

70.00
69.00
71.00
70.00
64.00
73.00
73.00
96.00
67.00
70.00
70.00
67 .00

r_40.
160 .
170.
160 .
190.
200.
r59.

165.
140.
r85.
160.

90.00
93.00
85.00
80.00
90.00
80.00
96. 00
80. 00
90. 00
90.00
70.00

80.00
90.00
90.00
70.00

r-02.00
80.00
90.00
70.00

75.00
74.00

165
220
145
165

140
175
180

73.00
67.00

0
0
0
0

0
0
0
0
0
0
0
0
0
0

0
0
0
0

72.00
73.00

102.00

75.00
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fore neglecting some aspect of reality. As stated in the

model development (chapter 4) the flow in each pipe is as-

sumed fixed during lhe solution of the linear programming

substage. The flow is then corrected during the Hardy Cross

procedure. Since it is assumed that the f lor¡ is fixed, re-

placing a snall pipe with the sub-minimum pipe diameter

(125mm) wilI cause â severe pressure drop across lhat Iink.
Since in reality only a minority of the flow going to the

downstream node passes through this pipe it is easily rer-
outed causing a nuch smaller pressure drop. Thus the reduc-

tion and removal of this pipe becomes econonical. In addí-

tion since the cost function only compares the difference in
cost between two pipes it fails to take into account the ba-

sic fixed cost of putting any pipe in that position initial-
Iy i.e. trenching, transport etc.. The pipe with the low-

est weighting is therefore removed and the computer program

ís run again. Four of these conputer runs, in ¡lhich the

pipe with the lowest maximum weighting was removed each

time, were needed to arrive at an optimal solution. An

AMDAHL 580 cornputer was used and 22.25 secor,ds CPU time r,ras

needed to obtaín these results.

The final configuration is shown in Figure 7 with the

pipe sizes given in Tab1e 6. As expected the cost has been

minimized. However as Templernan [ 1982 ] stated the flexibily
has been optimized out of the system. This can be clearly
seen in Fígure 7, since the system has deteriorated inlo two
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TÀBLE 5

Results of First Run for Single Demând Pattern Ðesign

Pipe Diameter
(m)

Diameter
(m)

Length
(n)

Length Max imumg(m) weighting

1
2

4

6
7
I
9

r-0

0.200
0.200

37.75
520.00

442.59
648.56

680.00

0. 250 722.25

26r .62
576.85

1.000
r..000

0.300
0.150
0,125

610.00
4r.8.38
103.15

0.200
0.150

250
250

1.000
1.000
1.000

.000

.67 9

11
t2
L3
l4
15
i.6
t7
r.8
19
20
2I
22
24
25
26
27
28
29
30
31
32
??
34
J5
36
37

0.
0:

0
0

0
0
U

0
0

0
0

)oo

?00

too
200
150
200

150
200

,oo

?50

250
150
150
150

480
860
800
770

00
00
00
00

447.4r
101.44

0. 300 158 . 55

1.000
1.000

32t
661

1
n

0
U

0

,250
620.00
790.00

sooloo
29r.45

r..000
0.661

0
0

1.000
1.000

0
0
0
0

540.00
398.18
181.01
240.60

0. 200
0.200
0.200

301 .82
668.99
509.40

1.000
1.000
1.000
1.000

Cost = ç 1,026,979



separate branched systems. À pipe failure anywhere in the

system will the cãuse water supply to be stopped in some

part of the system. ClearLy this configuration is not suit-
able for an urban water distribution systemr therefore the

críteria by rvhich the system is designed must be changed.

-51 -
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Figure 7: Single Demand Pattern Design Layout
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TABLE 6

Resu1t,s of Final Run for Single Ðenand Pattern Design

Pipe Lenqth
(ml

Length
(m)

Ðiameter
(m)

Diameter
(m)

Max imum
we i ght in9

L
2

t*
tr

6
7
I
9

10
1L
l2
13
!4
l-5
16
I7
18
10
20
2t
¿z
23
24
25
26
27
28
to
30
31
5¿
33
34
35
36
37

0.200
0.200

0.300
0.150
0. r25

38.75
520.00

72t.25

26t.22
576.85

447 .30
99 .47

30r..82
668.99
509.40

1.000
1.000

1.000
1.000
1.000

610.00
418.78
103.15

o-'uo

0.200
0. r.50

0
0

200
200

442.7 0
650.53

680.00
322.t5

800.00

00

00

620.00

0.250
0.250

r_.000
1.000

0

0

00
00 0.250

0.250

157.85
1.000
1.000

50 1.000

0

0 :00907

1

1

9oo

!00

-
000
000
000

900

0.200
0.200

500.00
400.23

1.000
1.00049.77

0.250
0.150
0 .150
0.150

540.00
398.18
181.01
240.60

0.200
0.200
0.200

L
1
1
1

Cosr = $ 9b0,230
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5.3 MULTIPLE DEMAND PÀTTERN DESIGN

In this design exanple the pipe costs and system configu-
ration remain the same as the previous example ( see Tables 1

& 2). The initial assumption for pipe sizes also remains

the same as in Table 3. This system is, however, designed

for many situat,ions simultaneously. The criteria of flexi-
bility selected was that the system must gíve adeguate pres-

sure when one of each possible pipes is out of order and a

fire flow is present at the worst possible location. This

worst location wiII vary with the pipe that is assumed bro-
ken and should be picked by the design engineer. For this
exarnple the location and magnitude of each of these fire
f lo¡+s is given in Table 7. From this tabte and Table 4 ,

thirty seven different demand patterns are generated (see

Àppendix C). It should be noted that the demand is not

evenly distributed lhroughout the system and the fire flow

demands vary in magnitude depending upon their Iocatíon.
These patterns are used, as described in section 4.2, to
construct the pressure constraints.

The results of the first run are shown in Tab1e I (Àn ex-

ample of the output for this type of computer run is given

in Àppendix C). The final column gives t,he maximum weight-
ing assigned to each pipe during the construction of the

constraÍnts. The same criteria as stated in the previous

example is used to renove pipes, i.e. a small pipe b'ith the
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lowest maximum weighting is renoved first. This lor¡ rnaximum

weighting indicates that removal of this pipe will do the

leâst damage to the pressure profiles. The program is then

rerun and if the soLution is cheaper thís result is the new

best result. This process continues untiL the cost increas-

es or until all the maximum weightings are greater than 0.5.

The final results are shown in Figure 8 and Table 9. To ob-

tain these resuLts six computer runs requiring 6 minutes and

4.6 seconds of CPU time were needed.
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TABLE 7

Pipe Breaks and Fire Flows for Each Demând Pattern Design

Dema nd
Pattern

Pipe
Broken

t, 1re
at

Node

FIows
Demand(I/s)

1
2

4

6
7
a
o

t0
L1
T2
13
l4
16
I7
l8
lo
20
2t
22
23
24
25
26
27
28
29
30
3]
32
33
34
35
Jb
37

11
I2
13
I4
15
16
l7
18
19
20
2t
22
23
24
25

27
28
)o
30
31
32
33
3t¿

35
36
37

I2
13
I
I
o

9
l_1
l2
t2
11
L1
13
I7
13
15
J-4
19
15
18
19
t7
20
¿v

1

1
3
2
6
?

7
4
4
7

10
9
6

I
2

4
tr

6
7
8
9

r.0

70.0
70.0
70.0
70.0
70.0
90.0
70.0
70.0
70.0
70.0
90.0
90.0
90.0
90.0
50.0
70.0
70.0
70.0
90.0
90.0

100.0
50.0
50.0

100.0
100.0

70.0
70.0
70.0
70.0

120.0
120.0

70.0
120.0
120.0
70.0

120.0
120.0

15

26
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TÀBLE 8

Results of Firs! Run of Multiple Demand Pattern Design

Pipe Ðíameter
(m)

Length
(m)

D i ameter
(m)

Length
(m)

Max ímun
vleighting

1
2
5
4
tr

6
7
I
9

r-0
11
I2
13
I4
1t
16
t7
t8
19
20
2l
22
23
24
25
26

28
29
30
31
32
??
?¿
35
36
37

.150

.150

.200

.200

.200

.200

.200

.200

.250

. 150

. 1s0

. 150

. r.50

.200

.250

.200

.200

.250

.300

.150

.200

.200

507.91
123.33
860.00
800.00
677.52
3s0.00
620.00
600.07
790.00
r.18.84
I23,94
150.86
700.00
500.00
3!+.t¿
647 .03
720.00
540.00
606.7t
466 .3I
546.60
569.24

350.98
250,77
7 53 .42

1120.00
610.00
680.00
680.00
130.92
89.63

980.00
890.00
577 .84
620.00
800.00

.000

.7 03

.894

.550

.892
,777
.77l-
.867
)Ô1
7trO

.383

.000
,440
.885

.611
,7 54
.7 48

0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
U

0
0
0
0
0
0
0
0
0
0
0
0
0

200
150
200
200
300
200
250
150

0.250
0.200
0.250

409 .02
269.23
r.36.s8

t
0
0
0
0
0
0
0
0
0
0
1
0
0

0
0
0
0
0
0
t
I
0
n

0
0
0
0
0
0
1
0
I
0
1
t_

0.200
0. r-50

739. 08
770.37,125

.200

.200

.350

.200

.300

0.400 t72.16

0.200
0.200

0.200
0.200
0,200

0.250 92.48

0.250 69.93

172,09
356.67

r-031.16
626.06
399.14

.612

.686
,7 59

J5õ
720
483
000
000
653

0.300
0.250

135. 08
I02.97

389
oEt
otrF
643
000
848
000
808

0.350
0.200
0.250
0.250

93.29
383.69
203.40
400 .7 6

.000

.000

Cost = ç 2,074,762
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TABLE 9

Results of Firlal Run of MuItiple Demand Pattern Design

Pipe Dianeter
(¡n)

Length
(m)

Lengt h
(m)

Diameter
(m)

Ma x imum
weight ing

1
¿
5
4

6
7
I
o

10
LL
l2
'ì?

14
15
16
T7
18
I9
20
2t
22
23
24
25
26
27
28
tô

30
31
3¿
33
34
35
36
3t

0
0
0

0

0
0

0
0
0
0
0

370.60
680.00
47 3 .58
314.96

.250

.400

.250

.:50

tr10 00

890.00
750.00
620.00
540.84

0 . r.50
0.150
0.200

?u0
300
200
200

?00
200

250
150 0.200

0.300

1 .000
1.000
1.000

r.000
0.725
1.000
1 .000

1.000
1.000
1.000
0.797
1.000

760,00
r 1r oo
796.70

oR I ¿

4t.82
t73.27

770.00

0.250
0.250

0.2s0

0 ¡400

0.200

407.01
o2 ?tì

206.42
555.04

460.01

259.16

581.86

443 .64
668.41

6.17

0.350 239.40

8. r8
6.73

0.2
o_,

?00

00
50

43
68

1.000
1.000
1.000

0 0.889

0.200
0.150
0.200
0.200
0. 200
0.150

35.54
345.08
336.57

r.150.00
750.00
98.81

1.000
0.663
0.553
0.588
1.000
1.000

0.250
0.200
0.250

584.46
324.92
453.43

0.300
0.200
0.250

0.200 45r.19

0.200
0.250
0.150
0.200
0.250
0.300
0.150
0.200
0.200

500.00
6.36

81.59
713.83
540.00
700.00

39,23
538.20
625 .46

1.000
0.973
0.562
1.000
1.000
1.000
1.000
1.000
1.000

0.200
0.250
U.¿5U

810:
2tr.
?¿"û"

77
80
54

Cost = S 1,950,698
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5.4 NEW YORK CITY WÀTER SUPPLY TUNNELS EXPANSTON

This example demonstrates how the techníque can be ap-

plied to expansion of an existing system and conpares the

results to previous studies. The imperial system of neas-

urements was used to facilitate comparison with the previous

studies. The cost and layout in the New York City problem

are described in Figure 9 and Tables 10 and 11. The pro-

posed method of expansion is the sane as in the previous

studies (Schaake and Laí[1969],Quindry et 41. [1981] and Ges-

sler[1982] ) , i.e. to reinforce lhe system by constructing

tunnels paralle1 to the existing tunnels. The existing pipe

locatíons, lengths and diameters are shown in Table 10. The

corresponding paratlel reinforcing pípes are shown in column

2 of this table. ln the initial assumption all reinforcing

tunnels were assuned to be 84 inches in dianeter.

The final results, shown in Table 12 and Figure 10' indi-
câte that only a few pipes are needed to arrive at a least

cost solution of 38.9 million. Two computer runs and 14.37

seconds CPU time were needed to obtain these results. This

solution has discrete pipe diameters which span an entire

link length in some links and are 'sp1it' diarneters Ín oth-

ers. To conpare this sotution to tha! of GesslerI1982),

which used only discrete pípes across the entire length of

the links, the split pipes were replaced by a single día¡ne-

ter egual to the rnajor portion of the present solution (see
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Figure 9: New York City Water Supply Tunnels
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TABLE 10

Tunnel Costs for New York City

Diameter
(inches)

Cost
( $/fL )

36
48
60
72
84
96

108
120
r32
I44
156
168
r.8 0
]-92
204

93.50
134 . 00
176.00
22t.00
267 .00
316.00
365.00
4r.7.00
469.00
522.00
577.00
632.00
689.00
7 46.00
804.00
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TABLE 1I

Ner,¡ York city Pipe Datâ

Þi na

Exi st ing Re inf orc i ng

Connec ! ing
Node s

From To
Le n gth
( f eet )

Exisling
Diameter
( i nches )

2

4
5
6
7
a

9
t0

o

11
.tJ
14
15
15
t7
18
19
20
20
16

1
¿

3
4
5
6
7
I
9

10
11
T2
13
14
L5
16
t7
18
19
20
2l

22
23
24
25
26
27
28
29
30
JL
32
JJ
34
35
36
37
38
39
40
41
+¿

1
2
?

4

6
7
8
9

11
t2
T2
13
l4

1
10
t2
18
11
16

o

r1600.
19800.

7300.
8300.
8600.

19r.00.
9600.

12500.
9600.

11200.
r.4500.
]-2200.
24t00.
21100.
15500.
26400,
31200.
24000.
14400.
38400.
26400.

180
180
180
180
180
180
t32
r32
180
204
204
204
204
204
204

72
72
60
60
60
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table 13). This configuration was tesled using the Hardy

Cross technique and the pressures r{ere found to be adequate.

The costs of these two solutions i.e. the split pipe solu-

tion and the discrete pipe solution, are cornpared with the

previous sludies in table 14. It can be seen that even the

'discrete' pipe solution, used for comparison wíth Gessler's

solution, is less expensive than the previous solutions.

Gessler's method, although it was a complete enumeration

technique, failed to obtain this solut,ion. This methodrs

(decribed earlier in this thesis (p.18)) major shortconing

r{as that to reduce the nurnber of combinations available
pipes must be grouped together. In this problem pipes 7 and

8 are considered to be a single pipe, therefore a reinforc-
ing pipe was added to both of lhese links. The solution of

in thís thesis is less expensive because only a reinforcing
pipe parrellel to link 7 was used. A more complete record

of the input and output datafor the New York City water Sup-

pIy Tunnels problem, including demands and pressures at each

node, is shown in Appendix D.

64



SOURCE

NODE

LINKA

New York City water Supply Tunnels FinalSolut i on
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TÀBLE 12

Split Pipe Solution for New York City Expansion

Pipe Diameter
( i nches )

Length
( f eet )

Diameter
( i nches )

Length
( f eet )

)Q

a1

38(

39

40

42

r44

96

96

72

48

72

9600.00

23432.08

3r200.00
tr? oo

4527.76

3492.89

r.0I

84

60

84

2967.92

23942,0r

9872.24

22907.11

Cost=$38.9milIion
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TÀBLE 13

Discrete Pipe Solution for New York City Expansion

Pipe Length
( f eet )

Length
(feet)

Dianeter
(inches)

Diameter
( inches )

28

21

38

40

42

t44

96

96

84

60

84

9600.00

26400.00

31200.00

24000.00

14400.00

26400.00

Cost=g39.2mil1ion
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TÀBLE 14

Cornpa r i son with Previous Studies

Schaake s Lai [1969]

Quindry et aI. [ 1981]

Gessler [1982 ]

SpIít Pipe Solution

Discrete Pipe Sol ut i on

78.1 million
63.6 million
41.8 million
38.9 million
39.2 million
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Chapter vI

CONCLUSIONS

À rnethod of optimizing looped urban water distribution

systems was developed. Many of the problems encounlered in

this type of optimization were addressed and the major con-

clusions are listed below.

1. Using a single demand pattern the loops are optimized

out of the system thereby creating an inflexible sys-

tem whích wiII not perform adeguately during an unex-

pected piPe fai lure.

2. À model has been developed which can consider many

demand palterns simultaneously during the optimÍza-

tion procedure. Fire fLow demands and pipe breakages

were considered in each of the demand patterns.

3. Two widely available nethods, the Hardy Cross network

solver and a simple Iinear programming package were

joined to produce the optimization !echnique.

4. The efficient simplex method of solving linear pro-

gramming problems makes the technique applicable to

large systems.

5. The technique produced a less expensive solution of

the expansion of an existing system than had been ob-

tained in all previous studies of that systen.
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6 The method incorporates a realisLic cost function

which uses stândard unit costs (cost per length).
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Àppendix À

ANOMALTES TN ALPEROV]TS AND SHÀMIRIS TECHNTQUE
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Since the method developed by Alperovils and Sha¡nir

strongly influenced this work, reasons requiring it to be

modified are explaíned in detail in this appendix. In their
method a single palh was selected, presumably by the engi-

neer, from each de¡nand point to the source. The test system

used to demonstrate their technique is shown in Figure 11.

There are three different paths which can be used to con-

strain the pressure at node 5. The path choosen by Àlpero-

vits and Sharnir (1-3-4) produced the result shown in Table

15. However, if an alternative path is choosen (l-2-7 ) lhen

a less expensive solution, shown in Table 16, is arrived at.
From these results il can be inferred that the method may

choose larger pipes along the path which is selected, and

reduces, to a minimun diameter, the pipes which happen to

be off the paths. A different choice of paths wiII give a

different least cost solu!ion. Unfortunately it is not pos-

sible a priori to determine r+hich path will lead to the

least expensive solution. This is the main reason why thís

technigue must be modified to consider all paths from the

source(s) to each demand point.
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TABLE 15

ResulÈs Using Path 1-3-4

Pipe
Diameter
( i nches )

Length
( f eet )

Diâneter
( i nche s )

Length
( f eet )

1
2
3
4

6
7
I

18
6

r.8
I

16
r-0
I
L

783.43
666 .60

r.000.00
511.07

1000.0
902.84

1000.00
1000.00

20
ö

10

t2

2t6 .57
333.40

488.93

97 .t6

Cost = 5q43,079
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TÀBLE 16

Results Using Pâlh 1-2-7

Pipe
Diameter
( i nches )

Length
( f eet )

Diameter
( i nche s )

Length
(feet)

I
¿

¿+

5
6
7
I

18
10
16
I

16
10
I
t

889.54
653.57

1000.00
1000.00
1000.0

902,72
50.78

1000.00

20
T2

I2
10

l-t 0.46
346.43

97 .27
949.22

ge5t =9421,948
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Append ix B

L IST I NG OF COI'IPUTER PROGRAIT
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(NIAA

VARIABLE LIST

ÐIFFERENCT BETWEEN ACTUAL PRESSURE AND T.lINII'IUN

ALLOWABLE PRESSURE AT NODT I IN DEI4AND PATTERN NL

S II'IPLEX COEFFìCIENT I'IATRIX
LARGE CoNSTANT ( t ort,t 19¡
R IGHT HAND S I DE OF CONSTRA INT I'IATR I X

O IF PIPE J IN DEI'IAND PATTERN NL IN SERVICT
I IF PIPE J IN DE¡lAND PATTERN NL OUT OF SERVICE
NUI'IBER OF PIPËS CONNECTING NODE I

CoST FUNCT | 0N ltl S ll'IPLEX ALGoR lTHt'l
CONDUCT IV ITY OF L INK J
COST PER I4ETRE OF P IPE OF D I AI'IETER NUI'IBER ID
TEI4PORARY COST PER I'IETRE VALUE
CHANGE OF PRESSURE TO T4OVE TO|,IARO SOLUTION OF

F LOW AND PRESSURE PROBLE14

AVERAGE ERROR OF FLOl.l IN HARDY CROSS SOLUTION

DENOI'IINATER IN PRESSURE CHANGE CALCULATION IN
HARDY CROSS SOLUT I ON

EQU IVALENT D IAI4ETER OF SPL IT P I PES

HAZEN viILTIAI'tS EXPONENl = 2.63
D I AT,IETER OF P I PE OF D IAI'IETTR NUI,TBER ID
DIVISOR OF COST FUNCTION TO I'IAKE VALUES FALL
WITHIN A CERTAIN RANGE FOR SII'IPLEX PACKAGE

D IV I SOR OF CONSTRA INT ¡TATR IX VALUES
EXPONENT IN HAZEN I^IILLtAI'1S EQUATION (-DEXP,/QEXP)

DUAL SOLUT I ON OF S II'lPLEX SOLUT ION

T E I'IPORARY D IAI'ITTER VALUE
T EI'IPORARY D IAI'IETER VALUE
T EI'IPORARY D IAÈlETER VALUE
CHANGE IN COST FROI.I ONT ITERATION TO THE NEXT
NU|4BER 0F EQUALITY C0NSTRAINTS lN LP F0R|'IULATl0N = 0
D I AI'1TTER NUT4BER OF EX IST ING P I PE

I,IE IGHTING FACTOR FOR CONSTRAINT K AND PIPE J
FLOW IN PIPE J DURING DEI4AND PATTERN NL

TEI'IP ORA RY F LOW

HAZEN-t.l ILL IAI1S COEFF ICIENT
N UI'18 E R OF PRESSURE CONSTRAINTS
PRESSURE DROP ACCROSS A PIPE
NODE N UI'IBE R

l) IAI'IETER N UA1BE R

D IAI,IETER OF RÊPLACEI'lENT P I PE OF VAR IABLE NV

D IAI'lETER OF DES IGNATED P IPE
ERROR NUI,IBER FOR S II,lPLEX PACKAGE

COUNTER FOR READ DO LOOPS

POINTER TO NODE I t,lHOSE PRESSURE IS
CONSTRA INED BY CONSTRA INT K

NUI'IBER OF INEQUAL ITY CONSTRA INTS
TOTAL INFLOW INTO NODE I DE¡1AND PATTERN NL
ACTUAL PRESSURE AT NODE I ÐEI4AND PATTERN NL

ALP (NC, NV)

BIG
BLP (N C)

BREAK (NL, J)

cHorcE(t)
CLP (NV)

coNDUc (J)
cosPrP(rD)
c0s I
DELH

DELQ
DEI4AND

DENOI'1

DEQU IV
O EXP

DrAr4(rD)
DIVl

D tv2 (N 2)
DQEX
DS0L (N c)
DO

Ðt
Ð2

D3
EPSOL

E QUA
EX lSr (J)
FACTOR(K,J)
F Lol,l (NL , J)
F]
HAZEN

HCON

HDIFF
I

ID
IDPTI
IDPT2
IER
li
IK (K)

(NV)
(NV)
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INEQ
INF Lot/ (NL, r)
INHEAD (NL, I)



c
c
c

c

rPT (N c)

tsut4

l1
ITEI'1P
ITER (
ll{
t2

LL
LOADS

L1

L2
I4AXFAC
I'lINHEO

EN ( ì ,
ENGTH

ENTES

J)
(J)

L)

POINTER TO NODE OF v{HICH THE PRESSURE IS CONSTRAINED
BY CONSTRA INT NC

VALUE TO CHECK IF TI,IO CONSTRAINTS HAVE IDENTICAL
PATHS

ITERATION COUNTER FOR OPTIAlIZATION PROCEDURE

TEI4PORY VALUE (INTEGER)

NUI4BER OF HARDY CROSS ITERATIONS
WORK VECTOR FOR SII'1PLEX PACKACE

TEI'IPORARY NOÐE NUI'IBER USED TO TRACE FLOI,I FROI,I

CONSTRAINED NODE TO THE SOURCE (S)

P IPE N UI'18 E R

COUNTER FOR REAÐING IN PIPE DATA

PIPT NUI'IBER ASSOCIATEÐ vlITH VARIABLE NV

LINK ASSOCIATED l,,ITH LENGTH CONTRAINT NC

HYDRAUL IC GRAÐ IENT
HYDRAUL IC GRAD I ENT
PRESSURE CONSTRA INT NUI4BER

CoNSTANT |4UST EQUAL F rRST D rr'rENS r0N 0F ALP (NC, NV)

