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ABSTRACT 

The project report examines the design criteria and procedures 

currently used in the design af sanitary sewer systems.' A review 

af literal'ure concentrates on procedures for the automated design of 

sanitary sewer systems. From the literature review, it is concluded 

that. the cost optimisation of a variable layout together with details of 

sewer sizes and vertical alignment is not practica,I •. 

The major. part of the project is the development of ci program 

which employs"Ii)l>l<1ll1ic programming in a multi-pass mode ~o optimise 

the cost of a branche,d sagitary sewer system 'of fixed layout. The 

program permits some user flexibility, ?y allowing opti~s for defining 

cost data and design criterio. Detailed documentation for operating 

the program is provided. A critical appraisal of the effectiveness of 

the algorithm erda comparison with other programs which use the 

dynamic programming technique is presented: A measure of the 

sensitivitY of the optlJl1al polic y to changes in 'the cost structure is 
." 
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CHAPTER 1.0 STATEMENT OF PROJECT OBJECTIVES 

,~/ Sewer design is a repetitious procedure which has traditionally . 

. been perfonned using nomographs and hand calculations. With the arrival 
c 

of the computer~. programs were developed which automated the hand 

calculation technique to pennit the rapid design of sewer systems. Because 

these programs did not consider all possible combinations of sewer sizes I 

vertical alignment and costs for each link in the network, tlie results may 

<J 
not represent the cheapest sewer system cost. Soine programs I currently being 

promoted I optimise sin gle links only and produce results which are inefficient. 

To meet the requirement for a minimum cost solution, optimisation computer 

. :.d 
programs are being developed which consider all possible combinations of . 
layout i sewer sizes and vertical a:lfgnment and which,' utilise an array of 

costs or cost functions to obtain the optimum sewer system cost .. 

This study reviews the current methods used to produce optimum 

sewer system designs, describes a dynamic programming computer program 

developed by the author for the design ~f gravity f1~ sanitary sewer, ,systen;s 

and discusses its appl ication. 
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CHAPTER 2.0 SEWER DESIGN PROCEDURE AND 
LITERATURE REVIEW 

This chapter describes the gen'1ral requirements for the design of 

a gravity Flow sanitary sewer system, the problems of designing a s';·wer·system 
cJ 

to obtai" minimum cost and the optimisation methods used to achieve the 

• 
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2.1 DESI GN PROCEDURE 

The design of a sanitary sewer ~ystem generally consists of the 

following operations: 

I. assembly of the physical data of the area to be- serviced, 

2. selection of the sewer layout, 

3. computation of sewer sizes and verticol alignment ta confonn 

with the design criteria set by the local authority, 

4. computation of strength class of pipe required, and design of 

manholes, 

5 . estimati on of cost. 
- , 

_ The required physical data for the area includes a topographical map 

of the area, a land use plan, street layout drawing, soil and water table 

data, and location of the Outfall. 

From the physical data, the designer selects a suitable sewer layout 

ta service the area. 

The computation of the sewer sizes and their vertical alignment is 

then carried out in confonnity with the local design standards and criteria. 

These will nonnaJly specify the follOWing: 

I. average flow rates far domestic, commercial and industrial areas, 

2. peaking factors for the above flow rates, • 

3. infiltration rate, 
, -

4. method of computation of design flow rate{s) for the sewer, 
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5. hydraulic steady state conditions, 

6. hydraulic resistance law, e.g. Monning's equation, 

7. hydraulic roughness coefficients, 

8. full flow or partial flow analysis, 

9. maximum design capacity for a sewer, 

10. criterion to prevent erosion, e.g. maximum velocity requirement, 

11. criterion to prevent deposition of solids, e.g. minimum velocity 

requirement or tractive force theory, 

12. method of computation of energy losses and vertical olignment at 

manholes , 

13. minimum sewer size, \ , 

14. non-decreasing pipe sizes in a downstream direction, , 

15. maximum manhole spacing requirements, 

16. types of pipe that may be used, e.g. concrete, 

17. minimum cover requirements, 

" 18. method of computation of strength class of pipes. 

The objective of the design procedure is! 

1. to design the system to carry the maximum flow rates without 

surcharging and at velocities which wi II not cause erosio~, and 

to carry the minimum flows at velocities which prevent 

deposition of ,solids, 

2. to minimize the sewer system cost. 
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" 
The design of the sewer system usually starts at the upstream end and 

proceeds downstream. For' each link, the designer se,lects that combination of 

sewer size and vertical alignment which he believes will give the cheapest 

sewer system cost. 

Up to about 10 years agO, the design procedure was p/rformed 

manually. 
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2.2 DISCUSSION OF DESIGN PROCEDURE 

In the design of a sewer system there may be several possible layouts 

~ " 

for the system. There is no formula available' ,to advise the 'designer which 

layout will result in the cheapest construction cost. In general, he will 

select a layout which provides for maximum U',e of tne minimum size sewers 

prior to joining them to large size sewers and which in his judgement is the best. 

The designer may produce a design for other layouts in order to obtoin the 

optimum cost. However the expense of producing other designs does not 

encourage this approach. 