NUI'18 ER OF PRESSURE CONSTRAINTS
CON STRA INT N U'I1B E R

COUNTER FOR LINKS CONNECTING A NODE

LENGTH OF SECTION I OF LINK J
LENGTH OF SECT ION J
lF =0 THEN N0 LENGTH CONSTRAINTS ARE BINÐlNG

=ì THEN A LENGTH CONSTRAINT lS BINDING
LENGTH OF LINK IN IOOO UNITS
TOTAL NUI4BTR OF DEI4AND PATTERNS
LENGTH OF SECT ION I
LENGTH OF SECT ION 2

T4AX II'lUI'l l,l I EGHT ING FACTOR FOR L I NK J
I'lINII'lUI'l ALLOI,/ABLE PRESSURE FOR NODE I

D E I'1AN D PATTERN J
L INK END NUt'lBER I OR 2

C ON STRA INT NUI4BER

D IAI'1ETIR NUI'IBER FOR SECTION 2 OF L INK J
NUI.IBER OF D IFFERENT D IAI4TTERS
Ð IAI'IETER NUI'IBER FOR SECT ION I
D IAI'IETER NUI4BER FOR SECT ION 2

WE I GHT OF NODE I

D EI'1AN D PATTERN NUI'IBER

POINTER TO DTI'IAND PATTERN ASSOCIATED WITH PRESSURE

CONSTRA INT K

POINTER TO DEI4AND PATTERN ASSOCIATED WITH
CONTRA INT K

COUNTER FOR READING IN DEI'lAND PATTERNS
NOOE NUI,IBER CONNECTING TND 2 OF LINK J
NUI4BER OF NODES

TYPE 0F PROGRAi'1 T0 RUN 0 = HARoY CROSS ANALYSIS
1= OPTilllZATl0N

TOTAL NU¡1BER OF CONSTRA INTS
TOTAL NUI.IBER OF VAR IABLES
VAR I ABLT NU¡lBER

IF ]THEN LINK J IS ON ONE OF THE PATHS OF

CONSTRA INT K, OTHERWISE = 0

J
JJ
JNV (NV)

JPT (NC)

J]
J2
K

KA
KEND

Kì
L

L

L

L

N

N

N

(J)
(NL, r)

D(2,J)
ND IAI'1

ND I

ND2
NFAcr(r)
NL

NLK (K)

NOD E (2, J)
NODES
NTYPE

(N c)NLPT

NN

NUITCON

NU¡lVAR
NV

PATH (K, J)
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c
c
c
c
c

c

c
c
c
c
c

PTI
PT2

QEXP

QNEG
RVI

PENALT

P IPES
PSOL (NV)

PT

TOTA L 2 ( I T)
UN ITS

SELECT(I,L)
stGNr,srGN2,srGN3
SI'lALL
s0uRcE (NL, r)
sut'lN00
S UPP LY (NL, I)
TEI'1P

TOTAL I (IT)

VALUE 0F PENALTY C0ST (SHoULD BE ABoUT 3X ¡'1AX lt{Ul'1

P I PE COST)

TOTAL NU1çlBER OF L INKS
PR II.lAL SOLUT ION
POINTER USED TO KEEP TRACK OF POSITION WHEN

KEEPING TRACK OF PATHS FROI,I NODE TO SOURCE (S)
ll ll

lt ll l¡

tXPoNENT USED lN THE HAzEN WlLLlAr'ls FoRl'luLA=0.5À
-0 .54
\,IORK VECTOR FOR SII4PLEX PACKAGE

S II,lPLEX SOLUT I ON

LINK NUI,IBERS OF LINKS CONNECTED TO NODE I

VAR IABLES TO CHANGE S IGN
LOWEST AAA VALUE
RESERVOIR IN DII'IAND PATTERN NL AT NODE I

TOTAL DEI'IAND IN ALL NODES

DEI'lAND CALCULATED BY HARDY CROSS I'lETHOD

TEI.IPORARY VALUES
SYSTEI'1 COST CALCULATTD FROI4 SUBTRACTING S

F ROI1 PREV I OUS TOTAL2
SYSTEI'1 COST AS CALCULATED BY SUI'II,IING PIPE COSTS

COEFFICIENT IN HAZEN WILLIA¡1S FORI'IULA I,JHICH

CHANGES vl ITH UN ITS
I.JORK VECTOR FOR I,IE IGTH ING L INKSc

c
(Pr)vJORKN

REAL'T8 D I A¡1 (23), D ], 02, UN ITS,HAZEN, LENGTH (49), LEN (2, 49)

, DEXP, QEXP, ÐQEX, L I , L2, LL, DEQU IV, QNEG, J I , J2,TEIiP
,c0sPtP(23)

REAL DEiïAND (À0,30) ,C0NDUc (49) ,SUPPLY (40,30) ,SUr,lN0D

, DELQ,HD r FF, r NHEAD (40, 30),ToTALz (90), D I Vl, 0 I V2 (l 20)

, F Lo!ü (40,49) , AAA (l{0,30) , r'l tNHED (40 , 30) , BLP ( 1 20)
,Br G,S|'IALL, F r, CLP (ì53),ALP (l 20, 153)
,T0rALt (90) ,PSoL (153) ,DS0L (120) ,R!,l(25000)
, FAcroR (40, 49),r.1AXFAc (49)

REAL NFACT (30) , INFLOl^l(40,49) ,PENALT
INTEGER PT, PT] , PT2,WORKN (40) , EX IST (49)
tNTEGER SouRcE (40,30),N0DE (2,¡+9) ,SELÉcr(30,10) ,cHolcE (30),ND (2,49)

.NL, I,J,L, LOADS , NODES, P IPTS, BREAK (40,49) ,SIGNI,S IGN2, S IGN3

, K, NLK (49) , l K (49) , N, l2, ND l , ND2, PATH (40,49)
, KENÐ, K I , I S UI'l, NV, NC, ID

, r Dprr (r53), JNV (1 53), NU|'IVAR,NuttcON, l Pr (ì 20), NLPr (80), l DPr2 (1 53)
, rER, rl,l (1000) , lNtQ, EQUA, lrER (40)

INTEGER JPT (I20) , IT, ND I AI,I, HCON

^.CI READ IN DATA :

lT= I

REWìND 9
REA0 (9, 'r) NTYPE

c

s
s

$

)
s
s
s
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c
c

tF (NTYPE.NE. ì) wRrTE (6,32)
32 t ORI\AT (/ / / 2OX, ¡*rtrtrt HARDY CR0SS ANALYS lS ONLY ,!¡t¡t')

rF (NrYPr.EQ,r) l.lRrrE (6,34)
34 FoRI'lAT (///20X, '¡l,ttr¡t¡l NE|,loRK oPTll'llZER trrtttttt¡)

I,JR I TE (6 , 36) UN I TS , HAZEN , NÐ I ATl

36 FoRltAT (/ / 25x,' uN I TS=',F 13.7, / /25x,' HAzEN-\,Jl LL I Al'ls c=r, F7.0,
5 l/25x, 'NUlilBER 0F CANDIDATE D l AI'IETERS ' , l5)

l.lR trE (6,39)
39 FOR|IAT(//20X, ' DIAI4ETER CoST',,,/)

D0 44 ll=ì,NDlAtl
READ (9, ¡t) l D , D l Al4 ( l D) , cos P l P ( l D)

l,lR rrE (6,43) r D, D rA¡1 ( rD) , coSP l P (r D)

\3 FoR|4AT (ì7x, 15,Fr3.3,F12.2)
44 CONT INUE

READ IN SYSTEI'l LAYOUT DATA

REl,lIND IO
READ (l0,tr) P IPES,N0DES
l,lR rrE (6,50) P I PES, N0oES

50 FORI4AT(/,/I2X, 'NUI4BER OF LINKS' ,I5,5X,INUTlBER OF NODES',I5)
I.lR rrE (6, 52)

52 FORI,IAT (//15X,1 PIPE FRO¡l TO LENGTH"/)
D0 57 JJ=l,PlPts

READ (IO,I.¡ J,NODE (I,J) ,NODE (2,J) ,LENGTH (J)
t,lRITE (6,56) J,NODE (I,J) ,NODE (2,J) ,LENGTH (J)

56 FoRr.lAT(r3x,3r6,Fr4.o)
57 CONT INUE

REWIND II
vJRrrE (6,6r)

6t F oRtiAT ( , I | , / z3x, ' tNtrtAL Assut'lPTt0N')
wR trE (6, 63)

63 FORI1AT (//3X,1 PIPE DIAI'IETER LENGTH DIAI'IETER LENGTHI,
s ' EX|ST|NG',/)
r0rAL2(l)=0
DO 82 JJ=I , P IPES

READ (il,,r) J,ND (r, J),LEN (r,J),ND (2, J), LEN (2, J), EXr Sr (J)
Dl=DlAt't(ND(l,J))

REAÐ (9,
READ (9,
READ (9,
READ (9,

'r) UN I TS
¡'.) HAZEN
,l) PENALT
,l) ND I At4

D 2=0
D 3=0
I F (EX IST (J) .

rF (L EN (2, J) .
IF (LEN (2, J) .

t,lR I rE (6, 75)

D3=D I

D 2=D I

AND. NO

LEN (ì,

Ar4 (rx r sr (J)
A¡I (ND (2, J) )
(r,J) .Eq.r)
J) , D2, LEN (2

c

D l=0
J) ,03
0.3)

NE .0)
NE.O)
EQ.O.
J,DI,

75 FoR|'1AT ( r 6, 6X, F7. 3, F ì 2. 2, F r 0. 3, F r0. 2, F I
r F (EX rST (J) .NE.o) co ro 82
rF (Dr.EQ.o) GO r0 82

CALCULATE INITIAL COST

T0TAL2 (r) =r0TAL2 (r) +L EN (r , J) ,rcosP rP (ND (r, J) )
rF (LEN (2,J) .EQ.o) Go ro 82
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r0rAL2 ( r ) =r0rAL2 (ì) +LEN (2, J) 'rcosP rP (ND (2, J) )
82 cONT ¡ NUE

I.JRrrE (6,84) rorAL2 (r)
84 FoRI'1AT (//25x,1rNrrrAL cosr=' ,F12.0)

l,¿R rrE (6,87)
87 FoRl'lAT (' I ')

Rtl,/tND 12

READ (l2,rr) L0ADS
READ (t2,¡r) N0DES
I,lRrrE (6,92) LoADS,NoDES

g2 F0R|4AT(/20X,'NUl'1BER 0F L0ADTNG C0NDTTI0NS', r5,
S /zox, ' NU|'IBER oF NoDEs ' , t5)
I.lRtrE (6,6r)
|.,RtrE (6,96)

96 F0R|'1AT(//r5X,'NoDE f{tNHEAD DEr'lAND TNHEAD"/)
D0 ì05 NN= ì , LoADS

RE AD (I2,,I) NL

\^,RtrE (6,63q) NL

D0 104 I l=l , NODES

READ (ì2,'t) I ,I'lINHED (NL,I) ,DEI'IAND (NL,I) ,INHEAD (NL,I)
WRITE (6, ]03) I ,I'lINHED (NL, I) ,DEI,IAND (NL, I) , INHEAD (NL, I)

103 F0R¡1AT(13X, t5,F10,2,F12, r,Fr3.2)
104 CONT INUE
105 coNT tNUE

D0 I l0 NL=1, LOADS

D0 109 l=l,N0DES
BRE nx (ru1' l¡ =9

I09 CoNT I NUE

I l0 c0NT I NUt
wRtrE(6,ll2)

rì2 F0R|'1AT (///10X, 'PTPES 0UT 0F SERVICE lN EACH CoNDlTl0N')
REl,/IND I4

ì14 READ (14,,r) NL

rF (NL.EQ.o) co ro ì24
l,lRrTE(6,il7) NL

r r7 FoRr,lAT (/3X,'LoAD ' , l6)
r r8 READ (r4,,r) J

rF(J.LE.0) c0 T0 il4
I.lRrrE (6, ì2r) J

l2t FoR|4AT(10x, 'PtPEr l5)
BREAK (NL, J) =I
c0 T0 lt8

124 c0NT rNuE
\,,R I TE (6,87)
rF (NTYPE.EQ. T)l,lRrrE (6,127)

127 FORtlAl (//5X,' tTERATt0N" ìOX,'CoST l', l0X,'|CoST 2"/)
c
c
L

CALCULATE THE NUI'1BER OF POSSIBLT
P IPES CONNECT ING EACH NODE

LENTES=l
132 C0NT rNUE

D0 I46 r=r , NoDES
D0 lll NL=ì,L0ADS

- 8ì -



s ouRc E (NL, l) =0
rF (ÐE|4ANÐ (NL, r) .1r.0) souRcE(NL,l)=ì

137 CoNT I NUE

144 J=l,P IPES
rF(NoDE(l,J).NE.r .AND, NoDE(2,J),NE,l) G0 T0 144
L=L+ l
SELEcT (l , L) =J

] 44 CONT INUE
cHol ct ( l) =L

I46 CONTINUE
c
C HARDY CROSS FLOI,I BALANCING I4ETHOD

c

QtXP=0 .5À
DEXp=z.63
DQEX= (-l .0D0) r,0EXP/QEXP

QNEc= (-l,0Ð0) 
'tQEXPC WR ITE (6, I55) QEXP, DEXP, ÐQEX, QNEG

c I 55 FOR|4AT (/ / 3X,' N=',F 12.7, / / 3x,' n=t,F 12.7, / / 3X, I -l'llN=''F 12,7,
c $ //3X,t-N=t ,Ft2.7)
c l,,lRrTr (6, ì58)
c r58 FoRflAT (//3X,'PtPE CoNDUCTIVITY')

D0 179 J=l,PIPES
coNDuc (J) =0
rF (ND (1,J) .EQ. r .AND.LEN (2,J) .EQ.o) G0 r0 176
L I =LEN (t , J) / 1000 .00
L 2=L EN (2, J) /1000.00
LL=LENGTH (J),/1 000, 00
lF(DlAr'1 (ND(ì,J) ).EQ.0) G0 r0 176
r F (LEN (2, J
D l=D I At'l (ND

D2=D I Af'l (ND

DEQU IV= (D I

G0 T0 r75

tfiiDQE X ¡!L l+02¡'it DQE X'tL 2) tltlQN EG

r.lR lrE (6 

"t) 
DEQU lv

CoNDUC (J) =UN ITS¡IHAZEN,kÐEQU lV
CoNDUC (J) =UN ITS¡THAZEN?t ((D lAti (ND (l,J) ) )t,lDQEX) ¡rLl

s (D lAt4 (ND (2, J) ) rr¡TDQEX) 
'tL2) 

¡r¡r (- I .000,/QEXP)
G0 r0 176
CoNÐUC (J) =UN ITSttHAZEN,TD lAt4 (ÑÐ (l 

' 
J) ) ¡r'tDEXP/LLt 

'IQEXP
CONTINUE
vlRrrE (6, 178) J,coNDUc (J)
FoR'çlAT(r5,F15.2)

CONT INUE

D0 239 NL=1, L0AÐS
l,JRtrE (6,634) NL

lrER (N L) =0
l8À DEIQ=0

D0 2'l7 l=l 
'NODESSUPPLY (NL, I) =O

SUI'lN00=0
D E N0l4=0

L=0
DO

).EQ.o)
(t,J))
(2,J) )

c

c

c
L

75
76

78
79

-82-



197

lTEl,lP=cH0lcE (l)
D0 208 L=r , trEt'lP
J=sELEcT(t,L)

rF (BREAK (NL,J) .EQ. r) G0 ro 208
SlGNl=l
r F (N0DE (2,,r¡ . ¡q. r) G0 r0 r97
IF (NODE (1 ,J) ,NE. I) GO TO 208
SIGNI=-l
HO IFF= INHEAD (Nt, NODE (I , J) ) - INHEAD (NL, NOD E (2, J) )
SIGN2=l
lF(HDlFF.LT,0) S lGN2=- l
HÐ I F F =ABS (HD I FF)
F LOW (NL, J)=CONDUC (J) 

'. 
(HD IFF¡T,'IQEXP) ,IS IGN2

SUPPLY(NL,I)=SUPPLY(NL,I) + F LOW (NL, J) 
'!S 

I GN I

SUI,INOD=SUI,INOD+ABS (F LOI.I (NL, J) )
rF(HDrFF.EQ.o) co ro 208
DEN0I'1 = DEN0l.1 + FL0l,l(NL,J) 'rSlGN2/H0lFF

WRITE (6,207) N L , I , J , H Ð I F F , F L OI.I (N L , J ) , S UPP LY (NL, I) , DENOI4

F0R|'1AT (3X, '7001' ,315, F8. r,2F8.0,F8. ì)
CONT INUE
r F (souRcE (NL, r) . NE .o) G0 r0 2 r 7
I F (SUt4N0D . EQ.0) SUI'IN0D=o . t
r F (DEN0r1.EQ.o) ÐEN0l1=0, I
DELQ=9E¡q*O'' (DEfiAND (NL, I) -SUPPLY (NL, I) ),/SUI4NOÐ
ÐELH= (DEI,IAND (NL, I) -SUPPLY (NL, I) ) / (QEXP'!DENOI4)

INHEAD (NL, I) = I NHEAD (NL, I) -DELH
I.IRITE (6,2I6) DELQ,DELH,INHEAD (NL, I)
FoRr.lAT (3X,'7002' , F8.0, F8.2, F8.2)

CONT INUE
l,/RrrE (6,2ì9) DELQ
F9R¡ç1AT (3X,' ÐELQ=', F ì0.4)
ITER (N L) = ITER (NL)+l
r F ( r TER (NL) . GT .5oo) G0 T0 223
rF (ÐELQ.cr.o,or) c0 To r84
CONT INUT
l,JR r rE (6, 225) rrER (NL)

F 0R|4AT (/3X, 
', NUr'lBtR 0F I TERAT I oNS ' , l 5)

!a !l$ l=l,N0DES
lTEl'lP=cH0lCE (l)
INFLOl,l(tlt-,1)=O
D0 2ll L=l,lTEl,lP

J=sELEcT(l,L)
SIGNI=l
rF (N0DE (2,J) .EQ.l) co To 231{

SIGNI=-l
Fl=FLow(NL,J),rSlcN
rF(Fr.LE.0) c0 T0 2

INF Low (NL, l) = INF LolJ
37
(NL, t)+Ft

c
c 207

¿uö

c
c2

2
c
ç2

lb
17

9

223
c
c 225

23\

237 C0NT rNUr
238 CONTINUE
239 CoNT r NUE

r F (NTYPE.NE. .l) C0 T0 580
D0 241 Nt= ì , LOADS

tF (trER(NL) .cE.3) co ro 248
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2!3 CoNT rNUE
G0 r0 580

C CALCULATE CHANGE IN COST

C IF LESS THAN O.OI Z AND LENGTH

C CONSTRA INTS NONB IND ING

248 CONT INUE
EpS0L=ABS (TOrAL2 (tr) -r0TAL2 (tr- I ) )/T0TAL2 (tr)
rF (EPS0L.LT.O.OOOT.ANÐ.LENTES,EQ.0) G0 T0 580
tF (rr.cE.65) co ro 580

C F IND PATHS OF B IND ING CONSTRA INTS
D0 2f8 J=ì,PlPES

D0 257 K=l,PlPES
PATH (K , J) =O
FAcroR (K, J) =0

257 CoNT r NUE

258 CoNT rNUE
B I G= lo¡ht l0
D0 26! l=1,NODES

Ð0 264 NL=l , LoADS
AAA (NL, t) = TNHEAD (NL, t) -r4 tNHED (NL, t)
l F (souRcE (NL, l) .EQ. l) AAA (NL, l) =Bl G

26\ CONTINUE
265 CoNT r NUE

K=0
268 K=K+ ì

rF(K.GT.PTPES) C0 T0 355
C SEARCH FOR LO|.IEST PRESSURE

Sl'14 L L =B I G
D0 279 l=l 

'N00ESD0 278 NL=l 
'LOADSIF(AAA(NL,I).GE.SI4ALL) GO TO 278

St'14 L L=AA A (NL, l)
NLK (K) =NL
lK (K) =l

278 CoNT rNUE
279 CoNT rNUE

r F (sr'lALL . EQ. B r G) G0 T0 355
I F (Sr,rALL . GT. 10) G0 T0 355

C TRACE PATH TO A SOURCE

D0 285 r=r , NoDES
NF ACT (I) =O

285 CoNT I NUE

NL=NLK (K)

t=lK(K)
NFAcT(l)=l
PTì=l
PT2= I

C SEARCH FOR PATHS FROI'I NODI TO SOURCE (S)

L=0
L=L+l
rF(L.cr.cHorcE(r)) G0 r0 327
J=SELECT (l , L)

3
4

84



rF (ND (r,J) .EQ. i.AND.LEN (2,J) .Eq.0) c0 T0 294
IF (BREAK (NL,J) .EQ. ]) GO TO 294
N= I
SIGNI=l
rF(NoDE(N,J).Nr.r) G0 T0 304

SIGNI=-l
304 I 2=N0DE (N, J)

F I =F L0l,rl (NL , J) 
'tS 

I GN ì

tF (F r.LE,o,ot) G0 T0 294
PArH (K. J) = I
TEi4P=ABS (F ì/ I NFLOI,/ (NL, | ) )'tNFAcT ( | )
NFACT (I 2) =NFACT (I 2) + (TEI,IP-FACTOR (K, J) )

F AcToR (K'J) =TEf'lP
PT=PT I

312 PT=PT+ ì

GT.40) PT= ì
EQ. (Pr2+r) ) c0 T0 320
.EQ.r.AND.PT2.EQ.r) G0 T0 320
EQ. r .AND.PTz.EQ.40) G0 T0 320

(r,loRKN (Pr) . EQ. r 2) G0 r0 294
G0 T0 3r2

CONT INUE
PT2=PT2+ I

I F (PT2 . GT , 40) PT2= ì
l,JoRKN(PT2)=12
r,rR rrE (6,325) prr , pT2,t.,oRKN (PT2) , | 2

F0R|'1AT (7X,' 4oot 
"4r 

7)
G0 T0 294
PT l=PT I +1
lF (PTLGT.40) PTI=1
| =ì'/oRKN (Pr I )
r F (Prr . EQ. (Pr2+r) ) Go T0 334
IF (PTì.EQ. ].AND.PT2.EQ.40) GO TO 334
rF(souRcE(NL,r).EQ.r) c0 T0 327
Go To 293
CONT INUE

CHECK IF PATH HAS BEEN TRACED ALREADY

AAA (NL, l K (K) ) =s ¡6
KENÐ-K- I
r F (KEND. EQ.o) G0 r0 268
!A lgl Kl=l,KEND

I SUt'1=0

D0 144 J=l , P IPES
I SUII=PATH (K, J) -PATH (K 1 , J)
tF (tsuf,t.NE.0) G0 r0 353

344 CoNT rNUE
IF IDENTICAL PATH HAS BEEN TRACED DON IT

SAVE TH IS ONE

D0 350 J=l,PlPES
PATH (K, J) =O
FAcToR (K, J) =0

CONT INUE

(PT.
(PT .
(PT ]
(PT,

c
320

c
c 325

327

??L
c
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c

c
c
c

K=K- I
G0 r0 268

353 coNT rNUE
c0 T0 268

355 HcoN=K- l
D0 359 K=l,Hc0N

l,JRlrE (6,358) (FAcT0R (K,J),J=l,PlPEs)
358 FoRr4Ar(r5F7.3)
359 CoNT r NUE

I F ( tT. cT.3) SroP

COST FUNCTION
NV=0
Ð0 l!4 ¡=¡'P¡P¡5

r F (LEN (2,J) .EQ.0.AND.NÐ (ì,J) .EQ. l)
COS ì=COSP I P (ND (],J) )
I F (EXrSr(J) .EQ.NÐ (t,J)) Go ro 394
rF (LEN (2,J) .EQ.o) G0 r0 380
NV=NV+ I

cLP (NV) =c0S 1-c0SP lP (ND (2, J) )
lDPrl (NV) =ND (l,J)
IDPT2 (NV) =ND (2, J)
JNV (NV) =J
NV=NV+l
cLP (NV) =cosP r P (ND (2, J) ) -cos 1

IDPTI (NV) =ND (2, J)
I DPT2 (NV) =ND ( 1 , J)
JNV (NV) =J
G0 T0 394

380 tD=ND(ì,J)-ì
rF(rD.Lr.l) Go ro 387
NV=NV+ 1

cLp (NV) =c0s p tp ( tD) - c0s I

l0Prl (NV) = ID
I DPr2 (NV) =ND ( I , J)
JNV (NV) =J

387 | D=ND (r , J) +r
rF(rD.GT.NDrAr'1) G0 T0 394
NV=NV+ I
cLp (NV) =cqSp I p ( I D) - cOS I
IDPTI(NV)=lD
I DPT2 (NV) =ND ( 1 

' 
J)

JNV (NV) =J
394 coNT tNuE

N Ul'lP I P=NV
D0 399 t=t,ptPEs

NV=NV+ I
CLP (NV) =PENALT

399 CoNT rNuE
NU|IVAR=NV
D0 403 NV=l , NUI4VAR

cLP (NV) =CrP (NV) 
'. 

(- t)
403 coNT tNUE

l,lRrrE (6,405) (cLP (NV), NV=l,NUr'lvAR)
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c 405 FoRr4Ar (7F9.2)
c CONSTRUCT HEADLOSS CONSTRA I NTS

vERSt0N r.lAY 23,83
N UHC0N=H CoN+P I PtS*2
t)0 413 NV=l,NUI4VAR

D0 412 Nc=1, Nul'lc0N
ALP (Nc 

' 
Nv) =01+12 CONT INUE

4t3 coNTtNUE

NC=0
rF (HC0N.EQ.o) Go ro 444
D0 443 K=l,HCON

NL=NLK (K)

t=tK(K)
NC=NC+l
NV=0
TEST=0
D0 435 NV= ì 

' 
NU¡lP I P

J=J NV (NV)

rF(PATH(K,J) .NE.l) Go T0 435
rF(EXtSr(J) .NE.o) Go ro 435
r I =ABs (FLovl(NL,J))

428 CONT INUE
Jl= (Fl,/ (HAZEN,TUNITS) )".¡r(ì//QEXP) 'tDlAl'l(ìDPTì 

(NV) )
S ,t,lDQEX

Jz= (t | / (HAzEN,TUN tTS) ) r.'r ( I /QEXp) 'rD 
I A¡1 ( I DpT2 (NV) )

S ,',rlDQE X

ALP (NC, NV) = (J ] -J2) 
'TFACTOR 

(K, J)
tF (ALP (Nc, NV) . Gt.TEsT) TEsT=ALP(Nc,NV)

\35 CoNT rNUE
NV=N Ul'tP I P+K
ALP (Nc , NV) = (-0 ' 001) ,TTEST

BLP (Nc) = (INHEAD (NL,l)-rltNHED (NL, l) )

c !íR rrE (6,405) (ALP (Nc,NV) ,NV=l,NU}IVAR)
c l.rRrrE (6,405) BLP (Nc)

NLPT (NC) =NL
IPT(Nc)=l

443 CoNT rNUE
444 CONTINUE

C LENGTH CONTRA INTS
D0 463 NV=l ,NUr'lP lP

rF (cLP (NV) .Lr.o) co ro 456
J=JNV (NV)

NC=NC+ l

JPT (N c) =J
ALP (Nc, NV) =l
tF (LEN (2,J) .EQ.o) TEI'lP=o
rF (LEN (2,J) .NE.0) rEllP=LEN (l,J)
BLP (NC) = (LENGTH (J) -TEI'IP) ,/ IOOO

G0 T0 463
\56 J=JNV (Nv)

NC=NC+ì
JPT (Nc) =J
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c
c
c

ALP (Nc , Nv) = I
lF (LtN (2 

'J) . EQ.o) rEnP=o
tF (LEN (2,J).NE.0) rEt4p=LEN (2, J)
BLP (NC) = (LENGTH (J) -TEI4P) /IOOO

463 CoNTtNUE
NUl4C0N=NC

LEN (2

EXIST

ADJUST COEFFICIENTS TO ORDER OF I'lAGNITUDE

0F .01 T0 l0

.ND(r,J).EQ.r) Go ro 542
î0 5\2

DlVl=0
D0 472 NV=l,NU|4VAR

TEST=ABS (CLP (NV) ) /IO
lF (TEST.GT.DIVI) D lVl =TEST

472 CoNT r NUE

D0 476 NV= I , NUI'IVAR

cLp (NV) =cLp (NV) ,/D tVt
b76 C0NT rNUE

I./RlrE (6'405) (ctP (NV) ,NV=l,NUr'lvAR)
D0 493 Nc=ì,NUllcON

D lV2 (Nc) =0
D0 494 NV= I , NUtlVAR

TTST=ABS (ALP (NC,NV) ) /IO
IF (TEST.GT.DIV2 (NC) ) ÐIV2(NC) =TEST

484 CONT INUE
c

D0 489 Hv=t , NU|4VAR

ALP (NC, NV) =ALP (NC, NV) ,i D IV2 (N C)

c rF (ALP(Nc,NV).1T.0.001) ALP (Nc, Nv) =0
489 CoNT rNUE

BLP (N c) =BLP (Nc) /D lv2 (Nc)
c wRtrE (6,405) (ALP (Nc,NV) ,NV=1,NUr'lvAR)
c l,,RtrE (6,405) BLP (Nc)

493 C0NT r NUr
INEQ=¡g¡ç9¡

c I,tRrrE (6,496) rNEQ,NUf4vAR
c 496 FoRl'lAT(3x, ¡NUl4 INEQ=', 15,3x,'NUl4vAR=', l5)

c
lT=lT+l

C CALCULATE CHANGE IN COST

T0TAL l ( lT) =T0TAL2 (lT-l) -s,!1000 r'.Dlvl
c D0 507 NV=l,NUI'IVAR
c wR lrE (6, ¡r) NV,JNv(NV),PsoL (NV)

c 507 coNTtNUE
COI'IPUTE THE CHANGE TO THE NEW SYSTEI4

NV=0
D0 542 J=l , P lPEs

KA= I 20
EQUA=0

CALL ZX3LP (ALP, KA, BLP, CLP, NUI'IVAR, I NEQ, EQUA,S, PSOL, DSOL, Rt./, IW, I ER)

, J) . EQ.0 , AND
(J) .NE.0) c0

c
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rF (LEN (2,J) .EQ.o) Go ro 525
NV=NV+ l
LEN (t , J)=LEN (t , J) +pS0L (NV) * t000
LEN (2, J) =L EN (2, J) -PSoL (NV) t 1000
NV=NV+ I

LEN (l ,J) =LEN (l,J) -PSoL (NV) ,r ì 000
LEN (2, J) =LtN (2, J) +PS0L (NV) 

'r 
1000

rF (LEN (r,J) . Lr.0.0l ) LEN (l,J) =0
rF (LrN (2,J).1r.0.0t) LEN (2 , ,l) =o
IF(LEN(],J).GT.LENGTH(J)) LEN (I, J) =LENGTH
IF (LEN(2,J).GT.LENGTH(J)) LEN (2, J) =LENGTH
c0 To 542
lF(ND(l,J) .LE.l) co To 531+
NV=NV+l
I F (PS0L (NV) . EQ. o) co ro 534
ND (2, J) =ND (l , J)
ND (r,J) =ND (2,J) -1

(J)
(J)

525

=LEN (t,J) -PS0L (NV) 
't 1000

=pSoL (NV) ,r 1 000
IF (LEN Lr .0 .01) LEN (2, J)=0

cr. LENGTH (J) ) LEN (l , J) =LENGTH (J)IF(tEN(1,J
53\ rF(ND(r,J).Gr.NDtAr4) c0 T0 542

NV=NV+l
rF (PSoL (NV) .EQ.o) Go ro 542
ND(2,J)=ND(ì,J)+l
LEN (2,J) =LEN (2, J) +pS0L (NV) 

'rt000
LtN (l,J) =LEN (ì ,J) -PSoL (NV) 

't 
ì 000

rF (LEN (r ,J) .Lr.o.ol) LEN (l,J) =o
IF (LIN(2,J).GT.LENGTH(J)) LEN (2,J) =LENGTH (J)

542 CoNT rNUE
NTEI'TP=HC0N+ I

CHECK TO SEE IF LENGTH CONSTRAINT ARE

B IND ING
SUI'1=0

L E NTE S=0
D0 550 N c=NTt l4P, N Ul'lcON

5 Ull=S Ull+DS 0 L (N c)
550 CONT I NUE

I F (sul,t. NE.o) LENTES=l
CALCULATE I'1AX II,ìU¡l WE I GHT ING FOR EACH

L INK
D0 559 J=l , P IPES

fiAXF Ac (J) =0
D0 558 K=r,HcoN

IF (FACTOR(K,J).GT.I4AXFAC (J)) I4AXFAC (J) =FACTOR (K,J)
558 CoNT rNUE

559 C0NTINUE
CALCULATE TRUE COST AND REI'IOVE SUB-
I'lINII,lUI'l PIPES WITH LOW I,IE IGHTING

D0 575 J=1 , P lPEs
r F (LEN (2, J) . EQ.o.AND.ND (1, J) . EQ. LAND.T'IAXFAC (J) . 1T.0.5)

S co ro 575
rF (LEN (r,J) .GE.o.ol) Go ro 570
LEN (I,J) =LEN (2,J)
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570

LEN(2,J)=O
ND(ì,J)=ND(2,J)
ND(2,J)=No(l,J)+ì
coSl=coSPlP(ND(1,J))
IF (ND (

TOTAL2
IF (LEN

TOTAL2

575 coNr rNUE

r ,J) .EQ.EXlSr (J)) cosl=o
(tT)=T0TAL2 ( tT) +L EN (t,J),'.CoSI
(2,J) .EQ.o) G0 T0 575
(tT) =ToTAL2 (tT) +LEN (2, J) 

'rCOSp 
I p (ND (2, J) )

l,lRrrE (6,577) lT,r0rALì (rT) ,r0rAL2 (lr)
577 FoRr,lAT (5X, r 5,6x, F r5.0, F 15.0)

G0 T0 132
C \,IR I TE PR I I1AL SOLUT I ON

580 h,R tTE (6, 87)
l,/R r rE (6,582)

582 FORI'IAT (//30X,' FINAL RESULTS')
IF (NTYPE.NE.I) GO TO 623

l'.lR I rE (6 ,585)
585 F ORI,IAT (//3X,' PIPE DIAI'IETER LENGTH DIAI'IETER LENGTHI,

s ' txrsrtNc tlpx z"/)
REWINDI I

D0 599 J=l , P IPES
I,lRrrE (ì r,590) J,ND (ì, J), LEN (1, J),ND (2, J), LtN (2, J), EXI Sr (J)

590 FoR¡1AT (2 r8, F r2.2, t8, F 12.2, I8)
rF (LEN (2,J) .EQ.0.AND.NÐ (ì,J) .EQ.l) G0 T0 599
Dt=D tAI'1 (ND (l,J) )
02=0
D 3=o
r F (EXr ST (J) .NE.0) D3=D I Al4 (EX I sr (J) )
rF (LEN (2,J) .NE.0) D2=DtAr4(ND (2,J))
r,rRrrE (6,598) J,Dt,LEN (l,J) ,D2,LEN (2,J) ,03,|4AXFAc (J)

598 FoRr4Ar (t 6,6x,F 7 .3,t r 2. 2, F I 0. 3, F 10,2,2F 10.3)
599 coNT rNUE

C WR ITE DUAL CONSTRA INTS
t,lR rTE (6,602)

602 F }Rt Al (/ / /25X,' DUAL SoLUTt 0N',/)
wR trE (6, 604)

604 F oRt'lAT (/ / / tsy., '|CONSTRAINTS LOAD',8X,'N0DE"l2X,¡DUAL S0L,')
D0 6 r0 Nc=l ,HcoN

DS0L (Nc) =DS0 L (NC) ¡tD lvl
DS0L (Nc) =DSoL (Nc) /D lv2 (NC)

l^lR rTE (6,609) Nc,NLpT(NC), r Pr (Nc) , DS0L (Nc)

609 FoRr,lAr (r5x, r5, r r,3x, r9,3x,5x,F15.8)
6IO CONT INUE

vlR trE (6, 6 t 2)
612 FoRr.rAT(' t',///15x, 'coNsrRAlNT LINK DUAL sol. ')

NTEl,lP=HC0N+ j

D0 6i9 NC=NTEI'IP,NUltCON
DS0L (Nc) =DS0L (Nc) 

'rD 
lVl

DS0L (Nc) =DS0L (NC),/Ð tv2 (N c)
I,rRtrE (6,6t8) Nc,Jpr (Nc) ,Ds0L (Nc)

6r8 FoRr4AT(15X, t5,3x,6x,r3,6X,Fr0.2)
6r9 coNTrNUE

c
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c \./RITE PRESSURES FOR EACH DEI4AND PATTTRN

l,tR tTr (6,
623 WRrTE
624 F oR|'1AT

87)
,62/l.)(6

(/ / / 15X,' CORRECTED PRESSURES AND FLO\,lS')
REt,lIND ]2
I,JR r rE (r 2 , 628) L0ADS
wRrTE (r2,628) N0DES

628 F0RflAT (t7)
r,rR I rE (6,630)

630 FoRt4AT(//t5x,,N0DE DE^IAND supPLY t'ltNHED TNHEAD')
D0 641 NL=l,LOADS

l,JR I rE (6, 634) NL

l,lRtrE (r2,628) NL

634 FoR,'1AT (/25x, ' LoAo' , r5)
D0 640 l=l , N0DES

I,IRITE (6,639) I,DEI'IAND (NL, I) ,SUPPLY (NL, I) ,¡lINHED (NL,I)
S , INHEAD (NL, I)

\.JRrrE (t2,t03) I,l'ltNHED (NL, t),DE|ïAND(NL, l), lNHEAo(NL, l)
639 F0RI4AT (12x, t 5, zx, 2t9.0, 2F t0. 2)
640 CONT INUE
6Ä r coNT rNUt

\.lRITE PIPE FLOWS AND HYDRAULIC GRAÐIENTS
\.JR trE (6, 645)

645 FoRr'rAT (//t5x,,ptpl FLoUS HGL')
D0 653 NL=r,LoAÐS

l.lRrTr (6,634) NL

D0 652 J=r,PlPES
J l= (INHEAD (NL, NoDE (ì , J) ) - INHEAD (NL 

' 
NoD E (2, J) ) )/LENGTH (J) 

'r 
1000

wRrrE (6,65r) J,rLovt(NL,J),Jì
65r FoRr'rAT (12x, t 5,F ì 5.0, F r 5.6)
6Ez coNT rNUE
653 coNr rNuE

rF(rr.LE.r5)co T0 t32
STOP
END

c

c
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Append Ìx C

OUTPUT FOR IlULTIPLE t)EI'IAND PATTERN DESIGN
EXAI'IPLE
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't¡!rl,!t NE}loRK 0PT I f'l1 ZER tltl*rt¡t

UN I TS= 21.0000000

HAZEN-Ì,/lLL lA¡rS C= I30.

NUI'IBER OF CAND IDATE Ð IAI,IETERS

D IAI4ETER c0sT

r3

I
2

3
4

5
6

7
ð

9
ì0

12
13

o.125
0.r50
0.200
0.250
0.300
0.350
0,400
o .450
0 .500
0 .550
0.600
o .650
0.700

58.oo
6z.oo
71 .70
88 .90

il 2.30
r 38.70
r69.oo
2O7 .O0
248,00
297 .oo
347 . oo
405 .00
470 . oo

NUI.IBER OF L INKS 37 NUI'IBER OF NODES 20

P I PE FROI'I TO LENGÏH

I
I
I
2

2

2

3
3
\
4

5
5
6
6
7

7
I
I
9

2

\
6

3
5
6
5
7
o

9
7

ì0
9

l0
12
r3
9

15
il

l
a

3
4
5
6
7I
9

10
ll
t2
13
r4
15
t6
ì7
ì8
r9

760.
520.
890.

il20.
6r o.
680.
680.
870.
860.
980.
890.
750.
620.
8oo.
730.
680.
480.
860.
8oo:
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INITIAL ASSUI'IPTION

P I PE D IAI'IETER LENGTH D IAI4ETER LENGTH EX IST ING

770
350
6zo
670
790

1r50
750
550
700
500
\50
750
720
540
700
850
750
970

9 l4
l0 I I
10 ì2
It 12

ilt6
't I 18
12 13
12 t7
13 17
14 15
l4 t6
14 ì9
t5 19
t6 rB
16 19
t7 18
18 20
19 20

20
21

22
23
2\
25
¿o
27
28
29
30
31
21
??

3\
35
36
37

760 . oo
520 .00
890 . oo

I120,00
610.00
680 . oo
680 .00
870.oo
860 . oo
980 . oo
890 . oo
750 . oo
620.oo
8oo . oo
7 30 .00
680 . oo
480 .00
860 . oo
8oo . oo
770.00
350 .00
620 , oo
670 . oo
790 .00

r r50.00
750 .00
550 .00
700 ,0o
500 , oo
450 . oo

400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
4oo
400
400
400
400
400
400
400
400
400
400
400
400
400

0,0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0,0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

U.U
0.0
0.0
0.0
0.0
0,0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

.0

.U

.0

n

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0
,0
,0
.0

.0

.0

.0

.0

.0

.0

0,0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0,0
0,0
0.0
0.0
0.0
0.0
0.0
0.0

0,0
0.0
0.0
0.0
0,0
0.0
0.0
0.0
0.0
0.0

0
0
0
0
0
0
0
U

0
0

0
0
0
0
0

0
0
0

0
0
0
U

0
0
0
0
0

0.
0,
0.
0.
0.
U.
0.

0.
0,
0.

0.
0.
0.
0.
0.
0.
0.
0.
0.
U.
0.
0.
0.
U.
0.
0.

0.

I

2

3
4

5
6

7I
q

l0
ll
12

r3
r4
r5
ì6
t7
ì8
r9
20
21

22
23
2\
25
26
27
28
29

30
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0.0
0.0
0.0
0.0
0.0
0.0
0.0

0,0
0,0
0.0
0.0

0.0
0.0

0.0
0.0
0,0
0.0
0.0
0,0
0.0

750.00
7 20 ,00
540 .00
700 .00
850 . oo
750 .00
970 .00

400
400
400
4oo
400
400
400

0
0
0
0
0
U

0

31
32
33
54
35
36
37

37

INHEAD

lNlTlAL C0ST= 4590040.

NUI'IBER OF LOAD ING COND IT IONS
NUT,IBER OF NOD ES 20

IN IT IAL ASSUI1PT I ON

NODE I'lINHEAD DEI,IAND

80,oo
90 .00
90 .00
70 .00

't02 .00
80. oo
90.00
70 .00
75.o0
90 .00
93 .00
85.oo
80,oo
90 .00
80.oo
96.oo
80.oo
90 .00
90 .00
70 .00

80.oo
90 .00
90.00
70.00
02.00
80. oo
90 ,00
70 .00
75.o0
90 .00

I

3
4
5
6
7
a

9
ì0
tl
t2
r3
l4
t5
ì6
t7
ì8
r9
20

I

3
4

5
6

7
ð

9
10

l
235.o
220.0
r45.0
r65.0

-8oo . o
140.0
175.0
t80.o
r40.0
r60.0
r70.0
r60.0
190.0
200 ,0
r50,0

-8oo . o
165.o
t40.0
r85.0
r60.0

2
'r65 . o
220.0
r45.o
235,0

-800.0
140.0
175.o
r80.0
r40.0
t60.0

L OAD

75.o0
74 .00
73.00
72,O0

102.00
73.00
67.o0
7 2.00
70 .00
69.00
7r,00
70 .00
64.oo
73.o0
73.o0
96.oo
67.oo
70 .00
70 ,00
67 .oo

LOAD

75.00
74 .00
73.00
72.O0

I 02 .00
73.00
67.o0
72,OO
70 .00
69.oo
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93.00
85.oo
8o.oo
90 .00
80.oo
96.oo
8o.oo
90 .00
90 .00
70 .00

80.oo
90 .00
90 .00
70 .00
02,00
8o.oo
90 .00
70 .00
75.00
90 .00
93.00
85.oo
80.oo
90 .00
80.oo
96.oo
80,oo
90 .00
90 .00
70,00

8o.oo
90 .00
90 .00
70 .00

102 .00
8o,oo
90 .00
70 .00
75.00
90 .00
93.00
85 .00
80.oo
90 .00
8o.oo
96.oo
80.oo
90 .00
90 .00
70 .00

7r,00
70.00
64 .00
73.00
7 3.00
96.oo
67 .oo
70.00
70 ,00
67.oo

LOAD

75.00
74 .00
73.00
72.O0
02.00
73.00
67 ,00
72,O0
70 ,00
69.oo
7r.00
70 .00
64 .00
7 3.00
7 3.00
96.oo
67 .oo
70 .00
70 .00
67 .oo

67 .oo
72,o0
70 .00
69.oo
7r.00
70 .00
64.oo
73.00
73.00
96.oo
67.0o
70 .00
70 .00
67.oo

t70
160
t90
200
150
8oo
165
t40
t85
r60

0
0
0
0
0
0
0
0
0
0

I

2

3
4

5
6

7
ö

9
U

I

3
4

5
6

7
I
q

t0
tl
t2
13
r4
t5
t6
t7
l8
r9
20

3
235.0
220,0
r45.0
165.0

-8oo , o
r40.0
175.0
r80.0
r40.0
r60.0
r70,0
160.0
190 .0
200 .0
r50.0

-8oo.o
165.0
t40.0
r85.0
r60.0

4

ì65.0
220 ,0
215.0
r65.0

-8oo . o
140.0
175.0
180,0
r40.0
160.0
r70.0
160.0
r90.0
200 .0,l50.0

-8oo.o
r65.0
r40.0
r85.0
160.0

LOAD

75.o0
74.00
73,00
72.O0

102.00
73.00

I
2

3
4

5
6

7
I
9

10

12
r3
r4
15
l6
17
r8
r9
20

- oÁ -



5LOAD

8o.oo
90 .00
90 .00
70 .00

'l02 .00
80.oo
90 ,00
70.00
75.00
90 ,00
93 .00
85 .00
80.00
90 .00
8o.oo
96.oo
80.oo
90 .00
90 .00
70 .00

.U

.0

.0
,0
.0

.0

.0
,0

.U

.U

.U

.U

.0

165
290
1\5
\65

-8oo
140
175
r80
r40
160
170
r60
t90
200
t50

-8oo

-8oo
230
175
r80
r40
160
t70
160
t90
200
t50

-8oo
165
r40
t85
r60

I
2
I
I

I
2

3
f+

5
6

7
I
9
0
ì

2

3
4

5
6

7
a

9
0

75.o0
74.00
73.00
72.00
02.00
73.o0
67 .00
72.00
70 .00
69.oo
7r.00
70 .00
b4.uu
73.00
73.00
96 .00
67 .oo
70 .00
70 .00
67.oo

I
2

3
4
5
6

7
R

9
t0
ìì
t¿
r3
r4
t5
l6
1l
t8
ì9
20

165
140
185
ì60

b5
20
4b
65

165.
220 .
215.
165.

-800.
r 40.
175.
r 80.

6LOAO

75 .00
74.oo
73 .00
72.00
02 ,00
73.00
6j .oo
72,O0
70 .00
69.oo
71,00
70 .00
64 .00
73.o0
73.00
96.oo
67.oo
70 ,00
70 .00
67 .00

80.oo
90 .00
90 ,00
70 .00
02.00
80 ,00
90 .00
70 .00
75.oo
90 .00
93.00
85.oo
80.oo
90 .00
80.oo
96.oo
8o.oo
90 ,00
90 .00
70,00

.0

.U

.0

.0

.U

.u
,0
.0
.U
.0
.0

.0

.0

.0

.0

80.oo
90 .00
90 .00
70 .00

t02.00
80.oo
90 ,00
70 .00

0
0
0
0
0
0
0
ô

I
2

3
4

5
6

7
I

LOAD

.00
,00
,00
.00

.00

.00

.00

75
l4
73
72
02
73
67

72

-97-



7 5.o0
90 .00
93.00
85 .00
80.oo
90 .00
80.oo
96.oo
80.oo
90 ,00
90 ,00
70.00

r40
r60
170
r60
t90
200
150

-8oo
165
r40
185
r60

r65.0
220 .O
r45.0
235.0

-8oo . o
t40.0
17 5.o
r80.0
r40.0
r60.0
r70.0
160.0

0
0
0
0
0
0
0

0
0

70 .00
69.oo
7r.00
70 .00

75
74
73
72
v¿
73
67
72
7o
69
71

7o
6\
73
73
96
þl
7o

9
t0
tl
12

i3
t4
15
tb
t7
r8
r9

I

2

3
4

5
6
7
I

't0

ll
t2
r3
r4
15
t6
17

l8
r9
20

l
2

3
l+

5
6

7
I
9

t0
1ì
l2
r3
r4
15
16
17
r8

64.oo
73.00
73.00
96 .00
67.00
70 .00
70 .00
67.oo

aLOAD

75.00
74 .00
73.00
72.00
02.00
73.00
67.00
72.0O
70 .00
69.oo
7r.00
70 ,00
64.oo
73,00
73.00
96 .00
67 .oo
70 .00
70 .00
67 ,00

LOAD
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
,00
.00
.00
.00

80.oo
90 .00
90 ,00
70 .00
02.00
8o.oo
90 .00
70.00
75.00
90 .00
93.00
85.oo
80 .00
90 .00
8o.oo
96.00
80 .00
90 .00
90 .00
70 .00

165.0
220,0
i45.0
r65.0

-8oo.o
r40.0
265.0
r 80.0
r 40.0
r60,0
r 70,0
r60.0
'ì 90 .0
200 .0
r50.0

-8oo . o
r65.0
140.0
r85.0
r60.0

8o.oo
90 .00
90 ,00
70 .00

102.00
80.oo
90 .00
70 .00
75.00
90 .00
93.00
85.oo
80.oo
90 .00
80,oo
96 .00
80 .00
90 .00

9

r90.0
200 ,0
l50.o

-8oo . o
165.o
r40.0

98



90 .00
70 .00

0
0

9
0

70
Þ/

64.oo
73.00

ll
r65.0
220 .O
r 45.0
165.0

-8oo . o
140 .0
265,0
r80.0
r 40.0
r60.0
ì70,0
ì60.0
190.0
200 .0
r50.0

-8oo . o
165,o
r40.0
r85.0
160.o

85
bU

00
00

l0LOAD

75.00
7À.oo
73.00
72.o0

t 02.00
73.00

80.oo
g0 .00
90 .00
70 .00

102.00
80 .00
90 .00
70 ,00
75.00
90 .00
93 .00
85 .00
80,oo
90 ,00
80 .00
96.oo
80 .00
90 .00
90 ,00
70 .00

0
0
0
0
0
U

0
0
0

0
0
0
0
0
0
0
0

165
220
tl+5
235

-8oo
140
175
r80
r40
r60
170
r 60.
190 .