Once a layout has been selected, the designer selects the pipe siz.!ls 

end their vertical alignment. Usually for each .Iink in the ne~ork, the 

d~signer will select a sewer slope and enters a nomograph with this slope to 

" obtain a pipe size to carry this flow. Invariably, the theoretical diameter 

obtoined will not be a commercial pipe size. Hence, the designer may 

choose to use the first commercial size pipe greater than the theoretical size 

requirement or he may choose to increase the slope thereby permitting the 

use of a commercial size pipe smaller than the theoretical size requirement. 

The cheaper s,?lution for the link depends on the cost trade-off between pipe 

cost vs excavation arid backfill costs. The choice of' the cheapest so1ution 

for the link may not be the cheapest for the sewer system because of the 
, 

'vertical alignment and non-decre~sing pipe size requirem~nts. }here are a 

large number or possible solutions for any sewer system. This ,is) lIustrated 

6 
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in the simple example of fig. 3.2. 

In conclusion 1 it moy be stated that the design of a sewer system 

is a ;equential decision process which makes it impossible for a designer to 

consider all the possible solutions in .order to obtain the optimum solution. 

Present researc:h is therefore directed to the optimum design of a 

sewer system. Ideally 1 the design method would optimize the layout and 

sewers simultaneously. 

/ 

-"--~/ 

) 
jl 

7 

" I" 

") 



, .' 

· 2.3 COMPUTERIZATION OF DESIGN PROCEDURE 

~petitious nafure of the design of sewers is ideally suited to the 

use of an -automated solution pre<;edure 'by computer. 

Sewer design packages have been developed which comgletely 

computerize the design of a given layout using minimum dig as the main cost 

criterion. The rapidity with which the calculations w'llre performed meant that 

designs. for other layouts could be easily qbtained. 

One of these packages is that of DiCicco, SQehngen and Takagi (9). 
1 , 

The advantages of, such computer programs consisted of the systemization of pro-

cedures, the rapid execution of calculations and a reduction of office costs. 

However, such programs may not give an optimum or cheapest solution. 

The sewer size and vertical alignment for each link in the sewer network'is 

selected to confonn to the design criteria and generally to provide minimum 

dig. • Other possible solutions for' the link are not considered when the 

downstream link is designed. The construction cost estimate is made after 

the design of the sewer'sizes is completed. Costs: apart from the minimum 

dig consideration, are not an intrinsic part of the design of the sewer' system. 

8 
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2.4 OPTIMAL DESIGN OF SEWER SYSTEMS 

2.4.1 INTRODUCTION 

An optimum solution is defined as the cheapest sewer system 

instollation cost subjed to the constroints imposed on the system. It is 

recogn ised that the cost constraints, particularly the installation costs, are 

not accurately known unti I tenders for the construction of the sewer system ore 

received. However the designer should design 'the sewer system for' the 

cheapest cost 'using the I best pre-tende'r cost estimates avoilable. It is 

conceivable that, in tht future, contractors might bid on a preliminary sewer 

system as a unit price contract" the final system design being determined from 

an optimization program using the tendered unit prices. 

It is realized that a computer optimization process would not be 

.worthwhile for the design of all~sewersystems. Their usefulness is limited 

when one considers that, the major' cost, of the supply and,i~tollation of. a 
, . . 

sewer is excavation and backfi II costs. Walsh and Brown (39) stoted that 

excavation and backfill costs represent about 80% of the toto I cost of the 

supply, and instollatipn of a sewer. Therefore, it is not worthwhile to USe a 

computer optimization program to design a sewer system for a steep ond 

uniform terrain as the sewer pipes will <generally be located ~t min'imum 

depth. 
.... 

However, in flat or undulating terrain, a computer optimization is 

useful. 

As the cost of 'excavation and backfill decreases with respect to 

the cost of the pipe, the viability of computer optimization programs will 

9 



-----. ~ .. '-

10 

improve. An interesting move, in this regard, is record~ by Mortenson (30) 

who. describes a method for installing watermain without the use of shoring, 

thereby effecting a saving in excavation and backfi II costs. 

An important application of computer optimization programs is that 
J . 

they permit the analysis of the effect of fhe design criteria on the cost of the 

sewer system. 

The objective of the optimization is to minimize the sewer system cost 

subject to th~, hydraulic and physical constraints an9 the cost data. For a gravity 

flow netwo~, fhe objective function is principally the sum of the costs of: 

1. pipe supply and installation, _ (including manholes) 

- 2. excavation arid backfill, 

• and can be formulated as a non-linear function. 