200.
t 50.

-800.
t65.
r 40.
ì85.
ì60.

12
165.0
220,0
r45.0
165.0

-8oo . o
ì40.0

67 .00
72.00
70 .00
69.oo
7r.00
70 .00
64.oo
73.o0
73 .00
96 .00
67 .oo
70 .00
70 .00
67.00

LOAD

75.00
74 ,00
73 .00
72.00

102,00
73.00
67 .oo
72,o0
70 .00
6g.oo
7r.00
70 .00

73.00
96.oo
67.00
70 .00
70 ,00
67 .oo

LOAD

75.o0
74 .00
73 .00
72.00
02 .00
7 3.00

I
2

3
4
5
6
7
I
9

t0
il
12
r3
r!
t5
l6
17
'ì8

r9
20

1

2

3
4
5
6
7
I
o

ì0

l2
r3
r4
15
t6
17
ì8
l9
20

80 .00
90 .00
g0 .00
70.00
02.00
80.oo
90 .00
70 .00
75.00
90 ,00
93 .00
85.oo
80.oo
90 .00
8o. oo
g6 .00
8o.oo
90 .00
90 .00
70 .00

80.oo
90 .00
90 .00
70 .00

t 02,00
80 .00

I

2

3
l+

5
6

-99-



90 .00
70 .00
75.o0
90 .00
93 .00
85 ,00
80,oo
90 .00
80.oo
96 .00
80.oo
90 .00
90 .00
70 .00

80. oo
90 .00
90 .00
70.00

ì 02.00
80.oo
90 .00
70 .00
75.00
90 ,00
93 .00
85.oo
80.oo
90 .00
80.oo
96.oo
8o. oo
90.00
90.00
70 .00

80.oo
90 .00
90 .00
70 .00

t 02,00
80. oo
90 .00
70 .00
75.o0
90 .00
93.00
85.oo
80. oo
90.00
80. oo
96.00

0
0
0
U

0
0
0
U

0
0
0
0
0

165
220
t45
165

-8oo
I /+0

175
r80
230
r60
170
ì60
t90
200
t50

-8oo

67.00
72,00
70 .00
69.oo
7r.00
70 ,00
64 .00
73.o0
73.00
96.oo
67.oo
70 .00
70 .00
67.00

LOAD

75.00
74.00
73.00
72.O0
02 .00
73.00
67.oo
72.O0
70 .00
6g.oo
7r.00
70 ,00
64.oo
73.o0
t5,vv
96.oo
67.o0
70.00
70 .00
67 .oo

65
40
85
6o

165
r40
185
r60

.0

.0

.0

.0

.0

.0

.U

.0

.0

.0

.0

.0

.0
,0
.0
.0
.U

175,
r 80.
I [0.
250.
170.
ì60.
190.
200.
t50,

-800.

r65.0
220,0
145.0
165.o

-8oo.o
230.0
175.0
l80.o
r40.0
t60.0
r 70.0
i60.0
r90.0
200 .0
r50.0

-8oo.o

7
I
9

ì0
ll
t2
r3
t4
15
t6
t7
r8
r9
20

I
2

3
4
Ã

6
7I
9

10
ll
12
t3
ì4
15
tÞ
17
r8
r9
20

ì3

\LOAD

75.o0
74.00
7 3.o0
72,O0
02.00
73.o0
67.00
72.00
70 .00
69.oo
7'l.00
70 .00
64.00
7 3.00
7 3.00
96.oo

l
2

3
4
5
6

7
8
9
0
1

2

3
4

5
6

- ì00 -



8o.oo
90 .00
90.00
70 .00

65.0
40 .0
85.o
60 .0

67 .oo
70 .00
70 .00
67.oo

LOAD

75.o0
74 .00
73.00
72.O0

80.oo
90 .00
90 .00
70 .00

I 02 .00
8o.oo
90 .00
70 ,00
15 .00
90 .00
93 .00
85.oo
80.oo
90 ,00
80.oo
96.00
80.oo
90 ,00
90 .00
70 .00

8o.oo
90 .00
90 ,00
70 ,00
02 .00
80 .00
90 .00
70 .00
75.o0
90 ,00
93 .00
85.oo
8o.oo
90 .00
80 .00
96.oo
80.oo
90 .00
90 .00
70.00

0
0
0
0
0

0
0
0
0
0
0
0
0
U

0
0
0
0
0

165
220
145
165

-8oo
r40
175
ì80
i40
r60
170
210
10ñ

zUU
t50

-80o
165
r40
185
r60

r65.0
220 .O
ì45.0
r65.0

-8oo . o
t40.0
175.0
t80.0
r40.0
r60.0
r70.0
t60,0
260.0
200.0
r50.0

-8oo.o
165.0
140.0
r85.0
r60,0

5LOAD

75.00
74.oo
73.00
72,O0
02 .00
73.00
67 .00
72.00
70 .00
69.oo
7r.00
70.00
64.oo
73.o0
73.00
96.oo
67.oo
70 .00
70 ,00
67.00

LOAD

75.o0
74.00
73.00
72.00
02 .00
73.00
67.00
72.O0
70 .00
69.oo
7r.00
70 ,00
64 .00
73.00
73.00
96 .00
67.oo
70 .00
70 .00
67 .oo

17
r8
r9
20

I

2

3
4

5
6

7
ö

9
l0
tl
t2
t3
r4
15
t6
11
18
r9
20

I

3
4

5
6

7
I
9

l0
lt
12

13
r4
t5
r6
t7
l8
ì9
20

6

7
b5
20
\5
b5

0
0
0
0

I
2
I
I

I

2

3
\

- t01 -

8o.oo
90 .00
90 .00
70 .00



02.00
80.oo
90 ,00
70 .00
7 5.00
90 .00
93.00
85.oo
8o.oo
90 ,00
8o,oo
96 .00
80,oo
90 .00
90 .00
70 .00

80.oo
90 .00
90 .00
70 .00
02,00
80,oo
90 .00
70 .00
75.oo
90 .00
93.00
85.oo
8o.oo
90 .00

5
6

7
I
9

l0
lt
t2
ì3
ì4
t5
tb
t1
l8
r9
20

-8oo.o
r40.0
17 5.0
¿rv ,v
140 .0
r60.0
r70,0
t60.0
t90.o
200 .0
r50,0

-8oo , o
165.0
r40.0
r85.0
r60.0

LOAD

75.00
74 .00
73 .00
72.00

ì02.00
73.00
67.00
72.O0

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

'i02,

73.
67.

70,
69.

70.
64.
73.
73.
96.
õ1.
70.
70.
67.

74 .00
73 .00
72.00
02 .00
73.00
67.00
72.O0
70 .00
69.oo
7r,00
70 ,00
64.oo
73.00

t8
80,oo
90 .00
90 .00
70 ,00

I 02 .00
80.oo
90 .00
70 .00
75.00
90 .00
93.00
85.oo
80,oo
90 .00
80.oo
96.oo
80.oo
90 .00
90 .00
70 .00

LOAD

75 .00

r65.0
220 .0
r45.0
r65.0

-8oo . o
140 .0
175.0
25O.0
ì40.0
r60.0
r70,0
r60,0
r90.0
200 .0
r50.0

-8oo . o
r65.0
r40.0
r85.0
r60.0

ì65.0
220 .0
r45.0
r65.0

-8oo , o
r40.0
175.0
r80,0
230.0
i60.0
170.0
r60.0
r90.0
200 .0

70 .00
69.oo
7r.00
70 .00
64.oo
73.00
73.00
96.oo
6j .oo
70 .00
70 .00
67.oo

I
2

3
4

5
6

7I
9

ì0
tì
t2
r3
r4
r5
r6
17
l8
r9
20

r9
I
2

3
l+

5
6

7
I
9

t0
il
12

13
14

- 102 -



80.oo
96.oo
80.oo
90 .00
90 .00
70 .00

r 50.0
8oo. o
165.0
t40.0
r85.0
i60.0

21
r65.0
220 ,O
r45.0
r65.0

-8oo . o
t 40.0
17 5.o
ì80.0

73.00
96.oo
67.00
70 .00
70 .00
67 .00

t5
tþ
t7
t8
r9
¿U

l

3
4

5
6

7
I
9

't0

ll
t2
ì3
r4
15
tb
t7
t8
r9
20

I
2

3
4

5
6

7
I
o

10

t2
t2
¡4
15
tb
17

t8
r9
20

LOAD

7 5.00
74.00
73.00

80.oo
90 .00
90 ,00
70 .00

I02.00
80.oo
90 .00
70 .00
75.oo
90 .00
93.00
85 .00
80.oo
90 ,00
80.oo
96 .00
8o.oo
90 .00
90 .00
70 .00

r65.0
220,O
r45.0
165.0

-8oo . o
r40.0
175.o
r80.0
230,0
r60.0
170.0
160 .0
r 90.0
200,0
r50.0

-8oo . o
r65.0
140.0
r85.0
r60.0

72.00
02.00
73.00
67.00
72.00
70 .00
69.oo
7r.00
70 .00
64 .00
73.00
73.00
96.oo
67 .oo
70 .00
70 .00
67 .oo

LOAt)

70 .00
64.00
73.00
73.00
96.oo
67.oo
70 .00
70 .00
67.oo

LOAD

75.00
74 .00

80.oo
90 .00
90 .00
70.00

t 02,00

?E 
^ô

74.oo
73.00
72.0O

1 02 ,00
73.oo
67 .oo
72.00
70 .00
69.oo
7r.00

80.oo
90 .00
70 ,00
75.o0
90 .00
93 .00
85.oo
80.oo
90 .00
80.oo
96.oo
8o.oo
90 .00
90 .00
70.00

t40.0
r60,0
270.0
r60.0
190.0
200 .0
r50,0

-8oo , o
r65.0
r40.0
185.0
160 .0

22
8o.oo
90 ,00

r65.0
220 .O

- 103 -



90 .00
70 .00
02,00
80,oo
90 ,00
70 .00
75.00
90 ,00
93.00
85.00
80.oo
90 ,00
80,00
g6.oo
80.oo
90 .00
90 .00
70 .00

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

80.
90.
90.
70.

ì02 .

80.
90.
70.

90.
93.
85.
80.
90.
80.
96.
80.
90.
90.
70.

80.oo
90 .00
90 .00
70 .00
02 .00
80.oo
90 .00
70 ,00
7 5.o0
90 ,00
93.00
85.oo

ì45
tb5

-800.
r 40.
175.
r 80.
r 40.
r 60.
t70,
2'l0.
I90.
200.
t50.

-800.
165.
ì 40.
I 85.
r 60,

t65.
220 .
I 45.
165.

-8oo,
r 40.
t75.
180.
r 40.
r60.
170.
210.
190.
200.
t50.

-800.
165.
r 40.
185.
r60.

0
0
0

0
0
0
0
0
0
0
U

0
0
0

0
0
0
0
0
0
0
0

0
0
0
U

0
0
0
0
0

r65.0
220 .O
r45.0
165.0
8oo.o
t¡+0.0
t7 5.0
r80.o
r40.0
r60.o
270,O
t60.0

2LOA D

75.o0
74.00
7 3.00
72.00

73.00
72,00

102.00
7 3.o0
67.oo
72.O0
70 .00
69.oo
7r.00
70.00
64.oo
73.00
7 3.o0
96.oo
67.oo
70 .00
70.00
6j .oo

LOAD
.00
.00
.00
,00
.00
.00
.00
.00
.00
.00

75
l4
73
1)

^)
73
ól

7o
69

02.00
73.00
67.00
72,00
70 .00
69.oo
7r.00
70.00
64.oo
73.o0
73.00
96.oo
67 .oo
70 .00
70 .00
67.00

2\

7 r .00
70 .00

I

3
4

5
6

7
I
o

l0
il
t1

- r04 -



80.oo
g0 .00
8o.oo
96.oo
80. oo
90.00
90 .00
70 .00

0
0
0
0
0
0

0

190
200
150

-8oo
165
t40
t85
r60

64.oo
73.00
73.00
96.oo
67.oo
70 ,00
70 ,00
67 .oo

75
1\
73
72
o2
73
67
72
70
69
71
7o
6\
73
73
96
ol
70
70
67

13
t4
r5
t6
17
l8
r9
20

I
2

3
q

4
6

7
I
9

t0
ll
t2
13
r4
ì5
tb
17
t8
ì9
20

25LOAD

,00
.00

.00

.00
,00
.00
.00
.00
.00
.00
.UU
.00
,00
,00
.00
.00
.00
,00
.00

LOAD

80,oo
90 .00
90 .00
70.00

102 .00
8o.oo
90 .00
70 ,00
75,00
90 .00
93 .00
85.oo
80. oo
90.00
8o.oo
96.oo
80.oo
90.00
90 .00
70 .00

80.oo
90 .00
90 .00
70 .00

102 .00
80.oo
90 .00
70.00
7 5.00
90 .00
93.00
85.oo
80. oo
90 ,00
8o.oo
96.00
80.00
90.00
90 ,00
70 .00

165.0
220 .O
r45.0
165.0

-8oo , o
r40.0
17 5.o
ì 80.0
I l+0 .0
r60,0
ì70.0
160.o
260,0

t50,0
-8oo. o

r65.0
I ¡i0 .0
t95.0
l60.o

75.o0
74.oo
73.00
72.OO

102 .00
7 3.o0
67 .oo
72,00
70 .00
69.oo
7r.00
70.00
64 .00
7 3.o0
73.00
96 .00
67 ,o0
70 .00
70 .00
67.oo

165.0

r45.0
165.o

-8oo . o
r40,0
t7 5.o
r80.0
ì40.0
160.0
270,0
r60,0
r90.0
200 .0
150.0

-8oo . o
r65.0
t40.0
r85.0
ì60.0

26
I
2

3
4

6
7I
9

l0

t2
r3
r4
t)
16
t7
t8
r9
20

LoAD 27

- t05 -



80.oo
90 .00
90 ,00
70 .00
02 .00
80.oo
g0 .00
70 .00
75.00
90 .00
93 .00
85.oo
80.oo
90 .00
80.oo
96.oo
8o.oo
90 .00
90 .00
70 .00

165.0
220 ,0
r45.0
165.0

-8oo . o
r40.0
115.0
I80.0
140.0
r60.0
ì70.0
t60,o
r90,0
200 .0
t50.o

-8oo . o
235.0
r40.0
r85.0
t60,0

75 .00
74 .00
73.00
72.O0
02 .00
73.00
67.oo
72.00
70 ,00
69 .00
7r.00
70 .00
64.oo
73.00
73.00
96 .00
67.00
70 ,00
70 .00
67.oo

LOAD 28

l
2

3
4

5
6

7I
t0
il
12
r3
ll+
t5
t6
17
t8
r9
20

l
2

3
4

5
6

7
I
9

t0

12
r3
r4
15
r6
t7
l8
r9
20

I
2
a

4

5
6

7

9
t0

80.oo
90 ,00
90 ,00
70 .00

102 .00
8o.oo
90 .00
70 .00
75.00
90 .00
93.00
85.oo
80.oo
90 .00
8o.oo
96.oo
80.oo
90 .00
90 .00
70 .00

165.0
220 .O
ì45.0
r65.o

-8oo . o
140.0
175.0
r80.0
r40.0
r60.0
r70.0
160.0
260.0
200 .0
ì50.0

-8oo. o
165.0
r40.0
r85.0
r60.0

75.00
74.oo
73.o0
72.O0

102 .00
73.00
67.oo
72.O0
70 .00
69 .00
71.00
70 .00
64 .00
73.00
73.00
96.oo
67.oo
70.00
70 .00
67.oo

00
00
00
00
00
00
00
00
00
00

80.
olt
on

7o.
102 .
80.
90.
70.
75.
90.

r65.0
220.0
145.0
r65.0

-8oo.o
'I 40 .0
175,0
r80,0
r40.0
r60.0

74.00
73 .00
72,00
02 .00
7 3.o0
67 .oo
72.00
70 .00
69.oo

29LOAD

75.o0

- 106 -



93 .00
85 .00
80.oo
90 .00
8o.oo
96 .00
80,oo
90 .00
90 .00
70 .00

t70
160
t90
200
220

-8oo
b5
40
8S
6o

3
4

5
6

7
I
9

0
0
0
0
0
0
0
0
U

0

7r.00
70 .00
64.oo
73.00
73.00
96.oo
67 ,00
70 .00
70 .00
67 .00

LOAD

7 5.00
74.00
73.00
72.0O

I 02 .00
73.00
67.oo
72.00
70 .00
69.oo
7r.00
70 .00
64.oo
73.o0
73.00
96.oo
67 .oo
70 .00
70 .00
6j .oo

LOAD

t1
12

30

20

l
2

3
4
E

6

7
I
2

l0
tl
12

r3
r4
15
t6
17
t8
r9
20

i
2

3
4

5
6

7
ö

t0

l¿
r3
r4
t5
'r6

t7
l8
r9
20

80.oo
90 ,00
90 .00
70.00
02 .00
80.00
oô ôn

70 .00
75.00
90 ,00
93.00
85.oo
80,oo
90 ,00
80.oo
96.oo
8o.oo
90 .00
90 .00
70 .00

80.oo
g0 .00
90 .00
70 .00
02 ,00
80.oo
90 .00
70 .00
75,00
90 ,00
93.00
85.oo
80.oo
90 .00
80.oo
96.oo
80 .00
90 .00
90.00
70 ,00

75.o0
74.00
73.00
72.00
02 .00
73.00
67.oo
72.O0
70 ,00
69.oo
7r.00
70 .00
64.oo
73.00
73 .00
96.oo
6j .oo
70 ,00
70 .00
67 .oo

r65.0
220.0
r45.0
r65.0

-8oo . o
r40.0
175.0
r80.0
140,0
r60.0
r70.0
r60.0
r90,0
320 .0
r50.0

-800.0
r65.0
r40.0
r85.0
r60.0

r65.0
220 .0
r45.0
r65.0

-8oo , o
140.0
175.0
r80.0
t40 .0
r60.0
r70.0
160.0
r90.0
200 .0
150.o

-8oo . o
165.0
r40.0
305.0
r60.0

31

- 107 -



75,00
g0 .00
93 .00

8o.oo
90 .00
90 .00
70.00
02.00
80.oo
90 .00
70 ,00

85.oo
80 .00
90 .00
8o.oo
96.oo
80.oo
90 .00
90 .00
70 .00

8o.oo
90 .00
90 .00
70 .00

i 02 .00
80.oo
90 ,00
70 ,00

r65.0
220 ,o
r45.0
165.o

-8oo . o
ì l+0 .0
175,o
ì80.0
r40.0
160 .0
170.0
r60.0
ì90.0
200 .0
220 .O

-8oo , o
165.0
r40.0
185.0
160.0

,0
.0
.0
.0

.0

.0

.0

.0

.0

.0

.0
,0
.0
.0
.0
.0

,0

-8oo
r40
175
r80
r40
r60
ì70
r60
tg0
200
t50

-8oo
165
260
185
.I60

32LOAD
,00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
,00
.00
,00
.00
.00
.00
.00
,00

LOAD
.00
.00
,00
,00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

LOAD
.00
.00
,00
.00
.00
.00
.00
.00

75
7\
73

t02
13
6l
11

70
69
71
70
6\
73
73
96
67
7o
70
67

75
7\
73
72

102
73
67
72

75
l4
73
72
02
73
Þl
72
7o

71

70
6\
73
73
oÁ

ol

67

1

z

4

5
6

7
I
9

t0

12
ì3
r4
1E

tb
17

r8
ì9
20

I
2

3
4

5
6

7
ö

9
l0
ll
t¿
t3
t4
15
l6
17
t8
r9
20

80.oo
90 ,00
90 .00
70 ,00

102 .00
80.oo
90 .00
70 .00
7 5.oo
90 .00
93 .00
85.oo
8o.oo
90 ,00
80,oo
96 .00
80 .00
90 .00
90 .00
70 .00

33
tb5
220
t45
165

3\
r65.0
220,0
r45.0
r65.o

-8oo . o
I40 .0
175.0
r80. o

I
2

3
4

5
6

7
I

- r08 -



75.00
90 .00
93.00
85.oo
80,oo
90 ,00
80 .00
96.oo
80.oo
90 .00
90 .00
70.00

8o.oo
90 .00
g0 .00
70 ,00

102.00
80.oo
90 .00
70 .00
75.o0
90 .00
93.00
85 .00
80,oo
90 ,00
80,oo
96.oo
80.oo
90 .00
90 .00
70 .00

80.oo
g0 .00
90 ,00
70 .00

I02.00
80.oo
g0 .00
70 .00
75.oo
90 .00
93 .00
85.oo
8o,oo
90 .00
8o.oo
96.oo
80.oo
90 .00

0
0
0
0
U

0
0
0
0
0

0

0
0
0
0
0
0
0

0
0
U

U

0
0
0

0

0

0

0
0

0
0

0
0
0
0

140.
r 60.
170.
r 60.
ì90.
200.
t 50,

-8oo,
165.
t40.
305.
r 60.

165.
220 ,

1\5.
t65.

-800.
r 40.
t7 5.
ì 80.
140.
160.
170.
r 60.
ì90.
200.
t50.

-800.
235,
r 40.
t85.
160.

35

70 .00
69.oo
7ì.00
70 ,00
64.00
73.00
73.00
96 .00
6j .oo
70 .00
70,00
67 .oo

LOAD

75.o0
74.00
73.00
72.O0
02.00
73.00
6j .oo
72,oo
70 .00
69.oo
7r.00
70.00
64.00
73.o0
73.00
96 .00
67.00
70 .00
70 .00
67 .oo

165.
220 .
t4,.
165.

-8oo,
r 40,
175.
r 80.
140.
r 60.
ì 70.
r60.
t90.
200 .
150.

-800.
I 65.
ì40.

36LOAD

75.o0
74 .00
73.00
72.O0

ì 02.00
73.00
67 .oo
72.O0
70,00
69.oo
71.00
70 .00
64.oo
7 3.00
73.00
96.oo
67 ,oo
70 .00

9
t0
I1

r3
t4
5
6

7
a

ì9
20

I

2

3
4
5
6

7
I
9

t0
1ì
t2
ì3
l4
r5
t6
17
t8
r9
20

I
2

3
4
Ã

6

7
a

9
t0
lt
t2
13
r4
15
r6
17

t8

-t09-



90 .00
70.00

o,
8o

37

70.00
67.oo

74.oo
73.00
72.O0

I 02 .00
73.00
67.oo
72.00
70 ,00
69.oo
71,00
70 .00
64 ,00
73.00
73.00
96 .00
67.oo
70 .00
70 .00
67.oo

ì9
20

I
2

3
4
6

6
7I
9

t0
t1
t2
13
r4
t5
t6
17
l8
'ì9

20

d

8o. oo
90 ,00
90 .00
70 .00

102.00
8o.oo
90.00
70.00
7 5.o0
90.00
93,00
85.oo
80.oo
90 .00
80. oo
96.00
80,oo
90 .00
90.00
70 .00

.0

.0
,0
,0
.0
.U

.U

.U

.0

.0

.0

.0

.0

.0

165
220
145
ìb5

-8oo
r40
175
r80
r40
ì60
t70
r60
t90
200
150

-8oo
tb5
1 l{0
t85
280

LOAD

75.00

PIPES OUT OF SERVICE IN EACH CONDITION

2

LOAD

LOAD

L OAD

LOAD

LOAD

LOAD

LOAD

I

P IPE

2
P IPE

l+

PIPE

6
P IPE

7
P IPE

ö

P I PE

3

3
PEP

\

5

6

7

5
P

LOA D

- 0-

I
LOAD 9



PIPE 9

LOAD

LOAD

LOAD

LOAO

LOAD

LOAD

LOAD

LOAD

LOAD

LOAD

LOAD

LOAD

LOAD

LOAD

ll
P IPE

l0
P IPE

12
P I PE

1a

P IPE

r4
P IPE

t0

tì

12

ì3

r4

t5

r6

17

18

r9

20

21

2Z

2\

25

26

LOAD r6
P I PE

LOAD t7
P IPE

15

PIPE

t8
P IPE

r9
P I PE

20
P I PE

21

PIPE

LOAD 22
PIPE

¿5
P IPE

¿4
P IPE

26
P I PE

25
PIPE

LoAÐ 2l

- lil -



P rPE 27

LOAD

LOAD

28
P IPE

29
P I PE

37
P IPE

28

LOAD 30
P IPE

LOAD 3r
P IPE

LOAD

P IPE

LOAD 33
P I PE

LOAD 3\
P IPE

LOAD ?E

P I PE

LoAD 36
P IPE

LOAD

29

30

31

32

33

3\

35

36

ITËRAT ION cosT I

37 67093.
305004 ì .
2\t\\99.
2t 336\9 .

2rot66\.
2069679.
2 r r 3005.
2 r r 0889.
2 r 08599 .

2068086 .

2068r r r.
2070268.
2072391 .

207 \021 .

2o7 5025 .

2075265.
2075058,
2074888.

cosT 2

2
?

4
5
6

7I
9

t0
1l
t2

3767064,
3050042.
24r45or.
21336\9.
2tot66\,
21759\2.
2l I 3006 .

2rì0887.
2066259.
2068084.
2068r r5.
2070266.
2072391 .

2o7 \025 .

207 5023.
2075268.
207 5055 .

2074886.

3
4

5
6

- l12 -

17

18
r9



2o7 46\9.
207\\57.
2o7 \594 .

207 \7 62 .

207 \6\6 .

207 \458 .

207 \589 .

207 \7 63 .

20
21

22
23

F INAL RESULTS

P I PE D IA¡1ETER LENGTH D IAI'IETER LENGTH EX IST ING I.IAX Z

t.000
0 .703
o .894
0 .550
0.892
0.777
0 "771
o .867
0.297
0,759
0.383
I .000
0 .440
o .885
0.6r r

0.75\
0.748
0.338
0.720
0.483
I .000
I .000
0.653
0.6ì2
0 .686
0,759
0.389
0.952
0,955
0 .6/+3
I .000
0 .848
1.000
0.808
L 000
1.000

0.0
0.0
0,0
U.U
0.0
0.0
0.0
0.0
0.0
0,0
0,0
0.0
0.0
0.0
0.0
U.U
0.0
0,0
0.0
0,0
u.u
0.0
0.0
0.0
0.0
0.0
0,0
0.0
0.0
0.0
0.0
0.0
0,0
0.0
0.0
0,0

0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0

0
0
0

0
0
0
0

0
0
0
0
0
0

0
0
0

o .250 409 .02
0.200 269.23
o.250 136.58
0.0 0,0
0,0 0.0
0.0 0,0
0.0 0.0
0.200 739.08o.r50 770.37
0.0 0.0
0.0 0.0
o,4oo 172,16
0,0 0.0
0.0 0.0
0.200 172,o9
o.2oo 356.67
0.0 0.0
0.0 0,0
0,250 92.\8
0.0 0.0
0.0 0,0
o.25o 69.93
0.0 0.0
0.200 r03r. r6
0,200 626,06
0.200 399.r4
0.0 0.0
0.0 0.0
o.3oo r35.08
0.250 1O2,97
0.0 0.0
0.0 0,0
0.350 93.29o.2oo 383.690.250 203.40
o.250 400.76

350 .98
250.77
753.\2

I I 20 .00
6r0.00
680 . oo
680 . oo
r 30.92

89 .63
980 . oo
890 . oo
577 .8\
620.oo
8oo , oo
507 .91
123.33
860 . oo
800 .00
677 .52
350 .00
620. oo
600 . 07
790 .00
I18.8¡+
123.9\
r 50 .86
700 ,00
500 ,00
31/4.92
6\7 .03
720.00
5/{o . oo
606.7 r

466.3r
5\6.60
569.2\

.200

. ì50

.200

.200

.300

. 200
,250
.150
.125
.200
.200
.350
. 200
. 300
. 150
, t50
.200
.200
.200
. 200
. 200
.200
.250
, 150
. t50
. ì50

I En

.200

.250

.200

.200

.250
,300
.150
. 200
.200

l
2

3
4
!

6

1
I
9

t0

t2
r3
r4
16

17
r8
r9
20
21
22
)?
2l+
25
¿þ
27
28
29
JU
3l
32
33
54
?Ã

JO

37

DUAL SOLUT ION

- 1ì3 -



CON STRA I NTS LOAD

CONSTRA INT L

DUAL SOL,
o . 7986893l
3.8703527 5
0.08093327
0.r9r00928
0.r3621670
0.73620003
o . \03977 51
o.39or3046
0.30809450
0.87695795
0.25092107
0.22638708
2.39629555
o .80073583
0.72842526
o .36\67 516
2 .369103\3
o.09528291
0.7608452\
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

12
12

54
l0
ìl
t7
26
27
r8
37
l6
35
30
36

l

5
30
22

2
12

30
t2
3\
12

5
34
t2
22
30

Ã

)2.
'|

33
12

12
29

I

2

3
4

5
6

7I
9

't0

tl
12
r3
r4
15
tb
17

t8
r9
20
21

22
23
¿4

¿þ
27
28
29
30
,r
32
33
3\
35
Jþ
37

NODE

l
4

15
4

7
I

r3
17
I

20
r3
t7
r4
20

1

r8
I

15
12

4
t¿
I
6
I
I
2

to
17
t7

4
4

12
4

t7
l0

9
t5

KIN
I

ì

2

2
2

3
4
4

5
5

0.0
0.0
0.0
0.0
U.U
0.0
0.0
0.0

0.0

38
39
40
4r
\2
\3
44
45
\6
\7

OUAL SOL

-il4-
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102
103
r04

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

54
3\
35
35
36
36
37
37

05
06
o7
08

r09

CORRECTED PRTSSURES ANI) FLOWS

NODE DEI'lAND SUPPLY I'lINHED INHEAD

l
2

3
4

5
6

7I
,

t0

12
r3
r4
t5
t6
17
t8
r9
20

LOAD
235.
220 .
145 .

165.
-800.

r 40,
175.
r80.
r40.
r60.
I 70.
r 60.
ì90.
200 ,

150.
-800.

165.
'r40,

tö5.
r60.

l
235.
220 .
145.
tb5'

- tbJS,
r 40.
175.
t80.
r 40.
ì 60.
170.
t 60.
190 .

200.
t50.

- r443.
165.
140,
185 .

r60.

7 5.01
97 ,1o
97 .03
75.\\

r 02 .00
88.i3
91.19
79.5\
83.80
92.7 1

99. il
8\.26
8r.05
88 .60
84.6t
96 .00
8r.15
89.zz
89.6r
8j .52

75,00
74.oo
73.00
72.00

t 02 .00
73.00
67 .oo
72.0O
70 .00
69.oo
7r,00
70 ,00
64.oo
73.00
73.00
96.oo
67 .00
70 .00
70 .00
67.00

9t .66
95 .81
96.o7
72.09

r02 .00
91.86
90 .89
78.98
83 .99
93.99
89 .54
84.87
8r.46
88.6r

I
2

3
4
5
6

7
ð

9
l0
lt
12

ì)
r4

LOAD

165,
220 .
I l+5.
235,

-800.
r40,
175.
r80,
r 40,
r 60.
170.
r60.
190 .

200.

2

165.
220 .
1\5 ,
235.

-165\.
ì 40.
17 5.
180 .

r40.
t60.
t70.
I 60.
I 90.
200 ,

75.oo
74.00
73.00
72.00

102.00
73.00
67.00
72.00
70 .00
69.oo
7r.00
70 .00
64 .00
73,00

-il6-



84 .47
96.oo

102.00

ou
5\
63
70

8r
Ao

89
87

73.00
96 .00
67.00
70 .00
70 .00
67.oo

00
00
00
00
00
00
00
00

75.
7\.
73.
72.

102.
73.
67.

70.
6\.
73.
73.
96,
õ1.
7o.
7o.
67.

150 .

-8oo,
\65,
ì40.
185.
r 60.

150.
-t42'.

165.
ì 40.
185.
160 .

t5
r6
17
t8
r9
20

I

2
7

4
E

6

7
I
o

l0

12
r3
r4
t5
Ib
17
l8
r9
20

l
2

3
4
Ã

6

7
ö
o

t0

12

r3
14
ì5
ì6
t7
18
r9
20

8r.50
9\.2\
oc ,o
80,97

102.00
92.28
90.61
82.22
86. 30
9\.25
89 .98
85.t7
8r.66
89 .43
85 .88
96 .00
8r.85
89.9t
90. r6
88.14

75 .00
74 .00
7 3.00
72.0O

t02.00
73.00
67.oo
72.OO
70 .00
69.oo
7ì.00
70 .00
64 .00
7 3.00
73.00
96.oo
67 .oo
70 .00
70 .00
67 .oo

88 .92
94,76
94.34
o4. ¿¿

o 1 20

90.r6
84,og
87.r4
93 .89
90 .03
85 .02
8r.48
89 .81
86 .68
96.oo
8r.71
89. 96
90.\2
88.29

3
235
220
1t+5

tb,
-1720

r40
175
r80
r40
r60
170
r60
190
200
150

-r360

LOAÐ

235.
220 .
t45.
tb5.

-800.
ì 40.
175.
180.
r 40.
r 60.
I 70.
ì60.
190.
200.
t50,

-800.
tb5.
r 40,
185.
r 60.

b5
40
85
6o

.00

.00
00
00
00
00
00
00
00
00
00
00

00
00

72
7o
69
71

5
\

LOAD
tb5.
220 .
215,
165.

-8oo,
r 40,
17 5.
r 80.
I ,{0.
r 60.
r70.
160.
I90.
200,
t50.

-800.
165,
1 40.
185.
r 60.

4

165.
¿zu,
215 .
165.

-r744.
r 40,
17 5.
r 80,
ì 40.
r 60.
r70,
r 60.
190,
200.
150 .

- 1335.
165.
i40.
I 85.
l60.

LOAD

165,
290.

-il7-

75.0\
75.37

5
165,
290.



89.7 3

7\.96
102,00
81.38
8j.35
77.72
80.72
89,93
87 .44
82,o8
78.61
87 .77
83.60
96 .00
78.99
88.27
89.oB
86.75

86.73
91.34
77 .95
83 .04
02 .00
89.75
79.06
83.01+
86. t4
ô, oE

89.23
82.73

73.00
72.00
02.00
73.00
67.oo
72.00
70.00
69.oo
7r.00
70,00
64 .00
7 3.o0
73 .00
96.oo
67 .oo
70 .00
70 .00
67.oo

75,o0
74.oo
7 3,o0
72.O0
02 .00
73.00
67 .oo
72.O0
70 .00
69.oo
7r.00
70 .00

1\5 .
165.

-800.
140.
17 5.
r 80.
r 40.
ì 60.
ì 70.
r60.
190.
200.
150 .

-800.
165.
r 40.
185.
t60.

t\5.
165.

- 1535 .

r 40.
17 5.
180.
140.
160.
170.
r 60.
't oô

200.
150.

87. ro
96.\2
96.\6
82.68
02 .00
87,\9
90.94
82,66
85.\3
92.33
89.25
84. 17
80.95
89.26
85.91
96 .00
8r.08
89. 35
90 .04
87 .78

75.00
74.00
73.00
72.O0
02 .00
7 3.o0
67 .Oo
72,O0
70 ,00
69.oo
71.00
70 .00
64 .00
7 3.oo
73.00
96.oo
67.00
70 .00
70 ,00
67.oo

15\3
165
r40
ì85
r60

65
8l+

40
75
8o
4o
6o
69
6o

LOAD
165.
220 ,
215 .
165 .
800.
r 40.
t7 5.
r 80.
ì40.
r60.
t70.
r60.

6
165.
220 .
I l+5.

165.
ì 700.
230.
175.
r80.
r 40.
r 60.
170.
r 60.
I 90.
200.
I 50.

r400.
165.
ì 40.
185.
r60.

LOA
165.
220 ,
t 45.
165.

-800.
230.
175.
180.
r 40,
r 60.
t70.
tbu.
I90.
200.
t50,

-800.
165.
r40.
t 85.
r 60.

7
165.
220 .
215 .

- r18 -



76.87
89.44
86.r2
96 .00
78.6\
89.21+

90. r2
87 .75

74.86
89.74
86 .60
96.00
77.76
89.39
90.32
87 .92

64.oo
73.00
73.o0
96 .00
67.oo
70.00
70.00
67 .00

190
200
ì50
39\
165
139
185
ì60

235
71\
r40
175
r80

b5
40
85
bU

903
4

5
6

7
I
9

200
t50

-8oo

375.oo
74 .00
73.00
72.O0

ì 02.00
73.00
67.oo
72.O0
70.00
69.oo
7r.00
70 .00
64.oo
73.00
73.00
96.oo
67 ,00
70 .00
70 .00
6j.oo

2U

'|

2

3
4

5
6
7
I
9

l0
ll
12

r3
ll*
15
tb
17
t8
r9
20

87.98
9\.95
95.61
80 .41
02 .00
90.99
90"71
83.07
86. r0
93,69
89.79
84 .90
8r.47
89.\7
86.16
96 .00
81 .65
89. 78
90.20
88 .09

75.o0
74.00
7 3.o0
72.O0

I 02 .00
7 3.o0
67 .oo
72,O0
70 ,00
69 .00
7r.00
70 .00
64.oo
73.00
73.00
96.oo
67.o0
70 .00
70.00
67.00

LOAD

165.
220 .
145.
tþ5.

-800.
r 40.
265.
r 80.
r40,
r 60.
t70.
r 60.
1 90.
200.
t50.

-800.
tb5.
140.
185.
ì60.

LOAD
165.
220 .
145.
235.

-800.
140.
175.
r 80.
t4u.
tbu ,

170.
r 60.
I90.
200,
150 .

-800.
tb5.
r40.
185.
r 60.

I
165.

t\5,
tb5,

-1730.
139.
265,
l80.
r 40,
160.
t70.
t60,
10ñ

200.
t 50.

-1369.
165.
r40.
I 85.
t 60.

95.79
98 .04
8\.23

89

t 02.00
9r.44
75.31
84 .02
87.00
93 .60
89 .43
82.zj

q

165
220
t\5

1

2

3
4
Ã

6

7
a

9
10
tl
t2
l3
r4

ì 40,
r60.
ì70.
r 60.
t90.
200.
150.

-136\ .

165.
r 40.
t85.
I 60.

5
6

7
ö

LOAD I O

-il9-

r9
20



86. .I5

9\.62
95.\6
71 .99

ì 02.00
on 02

90,67
80.92
87 .57
93.7 2
90.05
85 .04
8r.58
89,62
85.59
96.oo
8t .77
89.95
90,19
88.r8

7 5.o0
74.00
73.00
72.0O
02 .00
73.00
67.oo
72,00
70 .00
69.oo
7r.00
70 ,00
64 .00
73.00
73.o0
96.oo
67.oo
70 .00
70 .00
67 .oo

165,
220 .
t4b.
235.

-800.
ì 40.
17 5.
r 80.
r40,
r60.
170.
r 60.
I 90.
200,
t50,

-800.
165.
ì 40.
'I85.
r60.

LOAD

165.
220 .
145 .

165.
-800.

r 40.
265,
r80.
r 40.
ì 60,
170.
r60.
190.
200,
150.

-800.
165.
r40.
I 85.
I 60.

165.
220 ,
t45,
235.

i 40.
ì 7E

ì 80.
t 40.
ì 60.
ì70.
l60 .
ì90,
200.
t50.

-r350.
I b5.
140 .

t 85.
l60.

I]
165.

t\5.
165.

-r682.
I ?O

¿o5 .

l80.
r 40.
r 60.
ì69.
r 60.
t90.
200 .
150 .

-r4r6.
165.
t 39.
t85.
r60.

1

2

3
4

5
6

7
I
9

l0

t¿
r3
r4
15
tb
17

r8
r9
20

'|

2

3
4

5
6
7
I
9

t0
lì
t2
t2
t4
t5
t6
t7
t8
.I9

20

87 ,96
93.70
92.75
83.44
02,00
90. 40
66,99
83.37
86.32
92.88
88 ,74
79.70
68.38
89 .48
86.23
96.oo
74.4r
88 .it*
90. r0
87 ,\5

75.00
74.oo
73.00
72.OO
02 .00
73.00
67.00
72.O0
70 .00
69.oo
7l .00
70 .00
64.oo
73.00
73.00
96.oo
67 .oo
70 .00
70 .00
67 .oo

i4 .86
89 .58
92.88
7ì,90

I 02 .00
73.96
86 .88
73.06
7\.15
12.57

75.oo
74.oo
73.00
72,00
02 .00
73.00
6i.oo
72,00
70 .00
69.oo

LOAÐ

165,
220 .
1\5 ,
165.

-800.
r 40.
17 5.
r 80.
140 .

250.

12
I br.
220 ,
t\5.
165.

- r 209.
l4 t ,
17 5.
r80.
r4r.
250,

I
2

3
4

5
6

7
I
9
0

- 120 -



12
r3
r4
t5
to
17
18
ì9
20

I 70.
r 60.
I Orì

200.
150 .

-800.
165.
ì40,
tö5.
r 60.

t70.
160.
190 .
200.
ì50,

-r892.
165.
r 40.
ì 85.
ì60 .

r3
165.
220 .
t45.
165.

-1633.
r 40.
17 5.
r80.
230.
r 60,
ì70.
r 60.
I90.
200,
r50.

-t\67.
tb5'
140 .

t85.
r 60.

r4
166.
220 ,
1\5,
165.

-167 3,
231 .
t7 5.
r80.
r40.
r 60.
t70.
r 60.
190 .

200,
ì50.

- t 428.
tb5.

7r.00
70.00
64 .00
73.00
73 .00
96.oo
67.oo
70 ,00
70 .00
67.00

76.\3
70.21
69.11
85.92
8r. r4
96.00
69.2o
8! .48
87 .6s
83.82

8r.r7
92,02
94 .44
78.\2

I02.00
8i. r4
90,35
79,02
8r.29
96 .80
89.97
8s.92

8\.22
96.oo
82.32
89 .86
89 .48
87 .78

I
2

3
4
5
6
7
Õ

9
t0
ll
t¿
r3
t4
t5
16
17
rB
r9
20

LOAD
165.
220 ,
t4,,
tb5.

-800.
r 40.
t7 5.
r 80.
230.
r60.
170.
r 60.
I 90.
200.
I50.

-8oo.
tb5.
r 40.
I 85.
ì60.

LOAD
t 65.
220 ,
1\5 ,

tbr.
-800.

230,
t7 5.
r 80.
r40.
160 .

r70.
ì 60.
190,
200.
150 .

-8oo,
165,
r 40.
t85.
r60.

82.1r
88. il

89.0ì
95.62
oÃ oÁ

79.57
I02.00
93 .36
9o .84
79.30
80 .47
9\.59
89.25
8¡+ .90
81.44
87 .95
84.r9
96.oo
8r.58
89.30
89.36
87 .44

7 5.00
74.00
7 3.00
72.00

t 02.00
73.00
67.oo
72.O0
70 .00
69 .00
7r.00
70 .00
64 .00
73.00
73.00
96 .00
67.oo
70 .00
70 ,00
67 .00

75.00
74.00
7 3.00
72.00

102.00
73.00
67 .00
72.0O
70 .00
69.oo
7r.00
70 .00
64 .00
7 3.00
73.00
96.oo
67 .oo
70 .00
70 .00
67.00

I
¿

3
4

5
6

7
a

9
l0
lt
12
r3
r4
5
6

7
I 40

- t2l -

r9
20

85
6o



06
20
69
t9
UU

36
\7
02
03
69
69
32
30
77
63
00
48
68
36
t0

89.
oÃ
oÃ

84.
't02.

9ì.
90.
84.
Qt
o?

89.
83.
80.
89.
86.
96.
80.
89.
90.
88.

7 5.00
74.00
73.00
72.0O
02.00
73.00
67 .oo
72.00
70 .00
69.oo
7r.00
70 .00
64.oo
73.00
7 3.oo
96.oo
67 .00
70 .00
70 ,00
67.00

88.81
95.38
96 .88
83.7 6
02 ,00
90 .87
95.66
83.59
86.48
92,9\
88 .56
78.31
64.01
89.53
86.32
96.oo
72.\8
88 .56
90.11
87.35

75.oo
74.00
73.00
72.O0
02 .00
7 3.00
67 .oo
72.00
70 ,00
69,oo
71.00
70 .00
64.oo
73.00
7 3.o0
96 .00
67.oo
70 .00
70.00
67.00

LOAD
tb5.
220 .
t45.
165.

-800.
r 40.
175.
r 80.
140.
tbu.
t70.
210,
toô
200.
150 .

-800.
165.
r 40.
t 85.
r 60.

LOAD

I 65.
220 ,
145.
tb5.

-800.
r 40.
t7 5.
r 80.
ì40.
r 60.
170.
r 60.
260,
200.
150 .

-800.
165.
r 40,
185.
160.

r5
165.
220 .

1\5 ,

165.
- 17 05.

r 40.
175,
r 80.
ll+0.
r60.
170,
210.
190.
200 .
I50.

- | 353.
165.
r 40,
I85.
r 60.

ì6
165.
¿¿u,
t45.
165.

-1656.
r 40.
175.
r 80.
r 40.
160 .
ì 70.
r 60.
zbu.
200 .
150.

- 1\22.
165.
r 40.
tö5.
t60.

I
2

3
\
5
6

7
I
9

l0
tl
12

13
14
t5
16
17

t8
r9
¿U

1

2

3
4
5
6
7
I
9

l0
lt
t¿
13
14
15
r6
17
t8
l9
20

88 .50
95, t5
95.72
8r.46
02.00
91 ,52
90.8r
72,00

75.oo
74.00
73.00
72,00
02.00
7 3.o0
67.00
72.0O

LOAD
165.
220 ,
t45.
| 65.

-800.
r 40.
t7 5,
250,

17

165,
220 ,

1\5 .

165.
- r 689.

I 39.
175.
250.

I
2

3
4

5
6
7
I

- 122 -



87 .76
93.97
90. t3
85.tj
8r.70
89 .04
82 .85
96 .00
8r.88
89.93
89.6r
8i.89

87 .39
9\.72
95.\9
79.27

t 02 ,00
90.37
90.59
72.O0
83.93
93.37
89.43
84.59
81.21
90 .00
88.82
96.oo
8r.38
89.55
90. 8o
88.22

140,
r 60.
t70.
r 60.
t 90.
200.
150 .

-8oo,
165.
r 40.
185.
r 60.

LOAD
165.
22U.
145.
165.

-800.
r 40.
175.
250.
r 40.
r 60.
170.
r 60.
190.
200.
150 .

-800.
165,
r 40.
I 85.
r60,

LOAD

165.
220 .
1\5 ,
165.

-800.
r 40.
17 5.
r 80.
230.
r 60,
170.
r 60.
190.
200.
150 .

-8oo .
t65.
r 40.

140
r60
170
r60
ì90
200
t50
389
165
r40
185
r60

l8
165.
220 .
1\5.
165.

-17 \3.
ì40,
175.
250.
140.
l60.
170.
r 60.
190.
200.
I50.

- I336.
165.
r 40.
185.
r60,

r9
165.
220 .
t\5.
166.

-1723.
r 40.
t7 5.
l80.
230.

70 .00
67 .oo

70 ,00
69 .00
71,00
70 ,00
64.oo
73.00
73.00
96. oo
67 .oo
70 .00
70 ,00
67 .oo

7 5.00
74.oo
73.00

102,00
7 3.oo
67.oo
72.O0
70 .00
69.oo
7r.00
70 .00
64.oo
73 .00
7 3.00
96.oo
67 .oo
70 .00

75.00
74 .00
73.00
72.OO

I 02 .00
73.00
67 ,00
72.00
70 .00
69.oo
7r,00
70 .00
64.oo
73.00
73.00
96.oo
67 .oo
70 .00

87 .\6
9\ .71
95.52
79.97
02,00
90,21
go.80
79.87
81.34
93.7 3

9t. t5
85.56
82,02
88. 2l+

8\.55
96 .00
82.23
90.36

6o
70
60
90

t 378
165
r40

200
t50

-123-



89
88

.bJ

.lt
70 .00
67 .oo

t 85. r 85.
t 60. ì 60.

LOAD 20
i65. 165.
220. 220,
r 45. r45.
165. 165.

-800. -1763.
ì 40. r 39.
175. 175.
ì 80. r 8o.
230, 230.
160. r 60.
r 70. 170.
r 60. 160.
r 90. ì 90.
200. 199.
r 50. r 50,

-800. -1335.
165, 165.'140. I ¡{0.
I85. l8l{.
160. t 60.

87 .35
94.62
95.\3
80.29

t 02 ,00
89 .86
90 .50
80.29
8r.51
93 .08
88 .97
84.25
80.93
90 .66
85 .99
96.oo
81 .08
89.29
90 .68
88.02

75 .00
74.oo
73.00
72.O0
02 .00
7 3.o0
6l .oo
72.00
70 .00
69.oo
7r.00
70 ,00
64.oo
7 3.o0
73.00
96 .00
67.oo
70 .00
70.00
67 .oo

89 .20
95.36
95.77
83.21

ì 02 .00
92.09
90.44
82.96
85 .49
95.\9
85.66
83.20
80.02
Qo ? ?

85 .94
96.oo
80.ìo
88 .03
89.88
86.93

73.00
72,00

102,00
73.00
67.oo
72.00
70.00
69 .00
7r.00
70 .00
64.00
73.00
73.00
96.oo
67 .oo
70 .00
70 .00
67 .00

LOAD

165.
220 ,
145.
tb5.
8oo.
r 40.
17 5.
r 80.
140.
r 60.
270,
r60.
t 90.
200.
150.
8oo.
165.
r40.
ì85.
l60.

2l
lb5.
220 .
145.
165.

-tbuz.
r 40.
175.
180.
r40.
r60.
270.
160.
190.
200.
't50.

-1507,
165.
r 40.
185.
160.

75.o0
74 .00

89.50
95 .33
95.\5
84.r5

102 .00
92.36

7 5.o0
74.00
73.00
72,00
02 .00
73.00

LOA

165.
220 .
1\5 ,
165.

-800.
r 40.

22
165,
220 .
t45.
165.

-1627 .

r40.

- r24 -



0
I

175.
ì 80.
r 40.
r 60.
t 70.
2t0.
I 90.
200,
t50,

-800.
165.
r 40.
185.
160.

175.
r80,
i 40.
'ì 60.
169.
2t0.
t 90.
200.
150.
\32.
165.
t39.
t 85.
r 60.

9
.8r

95 .55
88 .26
70 .03

88
83
86

67.00
72,00
70 .00
69.00
7r.00
70 .00
64.oo
73.00
73 .00
96.oo
67.00
70 .00
70 .00
67.00

69.26
89 .61
86.\5
96 .00
69.\\
88 .26
90.t3
87 .17

88.98
95.0\
95.3\
84.43

102 ,00
gr . r8
88 .56
84.28
87 ,\5
93.28
9t.39
7 3.22
72,11
89 .90
86.78
96.oo
72.36
89.79
90 .44
88.20

75.00
74.00
73.00
72.0o
02,00
73.00
67 .oo
72,o0
70 .00
69.oo
7r.00
70 ,00
64.oo
73.00
73.00
96 .00
6j .oo
70 .00
70.00
67 .00

LoAD 23
165. 165.
220. 220,
r45. 1\5.
165" t65.

-800. -1755.
r40. r40.
17 5. t7 5.
r 80. r 80.
r 40. r 40.
r 60. r 60.
r 70. ì 70.
210. 2t0.
r 90. 190,
200. 200.
r 50. r 50.-800. -r304.
165, 165.
r 40. r 40.
r 85. r 85.
r 60. r 60.

87.06
94.38
95.r8
80.88

I 02 .00
89.r2
89.67
80 .80
82.79
9t.51
82.60
80.33
77 .69
88.38
84. 78
96.oo

75,00
74 .00
73.00
72.00
02 .00
7 3.00
67.oo
72.00
70.00
69.oo
7r.00
70 ,00
64 .00
73,00
73.00
96.oo

lbr.
220 .
145.
65

85

LOAD
165.
220,
1\5 .

165.
-800.

r 40,
17 5,
r 80.
r 40.
r 60.
270.
r 60.
t 90.
200,
150 .

-800.

40
75
8o
40
6o
7o
6o
90
00
50
53

-125-



77 .76
86 .96
89.29
86 .03

67.oo
70 ,00
70 .00
67 .oo

65
40
85
6o

165
140
t85
r60

t7
r8
l9
¿v

1

2

3
4

5
6

7
o

t0
ll
12

13
t4
ìÀ

t6
17
r8
r9
20

I
2

3
4

5
6
7
0

9
l0
tl
12
r3
r4
t5
ì6
17
tó
r9
20

LOAD

165.
220 .
145.
165.

-8oo,
t40,
17 5.
180 .

r40.
r60.
270.
r60.
t 90.
200.
150 .

-800.
165.
t 40.
I85.
r60.

25
165.
220 .
t45.
165.

1719.
r 40.
17 5.
r80.
r 40.
r 60.
270.
r 60.
ì90.
200 .
r50.

1389.

r 40.
I85.
160 .

88.83
95,12
95.67
83.8r

102,00
9r. il
go.6r
83 .65
96.52
93.\5
88.38
84. r6
80.92
89.6r
86.42
96.00
8r.09
89,65
90.27
88 .05

75.oo
74.00
73.00
72,00

102.00
73.00
67.00
72.00
70 .00
69 .00
71.00
70.00
64 .00
73,00
73.00
96 .00
67 .00
70 .00
70 .00
67 .oo

89.r0
95.03
95.15
84.3r

102.00
91 .5t1
86.85
84.13
87 .zo
94 .03
90 .06
85 .84
64.oo
89 .82
86.69
96.oo
76.57
89.65
90. 39
88. ro

7 5.o0
74.00
73.00
72.00
02.00
73.00
67 .00
72.00
70 .00
69.oo
7r.00
70 .00
64 .00
73.00
73.00
96 .00
67 .oo
70 .00
70 .00
67 .oo

165

\5
6S

35
40
75
8o
40
6o
7O
ÞU

26LOAD
165.
220 ,
t 45.
165.

-8oo,
ì40.
175.
ì80.
r 40.
r60.
t70.
r 60.
260.
200.
t50.

-800.
165.
140,
t85.
r 60.

89. l3
95. l8
95.51
8\.25

7 5,00
74.00
73,00
72.00

260.
200 .
150 .

- 1 343.
I b5.
I 40.
I85.
r60.

L OAD

165,
220.
t\5.
165.

27
165.
220 .
1\5,
165.

1

2

3
4

-126-



102.00
91 .53
89.31
8l+ .06
87. ll
93.97
89 .84
85.69
75.38
89.7\
86.60
96.oo
67.oo
88 .92
90.27
87.63

88. r4
9t+.95
95.61
8r.38
02.00
90.88
90 .68
77.72
85.4r
93.61
89 .64
84.78
8t.37
90,22

02 ,00
73.00
67 ,00
72,OO
70 .00
69.oo
7r.00
70 .00
64.oo
73 .00
73 .00
96.oo
67 .oo
70 .00
70 .00
67.oo

75.oo
74.00
73.00
72.00
02 .00
73.00
67 .oo
72.00
70 .00
69 .00
7r.00
70 .00
64 .00
7 3.00
73.00
96 .00
67 .oo
70 ,00
70 .00
67.00

75.o0
74.00
73.00
72.00
02 .00
73 .00
67 .oo
72.0O
70 .00
69 .00
7r.00
70 .00
64.oo
73.00

LOAD

165.
220 .
ì ¡+5,

165.
-8oo,

r40.
175.
'r80.

r 40.
r60.
170.
r60.
260 .
200.
t 50.

-800.
165.
ì40.
I85.
160 .

LoAD 29
ì65. 165.
220, 220.
r45. ì 45.
165. 168.

-800. -r7r8.
ì40, 140.
175. 175.
r 80. r 80.
r 40. 140.
t 60. 160.
r 70. 170,
r 60. r 60.
r 90. r 90.
200. 200,

-8oo .

r40.
t7 5.
r80.
140 .
r 60.
t70.
ì 60.
I 90.
200.
ì 50.

-8oo,

- 1705
t40
175
r80
r40
r60
170
r60
t90
200
150

-137 \
235
r40
185
r60

235
r40
185
r60

89.0I
95.11
95.\5
8À. l7
02.00
9ì.33
89. l3
84.0ì
87 .o2
93.67
89.70
83.28
7\.65
89.77
86.62
96.oo
80.94
89.70
90.36
88.ì2

28
165.
220 ,
t\5,
165.

1726.
ì40.
175.
r 80.
r 40,
r 60.
I69.
160 .
260.
200,
t50.

1353 .

165.
t39.
I85.
160.

-127-



77 .66
96.oo
8r.54
89 .63
89 .87
87 .86

00
00
00
00
00
00

7 3.00
96.oo
67 .oo
70 ,00
70 .00
67.00

85.2\
93.91
95.06
7\.78
02 .00
88. r8
90.08
72 .33
76.39
92. t0
87.\5
83.or
79.76
7 3.o1
73.03
96.00
79.8\
87 .5s
8\.23
83.71

88.96
95.20
95.7\
83.77
0z .00
91 .37
90.77
83 .43
86,65
93.85
89.83
84.96
8t'52
88.79
85.6\
96.oo
8r.68
89 .68
88.94
87 .\2

73
96
ôl
70
70
67

75.o0
74.00
7 3.Oo
72.OO

t 02 .00
7 3.00
67.oo
72.O0
70.00
69.oo
7r.00
70 .00

75.00
74.00
73.00
72.O0
02.00
73.00
67.oo
72.00
70.00
69.oo
7r.00
70 .00
64 ,00
73.oo
73 .00
96.oo
67.oo
70 .00
70 .00
67.00

220 .
-800.

165.
t40,
t85.
r60.

220 .
- r 360.

165,
139.
185.
r60.

15
r6
17

rB
r9
20

I

2

3
4

5
6

7
I
9

ì0
il
12
r3
rÀ

ì6
11
rB
r9
20

I
2

3
4

5
6

7I
9

l0

t2
r3
r4
15
r6
t7
r8
r9
¿U

64 .00
73 .00

LoAD 30
165. 165.
220. 220.
lr+5. 1\5.
ì65. 165,

-800. -r847.
r 40. t40,
175. 175.
r 80. r 80.
r 40. t40.
160. 160.
r 70. 170.
160. 160,
j 90, r 90.
320, 320.
r50. r49.

-800. -1282,
165. i65.
r 40. r 40.
r 85. r 85.
r 60. 160.

LOAD

165.
220 ,
t 45.
165.

75.
80.

60.
70.
60.
90.
00.
50.

-8oo
'r 40

3r
165.
220 .
t\5.
165.

-1693.
r40,
175.
ì80.
r 40.
r60.
'I 70.
r 60.
190.
200.
t50.

-1\35.
rb5.
r40.
305.
r 60.

-800.
165.
140.
305.
ì 60.

32
165
220

LOAD

165.
220,

- r28 -

88 .09
94.93

75.00
74.oo



3
4

5
6

7
I
9

t0
ìt
12

r3
r4

t 45.
165.

-800.
ì40.
17 5.
r 80.
1l+0.
r 60.
170.
160.
t 90.
200,
220 ,

-800.
t 65.
r 40.
I85.
160 .

145.
165.

-1720.
t40.
17 5.
180.
r 40.
160.
I 70.
r60.
190.
200,
220 .

- r360.
tþ5,
r 40.
t85.
r60.

7
I

r9
20

95.60
81.35

t 02 ,00
90 .81
orl Áo

78.40
85 .04
93.60
89.7ì
84.83
8r.42
88.r7
78.\2
96.oo
8r.60
89.78
91.30
88 .56

I 02 .00
89.75
88 .68
8r.60
84 .41
92.03
88.51
78.58
73.18
87 .6\
8\.22
96.oo
70.\6
70,02
87 .61
7r.88

86.2\
94 .24
95. 18

77 .28
102 .00
89 .04
90 .03
73.03
80.21
92.3\
87 .21
82.73

7 3.00
72.00

ì02,00
73.o0
67 .oo
72.O0
70 .00
69 .00
7r.00
70.00
64.00
73.00
7 3.o0
96.oo
67.00
70 ,00
70 .00
67 .00

7 5.o0
74.oo
7 3.o0
72.O0

102.00
73.00
6j .oo
72.O0
70 .00
69.oo
71.00
70 .00
64. 00
73.00
73.00
96 .00
6j.oo
70 .00
70 .00
67.oo

5
6

I

2

3
\
5
6

7
I
9

l0
il
12
r3
r4
15
tb
17
t8
r9
20

LOAD
165.
¿¿u.
145.
165.

-800,
r 40,
17 5.
r 80.
r 40.
r 60.
t70.
r 60.
1 90,
200.
150.

-800.
lb5 .

zôo .

t 85.
r 60.

33
165.
220 ,
11.+S .

165.
-t837.

139.
17 5.
r80.
r40.
t60.
t70.
t 60,
ì 90.
199 .
r50.

-ì290,
t65.
260.
184.
r60.

54
tb5.
220.
t45.
165.

-r821.
r 40.
175.
r80.
ì40.
r60.
170.
l60 .

87 .62
9À .54
oE tn
8ì.gl

1

2

3
4

5
6

7
8

9
t0
ìt
t,

LOAD
165.
220,
145 .

165.
-800.

l¡+0.
175.
r 80.
r 40.
'r60.

170.
r60.

7 5.00
74.oo
73.o0
72.O0

t 02 ,00
7 3.00
67.oo
72,O0
70.00
69.00
7r.00
70 .00

-129-



79.30
8o .63
72.98
96.oo
79.30
85.66
71.87
7 3.37

00
00
00
00
00
00
00
00

200
t50

-8oo
165
t40

LOAD

165.
220 .
ì45.
165.

-A^^
r40,
175.
r 80.
r 40,
ì60.
I70.
160 .

190 .
200.
t50.

-800.
t65.
r 40,
185.
280.

ì90.
200.
150 .

-t309.
165.
r40.
305.
r 60.

90r)
l4
t5
l6
t7
r8
r9
20

1

2

3
4

5
6

7
I
9

t0
lt
12

t,
r4
t5
r6
17
t8
r9
20

ì

2

3
l+

5
6

7
o

9
ì0
tl
12

r3
t4
IE

tb
17
t8
r9
20

305
r60

88.79
9\.91
95.30
84 .04

't02 .00
9r.00
88.56
83.91
86.87
93.19
89,46
79.0\
12.19
89 .80
86.65
96.oo
67 .01
90 .94
90 .51
88.84

88 .94
95.22
95.77
83.5t
02 .00
9l.43
90.92
82.96
86 .44
94 .04
90.53
85.53
82. il
88.oo
84.78
96 .00
82.38
91 .23
87.58
67.0r

75.o0
74.00
73.00
72.O0
02.00
73.00
67 .oo
72.00
70 .00
69.00
7ì.00
70.00
6!.oo
73.00
73,0o
96.00
67 .oo
70 .00
70 .00
67.oo

75.00
74.oo
73.00
72.O0
02.00
73.00
67.oo
72.00
70 .00
69 .00
7r.00
70 .00
64.oo
73.00
73.00
96. oo
67 .oo
70.00
70.00
67.oo

35
165.
220 .
ì45.
165.

-17 62.
ì 20

175.
r80.
r40,
r60.
ì70,
r 60.
t90.
200.
ì50 .

-r3r6.

LOAD

165.
220 .
1\5,
165.

-800.
r 40,
175.
180 ,

140 .

r60.
t70.
r60.
t 90.
200,
t50.

-800.
235.
140 .

t85.
160 .

40
85
60

JO
t65.
¿¿u.
14, .
165.

-r68r.
139.
175.
r80.
r40,
160.
170.
160 ,
toô
I OO

t50.
- r 447.

165.
r 40.
185 .
280.

LoAD 37

- t30 -



I
2

3
4

5
6

7
I
9

l0

12

13
r4
t5
r6
17

t8
19
20

165.
220 .
1\5 .

tb5 .

-800.
r 40.
17 5.
r 80,
r 40,
160 .

170.
r 60.
190.
200.
t 50.

-800.
t65.
140 .

185.
280.

165
220
1\5
tb5

-1716
ì40
t75
r80
r40
r60
t70
r60
190

75,00
74.00
73.00
72.00

102 .00
73.00
67.oo
72.00
70 .00
69.oo
7r.00
70 .00
64 .00
73.00
73.00
96.oo
67 .oo
70 .00
70 .00
67 .oo

5
I

3
9
Õ

4

6361o5
23555\
2787 13

624376
238155

89.0 r

95.16
95,66
8\.2\

'I 02 .00
91 .25
90.37
84.r7

200.
150 .

-r4r3.
tb5 .
r40.
t 85.
280.

86 .94
93.53
88 .76
83.j\
.'0 0ô

90.2\
87 .21
96.oo
79,89
84.96
9t.58
67.oo

P I PE F LOl.lS HGL

309063
30826\
709886
7650rg

7789\
95252

I
2

t
4
5
6

7
I
9

t0
lt
12
r3
t4
t5
16
17
t8
r9
20
21

2Z
23
¿+
25
26
27
28
29

LOAD

-25.
-210,

ì0.

-29.05\561
-0.gt7900

-15.\05959
0.05877\

-8 . o39005-405
176
238
103
-\6

It
-1
6.

-4.
-8.
12,
It

7.
-4"

ì4.
-8.
-5.
-6.
-6.
10.
ì3.
7.

-8.
-0.

À.
E

7.

-t44.
r7\.
8t7.
139.

-313.
0,

102 .
-r08,
-il8.
-126,
-127.

159,
185.
137.

-262.
-il.

80.
83.
-8.

139.

528
944

8555
2126

32
\2

921\58
88325\
8982 r l+

- t31 -

7 20\95
097484
2867 43
65163\
152370
9857\8



30
3ì
32

3\
35
36
37

I

2

4

5
6

7
a

9
l0
lt
12
r3
t4
t5
t6
t7
t8
r9
tñ
2t
22
23
2\
25
26
7'l
?R

30
31

32
33
3\
?Ã

36
37

-410 .
-5b.

-129.
3t9.
451 .

-or'ì

-16,\37107
- r .346883
-6.9\8662
12.550156

9 .123622
-9 . 494198
2.270996
2 .158552

78
8r

LOAD 2
- 144.

0,
-21 .

-21 .

-460.
il7.

-262.
97.

-6r.
-r74.

177.
755.
I ?O

-223.
0.

oo
-t t7.
-t23.
_129.
-125,

179.
193.
134.

-253.
-1.
82.
85.

142 .
-Àr0.

l2
-2

t3
-10

-L
-6
-5
12

r4
6

-8
-0

4

5
-0
I

- tÞ

-7

9
-9

ì

-5 . \\97 37
37 .6\6162
-0.222950
-0.233378

-10.15392\
5.799080

-8 .7 2\280
5.9\5982

-8.0 r5 r 05
-12.1\9313
r2.478r06
I o .684469

1

3
4

56
3l
tl
51
Ao

82

78

.690489

.65\896

.2\9863

.8755s7

.444450

.3761488

.927 \90

.993236

.71\36\

.7oo9o8
,961993
. r8r492
.000 I 46
.550639
.94019 r

. 20839 r

.288696

.\23509

.363363

.17 6208

.968909

.097225
,331539
.\5\936
.9962\3

I
2

3
4

5

LOAÐ 3
-263.

28.
0.

-44.
-519.

-132-

-16.757021
i .0 t 4680

- 12.113250
-0.94 r 072

-12.728%2



9
l0
lt
t2
r3
ì4
r5
lb
t7
t8
l9
20
21
22
23
2t't

28
to
30
3r
t2
33
54
35
36
37

9

7
r3
-ð
-4
-\
-4
12
r4

7
-7

0
4
6

-0
7

14
-0
-5

I
-9

2

2

)E
26
27

b

7
I

ì
2

3
4

5
6

7
I
9

ì0
il
t,
r3
ì4
t5
l6
t7
r8
r9
20

ou.
-280.

9r.
-2\,

-il3.
179.
7\1 .

t54 .

-21\ .

0.
96.

-105.
-99.

-103.
-101.

175.
193.
137 .

-2\\.
o

84.
86.

-l t,
l3l.

-385.
-\7 .

-1r8.
301 .
430.

90
8o
8o

LOAO 4
-173.

-83.
0.

-500.
ì07 .

-301.
86.
8.

-82.
t83.
759 '
r28.

-¿44.
0.

9\.
-90.
-82.
-9r.
-93.

2 .87 \33o
-9 .868599
5.37\19s

-1 ,45132\
-5.438871
12.793\83
r 0 . 334920

.6\6961

.189122

.61\671
,060929
.680r r5
.030690
.27 601O
.t006r6
.596388
.968709

,6\2\72
.460oo3
.4604I 9
.r7087ì
.50\07 3
.2567 \t
.6024 ì 3
.063832
. r84012

9\0056
2697 \6
3\5\90
\86\97
361\91
077 256

-7 .68378\
9 .032880

-2 .77 2\88
o .37 6252

-11.867786
\.959062

-r r.2658r l
4 .80 r 345
o.171307

-2.97 3159
r3.30r035
r 0.80902 r

6,856315
-3.130932

7 .037 312
12.769699
-6,377125
-3.02\3\5
-3,61\\26
-3.\765\7

- ì33 -



r r.040344
r 4.303860

7 .\69063
-7 .558084

o .059443
\.728210
6.026362

-0.33094 ì

6 .27 \o\8
13 .7 \552\
-o .803446
-5.ì9390r
rì.r83788
7.975573

-9.706367
2.230977
2. 1954/+ I

\33069
156227
| 30912gzj\78
õ6s5¿ 5
849088
o 3844 7

7 \5530
210538
876767
4660 r 6

-ì0
7

12
-6
-6
-8
-9

7
t2

a

-10
-0

4

5
-0
I

-t8
-1
-7
r4
9

-10

21

23
2\
25
¿ô
27
28
to
30
3l
32
33
3\
35
Jb
37

166.
190.
139.

-2\3.
8.

84.
86.

-12.
122 .

-372,
-\2.

-t 10.
300 ,
À20.
-9r.
78.
Qt

L OAD

-37
l0

-139
- 180

0

-0
0

-7
-12
-h3
-8

5

-ì4
-5ö

7

l
2

3
/l

5
6

7
0

9
l0
il
t¿
13
t4
15
t6
17
't8

ì9
20
2l
22
23
2\
)E
¿o
27
28
29
JU
31

32
2?

3\
35

-18
2

-3
64

-37
-ìt8

205.
9\2,

t47 .

-\73.
u.

94.
-Ao

-r28.
-143.
-157.

t 30.
179.
ì45.

-295.
-33.
82,
82.

-r4.
t4¿.

-434.
-65.

-136.
3\3.
\71 .

-97 .

-5
tb
1 6 .0939 33

1.078255
.681362
.259839
.757761
.2\6185
.84r793
.406448
. 164825
. 109855
.716109
,053042
.8340¡+9
.716619
.500793
.555337
.\57371
.3\2285
.282539
.7 \7803
.6 r 388l

- t34 -

323680
8804 ì 5
9r r865



Jb
37

7\. 2.0169\7
86 . 2 .403306

LOAD 6

88.
-3ì.
-8.

-\35.
0.

-253.
100.

2.
-.?0
177,
836 .
ö1.

-54t.
U.,l02.

-85.
-93.

-105.
-l t3.

t46.
r82.
r 40.

-259.
-ì0.

80.
83.
-9.

126.
-390.
-49,

-il6.
316.
\35,
-o l

75.
85,

l
2

3
4

5
6

7
I
q

t0
tl
12
r3
r4
15
tb
17

r8
r9
20
21

22
)7
2\

26
27
28
)o
30

32
33
5+
35
Jb
37

-12.2630\7
.505278
.44o3 r o
.03697 5
.1\799\
.129\70
. r 45388
.3\6323
.014815
.8r ì837
.\27152
.89980 t
.32 r 002
.04r832

I
-0
-0
-9
r3
-8

6
0

-2
t2
12

3
-6

-3
-l+
-4

a

r3
7

-8
-0

9 .267 206
I 4 .685844
-5.767377

770997
77t+513
96\87
7796\
t\576
578357

65\1\2
082371

\.295085
5 .61967 3

-0.r86419
6 .696\j 2

-t\.987522
-1.0\26\3
-5,7 36415
12.320370
8.5177t8

-9.721231
2 .09 r 349
2.328979

I
2

3
4

5
6

7
e

9
t0
ll

LOAD 7
-152.

80.
-o ?

173,
-616.

72.
0.

-\2.
-1

-84 .
¿o¿ .

-6.06\706
7 .093283

-3.392595
r r.9566r0

-17 .\75366
2.337893

-35 .369671
-1 ,27\35\
-0 .0029 r0
- 3 .16587 2

25,778301

-135-



806
'I 17

-278
0

q5
-9ì
-on

r 2.063 r to
5.8ì5roo

-4 .0030 r 0
-5.028795

3 .215251
-6 .45844 r

-3.579393
-3.86r046
-\.281933
ro.625523
r 6.490862

-9\.
-t04,

162.
206.
r6r.

-260.
-3.
0,

96.
-35.
126 .

-384.
-\5,

- I t4.
?to
\32.

-r04.
73.
87.

9
-8

7

7
-2

6
-14

-0
-5

ö
-12

I

2

709555
56,1+894
004299

9390
17 37

809855
4¿ | 59O

53r89r
637 7 26
57 336\
9o7 511
554856
520967
396258
\65192
97
44

LOAD 8
-183.

oÃ

-77.
-66.

-460.
123,

-21 I .

U.
o

-79.
284.
77\.
t3l.

-225.
0.

to
-Âo
-82.
-83.
-94.
17 2.
217 .
ì 69.

-256,
6.

125.

-8.537 2tz
9.761077

-2.400533
-2.003670

-r0.17\235
6,3997 t6

-5.826726
26 ,125625
0.2\5879

-2.8223\7
29.990\13
| | .203532
7.171508

-2.69\3oz
-9,53\256
0.666\50

-6.202825
- 3 . 003852
-3.o\3175
-3.566h55
1r.906390
18,272277
ro.6889r8
-8.3r63r0
0.036780
9.88t+257

-136-



27
28
29
30
31
32
1?

54
35
36
37

I
2

3
4
E

6

7
o

o

l0
'I I
t2
r3
r4
15
r6
17
r8
r9
20
21

22
23
¿4
25
¿õ
27
28
,o
30
3t
32
33
3\
35
36
37

t0l.
-\6.
122 ,

-375.
-4t.

- 0.
3t5.
\2\.

-t09.
72.
88.

8.205566
-4 . 1À3045
6.280\26

- 13 .907 233
-0.7683r r

-5.161730
12.2\\783
8. l l7l7l+

-r3.685r05
r .953084
2.\690\5

LOAD

-190
r t8

o?

3\
-\93.

117 .
-273.

94.
0,

-ìì7.
179.
769.
138.

-¿54.
U.

97.
-90.
-oll

-103.
-t05.

tbb.
I90.
138.

-2\8.
3.

85.
-10.
125.

-383.
-\7 ,

-t 15.
305.
\29,
-90.

78.
82.

LOAD ìO
-2 ì I .

9
-9 .17 2219
t\.563722
-3.389046

-l l
5

-9
5

-3
-5
12

1t
7

-3
7

i3
-6
-3
-4
-\

.59 r 087

.558308

.8r564r

.39\926

.636790

.0978 r B

.812\78

.688266

.074849

.892 r 90

r4.r87r30
7.307\3\

-7 .855920
0.0t r r46
\.566\27
5 .907 593

-0,250920
6,60937

-r4.5r439
-0.9733\
-5 .6037 \
11.51665

8 . 28781
-9 .567 \5

.371833

.958357

.58oo3 r

. 316884

.598022

.615231

.37 257 \

. | \2970

5I
I
I
6
I

I

I
2

2.25\557
2 .17 365\

-r 1. r50099
27 .223\99165.

-137-



3
4

5
6

7
ö

9
l0
t1
t2
'r 

3
t4
t5
r6
t7
t8
r9
20
2ì
22
23
2\
z5
26
27
28
29
30
3ì
32
33
3\
?6

36
37

-il9.
-39.

-505.
il3.

93.
-70.

0,
179.
768.
il3,

-tEo
0.

97.
-137,
-113.

-84 .
-80.
tbt.
r88.
r 40.

-2\2.
10.
83.
85.

-t t.
r 40.

-379.
-4r.

-123,
300.
\29.
-90.
80.
80.

L OAD

-l
Ao

-5.370048
-o.74gor6

-12.096593
5 . \33\30

-9.617682
5.5o7o9o

- ìo . 384706
-15.89271\

12.7 3167 6
I r .033488
5 .420488

-3 .\9817 3

7 .716537
\ 3.36315\

-r3.84r693
-5 .\2957 \
-3 .107929
-2.663828
to.\93992
t\.ot\755

7 . 48694 r
-7.529131

o .08627 2
\.60516\
5.932090

-o .27 3176
8.051\53

-r4. r84909
-o.760966
-6.383959
r r. r98567
8.303550

-9.623162
2,3671\7
2.07 2269

ìt
l
2

3
4

5
6

7
I
9

l0
ll
t2
r3
r4
15
16
17

-83.
4t,

-539.
r06,

-333.
230.

E

-8r.

809.
125,

-2\2.

-35.
-88.

552\98
68037 3
750817
8\9533
6r2r t6
840694
6 r oo99
601332
og r 280
936336
33486 ì

-7
I

-z

-r3
4

-13
29

0
-2
39

- 138 -

12.16\062
6.587761

-3 .0900 r 9
-17 .\03778
-2,0\7191
-6.1\06\5



-87.
-82.

-102.
172.
236.
t92.

-270.

157 .
'I ìt.
-68.
r 24.

-383.
-43,

-r 12.
33t .

\32.
-122.

67.
92'

26398
r 9485
o804 3

-3
-3
-4
I r .830967
21 .258\22
r3.À9r616
-9. t9\792

.619917

.602448

.500000
,480625
.820699

-0
ì5
9

-8
6

-t4
-0
-5
r3
I

-t6
I
2

-t ì.048584
3.799783
9,287865

-2\.767159
-6.9938\6

r .46 r 650
r .8381 29

-o.r2r8og
9.551727

-22.4006r4
-2 ,31095\
J9.040387

.002468

.083557

LOAD
-285.

71.
48.

-8r.
-669.
2\6.

-331 .
105 .

-23.
-71.
209 .

0.
-2\,
t 78.

0.
139.
-5r.

-152.
-80.

-206.
-166,

93.
157 .

-46t.
-t 12.

\5.
45.
-7.

75
49

.36r9r8

.699\51

.ol4538

.9\5709

.361728

.9676\l

. \t 3912

.897253

.350261

.295000

.99 r 090
,244080
.3037 \8
.7430r r

.83r308

.12219\

12

.368784

.446384

.\29653

.862560

.716248

.7 29357

266407
3977 \6
855339
285779

-19
E

I
-2

-20
22

-r3
6

-l
-2
16
39
-0

I
22
¿ö
-2
-9
-2

-15

153
-485

-1

- ì39 -



3À

35
36
37

\25,
522.

-127 .

tì3,

2l
tl
t7
0
3

J4
73
þJ
26
5\

3391
92\3
97 26
8777
oÃ?o

177183
\07 3t7
\85277
087 363
477 132
977 \29

ì

2

3
4

5
6

7
I
9

t0
ìl
12

r3
14
t5
r6
t7
l8
r9
20
2l
22
23
214
7È

26
27
28
29
30
3l
32
33
3\
35
36

LoAD r 3
- 185.

I33.
-113.
-2\.

-\67 .

87.
-265.

96.
.

-45.
177.
7 23.

0.
-r66.

U.
98.

-5\,
-rì6.
-165.
-162.

197 .
200.
129.

-rËo

83.
86.
-9.

135.
-\29,

-67 .
-t31.

317
461
-88

82
ra

-8.6955\2
r 8. r 43228
-4 .887407
-0.305217

-10.\65778
3.321794

-8 .885709
5.8767 56
o.321?86

-o .9 r 4048
12.53377 5
9.8]6139

20,787910
- r .544800

8. 140439
13 .827 \25
-2.441820
-5.693320

- t0 .97 3225
-J
t5
t5

6
-8

l+

6
-0

7
\7

-7
t2

9
-9

2

I

717867
27 3612
629799
484644
5\7935
0460 r 5
6t3So5
04841 I
1907 13

517 151
885980
878662

l
2

3
4

5
6

7
I

L0A0 t4
-24t.

68.

-69.
-595.

202 .
-299,

85,

-1\ .2687 35
5.286760
o.032472

-2.166339
- ì 6. 364001

r 5.989909-lt.lll383
\.7005\9

- r40 -



12

-4
-A

-10
-8
r9
17

6
-7

0
5
6

-0
7

-17
-I
-7

9
t0
t1
12

r3
r4
15
16
17

t8
r9
20
zl
22
23
2\
)E
26
27
28
,o
JU
31
32
33
3\
35
36
37

LoAD 15
- t78.

93.
-80.
-29.

-484.
I ì5.

-271 .
97,
L

-Q^

r8r.
770.
129 ,

-23\.
0.

t03.
-89.
-Qt
-87.
-9\.
169.
207 .
159,

- r4r -

-t6.
-8r.
r82.
598 .

-20.
0.
0.

92.
-77.

-120.
-164.
-t54.

225.
213 .

t2\,
-2\\.

It.
87.
oa\

-t l.
131 .

-\25.
-66.

-133.
303.
\56.
-86 .

81 .

73,

-o ,6897 33
-2 .92067 2
ì 3 .084514
6 .939880

-o,229103
-19,562836

6.o7979t
.121358
.7 27 268
,o\5213
.8483 .I 

2

.855963

.5 ì 3070

.546057

o9\857
07 2367
531677
3026\7
778595
5\2318
I33008
3r ì r85

r r.37698r
9.313267

-8.86 ì 55 r

2.7627 56
t . 7488 15

o\3255
6 38588

I
2

4
E

6
7
I
9

t0
ll
12

r3
14
t5
lb
17

r8
19
20
21

22
23

-2
-0

-11
5

-9
5
0

-2
12
tl
6

-2

t 503
6\15
279\
9985
1999
901 3
9528
0820
o70t
908o

-8.080272
9 .357 | 59

58958
43960

I
3
?

ð

I

I

95
t¿
22

39
9.793802

1\ .9557 \5
-6.28r885
-3.029562
-3.319397
-3.5\9\12
t1 .\229\7
t6 .719326
9 .504404



-250.
?

17.
79.

-10.
lrt

-37\.
-4¿.

-110,
307 .

\22.
-96.

85.

LOAD ] 6
-t84.

1t .712307
8.05\635

- 1o .8 ì 3g4o
2 .0938 r l
2.326556

-7 ,986836
o.oì3083
\ .027 2\2
5.161715

-0.259269
6.285858

-13.849046
-o.79r768
-5 . I 89938

-8 .6¡+3060
9.706820

-2.315153
- r . 339844

- r0 . 858329
6.62976\

-7.533758
ì .400827
0 .19655\

-2 .77 \7 \9
7.125\77

I2.080444
7.078675

-2,589359
23.76\352
46 .54036 r

-6 .ot7 27 2

-3.176685
-2.601776
-3.962133
ì2.5ì0986

-5 .2597 \7
13.776285
I.4r4r76

-18.9t5854
I .6 t 6842
2 .8\7 322

95
76

-53.
-\77 .

126 .

-2/42.
44.

o

-'t o
t3t,
806.
130.

-220,
0.

-8j .

-AE
-76.

-100.
177.
250.
205.

-27 3.-t.
I78.
tì7.
-82.
123.

-JO I .
-4¿.

-111.
336.
432.

-t30
þ5

23.59567 5
15 ,299213
-9.\16682
o .0000 1 3

19.065959
10.596397

- 12.10207 3
6.4t4368

-1\ .377 238
-o .77 3112

95

-t|42-



I

2

3
4

5
6

7

9
t0
ll
t,
r3
l4
IE
r6
17
r8
t9
20
21
z2
23
2\
25
26

28
29
30
3r
32
33
54
35
Jb
37

LoAD 17

-185.
I ì3.
-o2

-8.7\9\70
13.532815
-3.39770\
-o .50987 5

-rì.23r6ìg
-?,

- 486
2.

-270.
94.
72.

-t¿4,
178.
755.
120.

-24r.
0.

o7

U,
- 178.
-8r.
-62.
165.
190.
I ?O

-2&0.
15.
83..
86.

-10.
t/b.

-397 .
-41 .

-152.
30t.
\51 .
-90

87
'7?

94
62

331825

I

5
-9

5
l1
-6
12
10
6

-3
7

r3
-32
-12
-2
-l

-3.3\t7tz
-o .687490

-11.935250
6.\03530

-9 .57 \28\
5.626003
L 448508

-4 .7 5655\
r2.8 r 4760
11.505920
10.376887
-3.756828

.23562

.64885

.00644

.427 562

.578351

.700928

.0677 56

.06404 l

.7 218\6

.393\92

.8\2827

.617 \93

.966156

.657 \81

7 .4 ì 1444
-7 .\25332
0.t77\13
\.627502
5.9Ú970

-o.256348
12 .37 9547

-15 .\7 2616
-o.766663
-9.395515
il.2408r r

9 .125257
-9 .\7 3913
2.723816
1 .778577

10 ,97 233\
r4.20320l

-9.645r6r
r5.6r379r

l

3
4
E

6
7
I
9

l0
ll
t2
r3
r4

LOAD ] 8
-195.

122.
-92.
-37 .

-502.
123.

-276.

-t05.
179.
786.
r60.

-269.

- 143 -



0.
98.

-188.
U.

-128.
-t44.

167 .
189.
137.

-256.
-12.
82.
84.

72.
-366.
-50.
-78.
3t l.
404.
-90.

69.
o1

8,226661
1 3.802584

-2\.8\8207
-19.5572\3
-6 .8682 t 0
-7 .878252
r1.270r85
I4.I63t59

7 .218796
-8.321525
-o . r o89o8
\.507060
5.84r8r4

-0.238996
2 "3\8328

r 3. 338487
- r .072408
-2.7 \7875
ìì.942r50
7.\25733

-9 .617 \53
t .775167
2.661982

-9 .54oo r 6
LoAD r 9

-t94.
I t7.
-88.
-38.

-502,
t2õ.

-27 5.
o?

6,

OE

-6r.
-ì13.

-155.
133.
r82.
148.

-217 .

32.
84.
86.

-t l.
133.

5\

t4.4t2660
-3.08r435
-0.72235\

-11 .9\5230
6,629316

-9.525815
5.\32182
o . | 19569

- I .401 707
12.588261
r r.030558
1\.295787
-4 .402008

7.170272
12.910663
-3 ,07 60\5
-5.\51185

-r2.2615o5
-8.952133
7 .359\ol

13.1692\6
L 342003

-6.137606
0.692391
\ .7 26603
6.o5785o

-0.304478
7 ,363251

78
68
90
93

- 144 -



-\21 .

-61.
-t30.

289,
45L
-90.
ot
69.

-17 .2550\6
- ì .865987
-7 .0571o5
10.\53627
9.09325

-9.55848
2.99955
r.5/bb4

LOAD
-l

I

20
94
r4
84
38

-506,
129.

-277 .

9\.
-1

-51 .
r 80,
8oo,
t84.

-279.
0.

oo

-126.
-l5t,

l7l .

t90.
135.

-¿o5.
-20.
8r.
84.

-.l0.
t5t.

-344.

-125.
317.
409.
-9r.
b/,
93.

-9 '5r tõ¿4

.03 74 90

.900548

.zgz6\6

.433960

.7 6\35\

.221536

.330505

.87r54r

.027r81
,507831
,l+ 1924 I

.602583

.659\78

.7o3328

. 744¡+ I l

| 3 .579671
-2,820339
-0 .7 257 60

-12.1057\8
6 .9907 2\

-9.66\199
5 .65957 3

-0.00ìt t8
-1.2\2813
12.91627 3
t 1 .895\26
r 3.4735 r l
-4.020786

8.5631o7
ì4.083144
-2,535\07
-6,629\I+7
-9.325\28

7
-8
-0

4
E

9
-t ì
-0
-6
t2

7
-9

I

2

-11.88257\
11.7\2461
14.23384l

-178.
104 ,
-9r.
-¿o,

-\77 .

LOAD 21

- 145 -

-8.il3r99
t | .502251
-3.255968
-0.36n69

-r0.883194



ô

7
ð

9
l0
1ì
12
r3
r4
r5
r6
17

r8
19
20
21
.,'
23
2\
,R
26
27
28
29
30
3r
3Z
33
3\
35
36
37

106 .
-269.

98.
10,

-71.
r8r.
67\.
162,

-287 .

0.
r04.
-8r.
-89.
-lo

-lr l.
0.

227 ,
95.

-326.
-EA

70
Qi
-1

| 25.
-391 .

-45.
-l13.

348 .
44t.
-Âo

98.

7?

98

.806204

.166022

.i24141

.293572

.3267 01

.989173
,67 \7 \\
.6\3251
.251 137
.9 r 3468
.32\222
.27 6330
.46r ìrg
,206261
.838503
.099 ì 91
.825277
.667097
.089588
.061953
.2\\853
.637 \29
.l18648
.5634\6
.066969
.882996
.\777 36
.7 58386
.7 398\2
.327985
.\6t6\3
.040589

4
-9

6
0

-2
1Z
I

l0
-4

o

15
-5
-3
-0
-4
28
r9

3
r3
-2

4

5
-U

6

15
-0
-5
r4
I

-t
I
3

LO 22
I
2

3
4

5
6

7
8
9't0

1i
12

r3
r4
t5
tb

r8
r9
20

-90.
-r4.

-\79.
'l00.

-277 .

ì 18.
t0.

-78.
200.
671 .
r 48.

-278.
0,

I 43.
-88 .
-ö¿,

-oÃ

-7.665895
t0 .2907 33
-3,21 5

4

'l 13
659-0

l0
4

-v
I
0

-z
t5
I
I

-?
2\
27
-6
-2
-l
-3

9\1327
3597 50
bzÞ tb4
542922
305832
716r \2
705769
59\076
952922
99 ì 604
6\9382
58964 r

093\07

- t46 -

.986571

.8il066

.6\215\



233.

280.
-t?o

-t.
37.
J4.

-10,
123.

-379.
-39.

-ì09.
3\3.
43ì.

-t!2.
62.
98.

20.8\35\9
4t.r7r978
27 .211021
-9.798480

0 .000902
1.0225\2
1,062123

-0.261056
6 .321686

-1!.r893r7
-o .685689
-5.r043r9
t \ .3367 3\
8.387037

-22 .13\7 23
1.\5\122
3.053095

-7.97l17\5
8.751209

-2.468306

LOAD 23
-176.

90.
-78.

-490.
r6.

-279.
I t2.

8.

-0.268 ì 32
-r r.407321

5 .68237 3
-9.79r408

7 .8ooo47
o .1727 61

-3.081357
r5. ì0584r
11 .62758\
6.0r2406

-2 .627 239
2r.or3924
2]l . 182780
-6 .600634
-2 .908307
-4.9¿¿r15
-3. I781+85

5 .404 r 4o
32.360766
27.122725
-5 .838 r 48

1.392928
1.\72168
1.552318

-0 ,3576\\
6.229187

-13.561639
-o.729289
-5 .085500
r ì.5074ì6
7.936816

- 20 . 498980

83

96

0

790.
I t9.
222 .

0.
133.

305
419

-tJb

-92
-ö I

-8
l]3,
296.

0.
-211 .

\5.
4r.

-tt
122 .

-370.
-40.

-109.

- tt+l -



15
85

36
37

ì

2

3
4

5
6

7
a

q

l0
ll
r3
r4
15
tÞ
17

r8
r9
20
2l
22
23
2\
25
26

28
29
30
3l
32
33
3\
35
36
37

95
06

-75.
-38.

-5tÀ.
137.

-283.
100.

5.
-60.
187.
87 3.
ì EO

-237 .
0.
2.

-71.
-ì04.

21 .
-t38.

260.
216.
9ì.
0,

-80,
72.
75'
-L

131.
-\17 .

-53.
-122.
373.
463.
-96 .
,6.

r04.

-9 ,63257 2
I I .889032
-2.309786
-o .7 ì 3839

- r2.488093
7.742713

- 10.026820
6.333239
o .08740 r

-1 .9\7\73
r3.85r860

2

13 .9927 3
t 0 . 20884

62\76
o.236\35

-7 .266830

037
032

LOAD
-l

I

2\

98Szg
79608
62677
13268

7
4

7
3
4
4
2

25
t8

2

-16
-3

3
q

-0
7

-t6
-l

.448 r 72

.023780

.384900

.96381 4

.7%189

.52675\

.678\56

.1o27 35
,203705
.926236
.2 I 4864

-6.268056
t6 .7 393\\
9 .579511

-10 .827 296
1.23\375
3.36017 \

I
2
2

4

5
6
7

9
10
il

LoAD 25
-r80.

94.
-80.
-3r.

-487 .
r 18.

-272,
96.

-"Q
179.

- r48 -

-8.268758
9.666267

-2.55\887
-0.495611

-11.28227\
5.897657

-9.30\563
5.82\122
0.182r65

-2.766948
12.8023\7



782.
133.

-235.
0,

'I00 .

-87 .

-qE
-72.

-100,
192.
195.
127 .

-277.
0.

80.
82.

-t0.
123.

-379.
-\5.

-112.
308.
\26.
-93,
76.
84.

LOAD 26
- | 14

92
-83
-r4.

-490.
109 .

-283.
125.

8.
-8r.
209.
7 53.
129,

- ¿15,
0.

159,
-90.
-82.
-90.
-92.
t 68.
r82.
127 ,

-2\2,
23,
0.

.017560

.\778\\

.978003

.297 r 88

.643516

.099389

.321167

.579307

. 24608 r

.38oBz9

. r95048

.8803 r o

.348ì21

.7 66815

. r82 r99

.061215

. r 29089

.292122

7
-2
I

t4
-5
-3
-2
-l+
ì4
ì4
6

-9
-l

4

5

6
-r4
-0
-5
tl

a

-10
2

2

.40r5ro

.40 l] 28

.926826

.826582

.241589

.97 556\

.222532

.3286\\

-7.805\73
9.219u78

-2.7 \2879
-o. ro82r5

-11.42260\
5.r33820

-ì0.0685r2
9.539707
0,201966

-2.95335/{.
t7 .018127
ì0.63r694
7.oor6r8

-3. ì06270
r,39\256

33.6roro8
-6.391621
-2.969626
-3.578396
-3.396666
11 323722
13.209952
6 .308758

-7 .515282
o.362390

29.rr6089

- 149 -



27
28
,o
30
JI
32
33
54
35
Jb
37

l
2

3
4

5
6
7
I
9

t0
tl
12

l3
t4
15
t6
17

l8
r9
20
21
22
)?.

2\

26
27
28
,o
30
3r
32
33
3l+

35
Jþ
37

-7.
o

-0.
-t ì.

t50.
-101.

122 .
-37 2.
-4r,

-l10.
308.
\21 ,

-1r6.

85.

r6
-17

6
-r3
-0
-5
'I I

e

-15
2
2

.8440 I I

.961230

.25906\

.7 \3015

.7 5927 7
,1 37 \86
.766335
.02r284
,381559
. o63090
.3569\8

LoAD 27
_176.

93.
-82.
-2\.

-484.
112,

-275.
107 .

o

-8r.
I90.
755.
t3t,

-240 .
u,

tzz ,

-90.
-8r.
-88.
-92.
172.
I 84.
126.

-2\7 ,
35.

t50.

8r.
122.

-37 5.
-39.

-109,
327 .

\26,
-t54.

68.
92'

LOAD 28
-177.

ô2

951837
391902
692422
299999
183292
363\\2
537955
r26995
222335
920\39
25]426\
7o09o7
| 25830
054085

-9
7
0

-2
r4
l0

7
-3

4
20
-6
-2
-?
-3
lt
r3

6
-7

0
ì2
33
t1

6
-r3
-0
-5
r3
I

-25
I
2

.9576\3

. \93137

.36091 2

.955308

.4r38ì l

.\17097

.800668

.35\3\5

.r9322\

.792297

.80 r 325

.7 55005

.990895

.969626

.28567 5

.90177 \

.7oo480

.09\719

-8.025882
9 .299498

06367
86340
9t680
233\8

452

- 150 -



-8r.

-401'
r r4.

-271 .

r08.
ð.

-8r.
192.
770.
129.

-235.
0.

12\.
-89.
-83.
-87 .

-94.
t68.
207 .

ì 59,
-250.

2,
136.
71'
0,

l22,
-37\.
-\2.

-l t0.
307 .
\22.
-94.
75.
85.

73
94
45

-97
179
77\
t\7

-256

98.
- t48.

-2

-lì
5

-9
7
0

-2
l4
t1
6

-2
I

21
-6
-3
-3
-3
tl
t6

9
-7

0
'I l

4
-8

6
-r3
-0
-5
lt
I

-10
2

2

609562
307669
299i 08

,55\6\8
.629216
.263201
. 192296
,910536
. \57131
. r oo769
.945038
.930050
.017595
.298689
,28687 5
.03884l
,3\5985
.5597 37
.351929
,76\708
.583\99
.97 310\
.004 r 40
.5070I 9
.260670
.98 r 280
.290588
.85t+5\o
.79s898
. t97 525
.67 3171
,0537 \1
.305355
, to'Bj 6

.31\7 \3

LOAD 29
-r88.
il1.
-88.
-3\.

-493.
I to

-8.967791
12 .99711\
-3.077172
-o .585 r 88

-11.551203
5. 995088

-9.398270
5 .6630 r o
4.25r ìr6

-4 . r 15389
tz.7 r6\52
il.r827r9
8.8 r 3354

-3.4r9819
8.083249

13.695616
-r6.0r8836

- r5r -



t1.
-t lt.
-1)1

tbö.
t90.
137 '

-251 .

l.
ó¿.
85.

-ì0.
0.

-359,
32.

-209.
309 .
\\2.
-90.

80.
80.

-59
t84
846.
222 .

-310.
0.

103 .

-105.
-4r.

-187.
t05.
183.
I93.
t3l.

-295 '
-10.

80.
84.
-6.
-o
0.

-205.
-199.

0.075265
-5.2802\7
-6.2\32\3
r r .359820
1\.2\\153

7 .2\6923
-8.054400
0,0022 r 6
\.5\9662
5.900269

-0.2387 r3
25 .1221

-12.844ì
o .\717

I

0
I

- I 6 .954486
I L 788008

8 .7 62\\7
-9.527103
2.368958
2.0706Ì+9

-r r.407230
20 .123319
-? r oo'7 0ñ

-1.02\5\6

LOAD
-214 ,
r40.
-9r.
-46 .

-531 .
143.

-285.
oÃ

35.

30

-r3
I

-t0
5

2

-ì
r3
ì3
r9
-4

9
t5
-8
-0

-r3
4

r3
l4
6

-10
-0

4
E

-0

-5ì
-r4

.26236\

.4304 I ¡{

.209633

.720187

.8!2074

.643481

.392262

.201925

.oì6709

.90 r 600

.69257 |

.17 6526

.l+4 7488

.8r25r3

.834248

. 3898 r5

.269261

.666527

.640306

.817 323

.081+985

.3259\8

.161136
108337
048248
096090
96\315

-152-
- 15.55\322



33
34
35
Jþ
37

359.
628.
-88.
tzz.
38.

15 .6\\356
16.81\292
-9 .07 6897
5. il86r2
0.53289\

LOAD

-179.
96,

-4,'
-3r.

-48À.
I ì5.

_270.
oÃ

12.
-8r.
t78.
lþ¿,
136.

-2\2.
0.

98.
-o t
-1E

21
'|

2

3
4
5
6

7
I
o

l0
lt
12
r3
r4
15
ì6
17
t8
r9
20
21
22

¿4
25
26
27
28
29
30
3r
32
33
3\
2Ã

36
37

-8 ,20
9.98

-2.70
-0 .48

-il .14
5.63

-9.20

340
759
858

069
409
6\3

-3
-0

-t ì

6
-9

5

3968
444 2

0909
092\
7 621
41 28
7961

yb
82

5.709137
o ,4017 32

-2 .93 r 400
t2.616t38
r0.869r4l
7 .617655

-3.099251
7 .957082

13 .6067 56
-6.7o\].tz
-2,571088
-3.986282
-2.78217 3
r r .46663 r

t4,330932
7.271\28

-7 .80402 l
o.t3\755
4 .59I899
5 .963801

-o . 2 34048
6.298j98

- 16 .0265 r 0
-o.202209
-4 .584800
11.703972
ro.086r03
-9 .4082 r o
3.ot3468
1.566983

-8.997967

9

-i0.
122 .

-405.

-103.
307 .

\76.
-89 .
9l
69

I
2

3
4

5
6

7
I

LOAD 32
-t88.
l .

-88 .

-J4.
-494 .

ì 20.

970029
046409
596523
58\823

12.

-273
'str

- 153 -



38.
-93.
179,
77\.
151.

-?EO
0.

98.
-137 '

-6.
-il7.
-t01.

166.
t 89.
137.

-250.
-o
82.
ö5,

-10.
225.

-\23.
-t03.

0.
305.
382,
-90.
66,
94.

LoAD 33
- t89.
t0l.
-77.
-3r.

-508.
I 30.

-285,
t09.
ll.

-7 5.
195.
849 .

145.
-232.

0.
129
-86

¡{28561

7 6\281
7o65o8
t96167
30rr67
\95960
o3rr8r
632r57
8282\6
017920

3
-3
12

9
-3

ó
t3
r3
-0
-5
-4
l'l
14

7
-7
-0

4

5
-0

,9
.0

63929
62853
428065

I

83639l
0631 38
126796
152305
283658

8!68 7o
83t8¡+I
78359t,
862268
0l+0828
367779
185922
625837

7 3\t
.252\6

19.501526
- I 7 .404446

- \ .177 \29
-17 .89\215
il ,5 r 7080

6 .7127 55
-9 .626716

r .63 r 897
z.8z9o9o

-83.
-54,

-103.
220 .
238.
166.

-9
ì0
-2
-0

-12
7

-10
7
0

-2
l4
1?

Õ

-2
13
22
-5
-3
-l
-\
18
2l
l0

. r04ì r6

.988588

.388343

.\95352

.2233/1l

.0\9269

.149r82

.382588

.360\27

.555022

.971r r8

.296326

.6o6o8o

-15/4-

6924 r r

3\3660



-329.
159.
t05.
139.
44.

ì28.
-438.

8.
-105.

0.
523.

to
-82.
2\2.

.280r r0

.468960
,19\t 32
.7 57025
.886806
.84387 2

.583oo r

.04t2t9

.7097 52

.112205

r3
r3

7
r4

3
6

r8

-4
48
ìt
0

-2
r6

-ì I
I
4
6

-0
15

-34
ll

I
r9
34
-7
16
-t

990
¿U

5tö
809

LOAD 3\
-205,

129,
-89.
-4 t .

-E I O

tJb.
-283.

96.
\7.

-83.
184 .

835.
t89.

-283.
u.

r 06.
- 143.

10,
-145.
-31.
193.
199.
13t.

- too
ir6 .

83.
88.
-2.

t 98.
-609.

r80.
57.

40r.
0.

-:o
228,
-68.

-155-

-ro.5302rr
r7 .223\\6
-3.152877
-0.842244

-12.7 21252
7 .6\2\99

- 10 .024486

77661
155\7

,923129
.9\2765
.050824
.449 t 82
,87 \67 \
.rf9r06
.12607 2

.996325

.785391

.o8\553

.058 I 79

.667889

.\66602

.682835

.5o l 748

.67 \76t+
, | 32909
.3\7603
.582336
. 240845
.006t25
.299805
. t 55613
.680379
.5\2t97
.156929
.\71872
,\76250
.38r836
.5\5558

5
4
2

4
-3
r3
12
l4
-4

9
r5

-15

-8
-0
r4
15

6



I

2
?

4
5
6

7
I
9

t0
ìl
12
r3
l4
15
ì6
t7
t8
r9
)^
2l
22
23
¿4
25
26

28
29
30
3r
32
??

3\
35
36
37

L0A0 35
-178.

92.
-?Q
-23.

-\92,
117,

-280.
I12.

7.
-Q^
t96.
79\.
126.

-227 .

133 .
-88 .
-AE
-85.
-o7
163.
z\5.
207 .

-255.
-\5.
'I20,
172.
bJ.

122 ,
-373,

-112,
272.
4t6.

0.
88.
72.

-8. r 36047
9. t\2391

-2.480873
-0.29\79\

7
0

-2
r5

6
-2
r3
2\
-6

-11 .516709
5.8\6203

-9,8\5621

035/437
071570
167253

-8,261530
10.U+5932
-2.804r54
-0.\95\\7

-11,121756
5.563332

-9 . r 60838
5.57 to89
0.63\695

-2.995721
r 2 .445',r 88
ro.6r6rog
8,051251

-3,256569

7 57 \11
r 45899
892662
10558r{
7143551
656i9\
741 184

-3. t7 977 2
-3.23r888
-3.796763
t 0.670428
22,826090
t5.5\85\7
-8.28 r ¡+oB

- r . 289580
9.13:1065

21 .875166
7.397919
6,298370

13.787 367
-0.95660\
-5.370331
9.369066
7.838375

28 .155159
2.797 7 50
1.722\18

I

2

3
4

5
6

7I
9

t0
il
12
13
r4

LoAD 36
-r80.

oo

-81+.
-3r.

-483.
ll4.

-269.
o?

15,
-82.
177.
752.
tÀ0.

-2\9.

-156-



0.
95.

-109.
-b9,
157 ,

t86.
139.

-232.
-JU.

Qt

83.
-r3.
12\,

-l+28.

7.39\\51
12.955138
-7 .253\2\
-2 .121220
-5. r r 0283
-2.025931
10.025155
13.729169
7.\67583

-6 .92517 2
-0.6084ì4
\ .5\87 26
5.71r670

-0.385895
6 . \3\j 23

-17.775879
0.563822

-3.88t243
I .83557 \

ì2.03r446
-r0.405r48

32.2916\6
21 .20\05\

-9
-6

35
94
64

52\
-94

0
280

LoAD 37
-178.

92.
-79,
-29.

-485.
rì6.

-272.
98.
5.

-78.
ì81.
778.
129.

_232.

104 .

-85.
-90.
-71.

-r0!.
iö5.
20I .
'l40 .

-269.
7\.
aq

93,
2.

120.

-8.097839
9.r75il0

-2.5197 \0
-0.441442

-11.209006
5.752631

-9,328057
6 .080364
0 .080073

-2.758088
13 .070782
il.2942r0

6 .9527 \l
-2 "8\8282
9.o82o52

t5 . 388466
-5.77\562
-3,539329
-2.278767
-\.28\827
r3.6r8033
15.793930

7 .50 r 380
-9.160720
3.304\96
5 .1123\5
6,989163
o.013973
6.oS\565

-157-



30
31

32
33
J4
35
36
37

-358.
-Þ,,

-120,
4t5'
370.
-70.
280,

0.

-t2,80t480
-ì.787r30
-6.066153
20 .439 r 48
6.31\7\1

-5.96\\63
23.9508\6
25.340t61

- t58 -
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¡t¡t*¡l HARDY CR0SS ANALYS lS 0NLY ¡l¡lrt

UNITS= 0.0000151

HAZTN-l.l I LL lAl,ls c= 100.

NUI1BER OF CAND IDATE D IAT,IETERS

D IAIIETER c0sT

t5

l
2

3
4
q

6
7
a

9
10

t2
13
r4
15

267 .oo
3l6.oo
365.o0
4r7.00
469 . oo
522.00
577 .00
632.oo
689 . oo
7 \6 .00
804 . oo

36 . ooo
48 .000
60 . ooo
72.000
84 . ooo
96 . ooo

r 08 .000
'ì 20 ,000
r 32 .000
144 ,000
156 .000
r68,ooo
r 80 .000
r 92.000
20À .000

2

3
4
Ã

6
7
a

9
t0

9
ll
r3
14
t5
t5
t7
l8
r9
20

93.50
I3l+.oo
r 76.oo
221 .O0

NUI1BER OF LINKS 42 NUI'IBER OF NODES 20

P IPE F ROI'T TO LENGTH

r r 600.
ì9800.
7300.
8300.
8600.

ì9100.
9600.

r 2500.
9600.

il200.
ì4500.
t2200.
24t00.
2il00.
r 5500 .
26À.00 .

31 200 .
24000.
r 4400.

l
2

3
À

5
6

7
I
9

l0
ll
t2
r3
t4
15
l6
17

l8
ì9

'|

2

3
4

5
6

7
I
9

lt
12
t2
r3
t4

I
t0
12

l8
ll

- 160 -



38400.
26400 .
r ì 600.
19800 .
7300.
8300.
8600.

ì9100.
9600.

t2500.
96oo.

I t 200 .
14500.
12200 ,

24 r 00.
2t 100.
r 5500 .

26\00,
3r200.
24000,
r 4400 .

38400.
26400 .

tb
9
I

2

3
4

5
6

7
8

9

12
12

r3
14

l
l0
12
t8
ll
t6

9

20
r6

2

3
4

5
6

7
I
9

t0
9

11

r3
rÀ
15
1!

17
t8
r9

20
r6

¿v
2l
22

2\
25
26
)1
28
to
30
3r
32
22

t\
35
Jb
?1

38
39
4U

4l
\2

IN IT IAL ASSUI4PT ION

PIPE DIAI4ETER LENGTH D IA}IETER LENGTH EXISTING

r 80 ,000
I 80 .000
1 80 .000
I 80 .000
r80.000
r 80 ,000
r 32 .000
r 32 ,000
r80.000
204.000
204.000
204.000
204.000
20b .000
204.000

7 2 .000
72,000
60 . ooo
60 ,000
60 . ooo
7 2,000
0.0
0.0
0.0
0.0

0,0

0.0
0.0
0,0
0.0
0.0
0.0
0.0
0.0
0.0

0,0
0.0
0.0
0.0
0.0
0,0
0,0
0.0

0.0
0,0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0,0
0.0
0.0
0.0
0.0
0.0
0,0
0.0
0.0
0.0
0.0
0.0
0.0
0,0

0,0
0.0
0,0
0,0

r r 600 .00
r 9800 ,00
7300 .00
8300 .00
8600 . oo

r 80 .000
I 80 .000
r80.000
t 80 .000
r80.000
l80 . ooo
r32.000
I 32 .000
r 80 .000
204 .000
204 .000
204 .000
204 .000
204 .000
204 .000

72.000
72.000
60 . ooo
60.ooo
60 . ooo
72,000
0.0

I
2

3
\
5
6

7
a

9
t0
lt
t2
13
t4
15
tb
t7
l8
ì9
20
21
22
23
2\
25

19r00.00
g6oo . oo

I 2500 . oo
g6oo . oo

I I 200 .00
r 4500.00
t2200.00
24 t 00 .00
2 ì 100.00
r 5500 .00
26400 .00
3 r 200 .00
24000 .00
14400 .00
38400 . oo
26400 .00
r 1600 .00
r g8o0 . oo
7300 .00
83oo . oo

- r6r

0.0
0.0
0,0



0.0
0,0
0.0
0.0
0.0
0.0
0,0
0.0
0.0
0.0
0.0
0.0
0.0
0,0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0,0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

86oo,oo
r9r00,00
g6oo.oo

I 2500 .00
9600 .00

200.00
r 4500 .00
ì 2 200 .00
24 ì 00 ,00
2 t t 00.00
r 5500 .00
26400 . oo
3I 200 .00
2 4000 .00
ì 4400 .00
38400 . oo
26400.00

0,0
0.0

ì 44 .000
0,0
0,0
0.0
0.0
0.0
0.0
0.0
0.0

96 . o0o
96 . ooo
84 . ooo
60 . ooo
0.0

84. ooo

¿o
27
ôo

to
30
31

32
33
)t+
35
36
37
38
39
40
4l
\z

0.0
0.0

INHEAD

lN lT I AL CoST= 39204000

IN IT IAL ASSUI1PT ION

NOOE I'l INHEAD ÐEi'1ANÐ

N UT,IBER OF LOADING CONDITIONS
NUI4BER OF NODES 20

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
U.U
0"0
0.0

20.
92.
o1

88.
88.
88.
88.
88.

t70.
t.

170,
1t7.
il7.
92.
92.

170.
57.

117 .

117 .

ì70.

I

-20
LOAD

300 . 00
255.00
255.00
255.o0
255.00
255,00
255,00
255.00
255.00
255.00
255.o0
255.oo
255.o0
255.o0
255.00
260.o0
272.80
255.00
255.00
255.00

300 .00
29\.19
286. il
283 .7 \
28 ì .64
280 .0 r

277 .\\
276.59
27 3.68
27 3.65
27 3.81
27 5 .09
278.06
285.5\
293.31
261 .55
272,77
261 .1\
255.01
258.02

0
4
4

2

2

2

2

2

0
0
0
I
I
11

4
0
5
0
I

0

I

2

3
4

5
6

7
a

9
t0
'ì l
t2
r3
I¡l
15
r6
t7
t8
r9
20
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P¡PES OUT OF SERVICE IN EACH CONDITION

F INAL RISULTS

CORRECTED PRESSURES AND FLOWS

'|

2

3
4

5
6

7

9
t0
ll
12
r3
t4
t,
t6
17
t8
ì9
20

LOAD

-2020.
o?

t¿,
88.
88.
88.
aa

88.
t70.

I

170.
il7.
tr7.

o?
ot

170.
58.

I t7.
ìì7.
170.

SUPPLY

l
-20 r 9.

92.
92.
88.
88.
88.
88.
88.

171.
2.

t7t.
ll7.
il7.
92.
92.

t 70,
58.

I17.
117 ,

170.

NODE D EI4AN D

P IPE

I'IINHED INHEAD

277.\4
276.59
27 3.68
¿l5,ot
27 3.81
27 5 .09
278.06
285 

" 5\
?o? ?l
26r.55
27 2 .78
261 .tt1
255,01
258.02

300 .00
255.o0
255.o0
255.o0
255.00
255.o0
255.o0
255.o0
255.o0
255.o0
255.o0
255.o0
255.o0
255.o0
255.o0
260 .00
27 2 .80
255.o0
255,o0
255.o0

HG L

300 .00
29t+ ' 19

286. r r
283 .7 \
281 ,6\
280.0 r

F L OI,/S

I

2

3
4

5
6

7
a

9
l0
'ì I

12

t3

OAD

885 .

792.
700 .
612.
524.
\35.
'ì54 .

259.
59.

lbu.
481.

-833.
-950.

o .5007 62
0.408245
o.324439
0.252188
o. r 89436
o .13\571
0.088679
0,232520
0 .00328l
0 .o1157 5
0.088143

-0.243200
-o.310322
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- t0À2.
1ì35.

18.
1E

34.
75.
20.
76.
0.
0.
0.
0.
0.
0.

t 93.

0.
0.
0.
0.
0.
0.

39.
159 '
öJ.
1E

0.
1 14.

43200
10322

-0.368548
o . \31357
0.0332r8
o .\47122
v . ¿554 5¿
1.096785
o .09 r 966
o.\59567
o.500762
o .408245
o.32\\39
0.252788
o. t 89436
0. r3457l
o .08867 9
0
0
0
U

-0

-0
0
0
0
0
I
0
0

232520
00328 r

57
r488

E

r4
15
tb
17

t8
r9
z0
21

22
23
¿4
25
26

28
,o
30
31

32
33
34
35
Jb
37
38
?o

40
4r
\2

0

2

3
.3685\8
.\31357
.0332 1 I
.\\7122
.255\32
.096785
.09 r 966
.\59567
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Append ix E

RUNN ING THE PROGRAI'I ON THE AI'IDAHL 580
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The foì lowing JCL is needed to run the program on the

University of l4anitoba's A/ilDAHL !80,

// J}B t,,,T=8¡1,1=10 

" 
'tloRcAN',CLASS=t

// EXEC F ORTXC LG , PARi4= I S IZE=312K I

//FORT.SYSIN DD *

Program

/ /G0.F1O9tOo1
/ / D I SP=SHR

//G0.FTr0F00l
/ / D I SP=SHR

//G0.FTl ìF001
// DISP=SHR
/ /a0.FTt2to?t
// DISP=SHR
,//c0.FTr4F00l
/ / D I SP=SHR

0Ð DSN=l'10RGAN . C0ST. DATA,

DD 0 SN=l40RGA N . S YSTEI'1. D ATA ,

DD DSN=l'10RGAN. P IPES. DATA,

0D DSN=|'|ORGAN. DEI4AND. DATA,

DD DSN=|,IORGAN. BREAK. DATA ,

The data sets ass igned input/output un î ts above conta i n

aì I the input data. Data sets ¡PlPESr and rBEI'IANDr are up-

dated each time the program is run. To deletè a pipe which

is considered uneconomicaì due to its weîghting 'mãnuallyr,

use TFETCH DA=PIPES.DATAT. When the data et has been

fetched change the left most diameter number to I and change

the left most length to the total length. The right hand

diaíìeter number and length should be 0.

The fol lowing pages are examples of how the data is en-

tered into the data sets, The data set r0El.lAND.DATAr con-

taÌns the data for single demand pattern design to save

space. The data set TBREAK.DATAT contains the data for mul-

tiple demand patterns design.
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COST . DATA

I
24,00
130
I 000
r3

0
0

7
9
3

7
0
0
0
0
0
0
0

58
o¿

71
88

2

t38
169
207
248
)o1
3\7
\o5
\70

125
t50
200
250
300
350
400
450
500
550
6oo
650
700

0
0
0
0
0
0
0
0
0
0
0
U

1

2

3
4

5
6
7
a

9
t0
il
12

13
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SYSTEI,l. DATA

760
520
890
I 120
6ro
680
680
8io
860
980
890
750
6zo
8oo
730
680
480
860
8oo
770
350
6zo
670
790
i r50
750
550
700
500
\50
150
720
Ãl¡ô

700
850
750
970

I
I
I
2

2

2

3
3
4
4

6

6
6

7
7

8

9
9

t0
ì0
ìl
l1
l1
12
t2
r)
r4
r4
r4
\5
t6
l6
t7
r8
19

05t
l
2

3
4

5
6

7
ð

9
ì0
ll
12

ì3
r4
15
tb
t7
t8
r9
20
21

22

2\
25
z6
27
28
29
30
3r
32
33
3\
35
36
37
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P I PE. DATA

00 0
00 0
00 0
00 0
00 0

00 0
00 0
00 0
00 0

00 0
00 0
00 0
00 0
00 0
00 0
00 0
00 0
00 0
00 0

00 0
00 0
00 0
00 0
00 0
00 0
00 0
00 0
00 0
00 0
00 0
00 0
00 0
00 0
00 0
00 0
00 0
00 0

760
520
890

20
6ìo

680
680

870
860

980
890
750
620
8oo
730
680
480
860
8oo
770
350
620
67o
790
I t5
750
550
700
500
\50
750
720
540
700
850
750
970

0

7

7

7

7

7

7
7

7

7

7

7

7

7

7

7
7

7

7

7

7

7

7

7
7

7

l
7

7

1

7

7
7

7

7

7

7
7

ì

2

3
4

5
6

7
I
9
t0
t1
l2
r3
r4
15
t6
t7
t8
ì9
20
21

22
23
¿4
1E

26

28
29
30
3r
32
33
34
35
36
37
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I) EI4AN O , DATA

ì
0

80.o
90 .0oôñ
70 ,0

t02.0
80.o
90 .0
70 .0
?E ñ

90 .0
93.o
85.o
8o.o
90 .0
8o,o
96.0
8o,o
90 .0
90 .0
70 .0

.0

.0
,0
.0
,0
.0
.0
.0
,0
,0
.0
.0

,0

.0

.0

.0

.0

165
220
145
165

- 8oo
140
175
r80
r40
r60
t70
r60
t90
200
150

- 8oo
165
r40
185
160

7 5.0
71+ .0
73.o
72.0
02.0
7 3.0
67 .0
72.0
70,0
69.o
71.0
70 .0
64.o
73.o
7 3.0
96 .0
67 .0
70.0
70.0
67 .o

ì
2

3
4

5
6
7
I
9

l0

12
r3
r4
15
tb
t7
t8
r9
zo
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BREAK. DATA
l
l
0

2

2

0

3

3
0
4
4
0
5
5
0
6

6
0

7

7
0
8

I
0
9
q

0
l0
t0
0

1t
0
12
t2
0
r3
ì3
U

t4
t4
0
t5
t5
0
to
l6

17
17
0
t8
tð
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0
r9
r9
0
20
20
0
2l
21

0
22
22

23
23
0
24
2\
0
25
)E
n
.'L

26
0
27
27
0
28
28

,o
29
0
30
30
0
3l
31
0
t¿
32
0

33
0
54
54
0

35
35

36
36
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0
37
37
0
0
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