The solution is subject to the following constraints: 

1. minimum allowable diameter constraint, 

2. diameter progression, i.e. non-decreasing diameters as design 

prtteeds downstream, 

• 
3. invert progression, i.p. invert elevation of downstr"e<im sewer must 

not be greater than the inv~rt elevation of the contributory 

upstream sewer, 

4. minimum cover constraint, 

5. minimum and maximum velocity constraints, 

6. sewer capacity must equal or exceed the desig~ flow rate / 



The c::onstraints may be linear or non-linear depending on the 
'\ ,r--' 

choice of variables for the objective function. '\ 
~ ~ 

The process of optimization will be considered under the follOWing 

headings: 

, 
• 

1 • '-Opti m ization of Sewer Layout, 

2. Optimization 'of Sewer Sizes and Vertical Alignment for a· 

given layout, 

3. Optimization of Layout, Sewer Sizes and Vertical Alignment. 

" It 
'1\ 
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., 
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, 2.4.2 OPTIMIZATION OF lAYOUT 

In this section I the optimization of the layout is considered with 

some attention to .. tb~ hydraulic criteria but with no detailed consideration of 

the sewer sizes and _their vertical alignment. 

1 . Tria I and Error 

Liebman (24) suggests a trial and- error method by cOmputer for 

obtaining a good gravity flow sewer layout. The objective function is the sum 

, . 

of the pipe and tfte- exoovation costs'.' Pipe sizes are considered to be unifomi 

throughout the network • The pipes are vertically' aligned to suit the minimum 

cover I the hydraulically minimum slope and the invert progression requirement. 

Figure 2.1 shows the test problem from Liebman's paper. Figure 2.1a shows 
, , 

the layout with all the possible links; figure 2.1b shows an initial netwotk 

which forms the starting layout for the computer search. The program examines . 

the. initial network to find an unused link that could be exchanged for one 

link in the initial layout'. If thip exchange produces a cost saving I the 

exchange is accepted. Each exchange requires that the search process must 

begin all over again. Execution of the search is complete when no 

improvement can be made. 

The program was tested using the gravity flow network shown in 

fig~re 2.1. Computer execution times varied ,from 30 to 90s depending on 
/ 

. the initial layout adopted . 

. The program does hot produce an optimum solution because: 

12 
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Figure 2.1 " LIEBMAN'S (24) SEWERAGE NETWORK 
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(i) the hydraulics of the network are not, considered, 

(ii) the result is dependent on the initial layout, 

(iii) , the result is dependent on the order ?f search'ng, 

(iv) the method is based on single link exchange: (Multiple link 

exchange, i.e. exchanging two or more links simultaneopslYJ 

might produce ,a' cheaper solution) .• 

Holland (18) suggests a tech~ique for adjusting Liebman's method to 
,. 

allow the flaw rates 'to be considered. Pipes at minimum gradient could then 

be selected to carry these flows thereby providing a more realistic cost 

function • 

2. Minimum Spanning Netwark Algorithm 

Barlow's method (4) starts with ,the superimposing of a square grid over 

the sewer area and determining the sewer flow loads in each square of the 

grid.3-arting with the most heavily loaded square adjacent to the outlet, the 

process proceeds upstream selecting the heaviest loaded adjacent squares until 

the' extremity of the sewer' area is reached. The outcome of this process is , 

the identification of the most heavily loaded squares connecting the outfall 

'to the extremity of the sewer area. A trunk sewer is then selected to traverse 

these squares and join the heaviest loads in these squares by the "shortest. path 

"''', 
through many poiAts" technique. In the latter, the pJlths are replaced'by-"thEJ' 

"-
sewer costs. Sewer costs are computed from pipe sizes which are selected frorri 

a table of the minimum and maximum slopes .and the availabl~ slope. The 

~J 

, 
" 
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hydraulics of the sewer system is not considered, 

Bronch sewers are seleCted using the same technique, 

All the remaining unconnected loads are connected to the branch 

network by Prim's (33) method for detennining }he shortest spanning tree, 

Figure 2,2 taken from ~rlow's article illustrates the method, 

16 

The procedure was not ;appli~ to an actual probJem, " The procedure 
. ; ' .. 

did not consider the street layout", 

Dajani, Gemmell and Morlok (6)Jsuggest a similar method of obtaining 
" . " 

a good layout by generating the shortesf path trees totally spanning a given 

street layout, It is based on the fact that length is the most important factor 

in the cost of routing flow between two points, 
'" 

3 , Other Methods 

Templeman and Wi Ison (37) attempted to optimize the position of 

intennediate manholes within a fixed network layout, They concluded that 

it was not practical because manhole locations are primarily located by 

building location and street layout. 

-
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2.4.3 OPTIMIZATION OF SEWER SIZES AND VERTICAL ALIGNMENT 
FOR A GIVEN LAYOUT 

The problem consists of. optimizing a non-linear objective function', 

essentially in two variables for each link-depth of excavation and pipe \ 
, . 

diameter - subject to geometric and hydraulic constTOints. The linearity 

or non-Iineari ty of the constraints is dependent on the design variables used 

in the formulation of the objective function. 

The following optimization processes have been used. 

1. Linear Programming 

Linear programming requires that: 

a) the objective function and the constraints be linear, 

90 the variables in the objective function be continuous over 

their defined range. 

Deininger (10) formulated a method of solution for a gravity flow -_/ 

sewer system by proposing an objective function of two variables - depth to 

subgrade and the pipe diameter. His objective function was: 
n 

L 
i = 1 

in which 1(/ 
f 

I 
cp 

d. 
I 

= cost foot of diameter, 

= diameter 0 e in reach i 1 

w • = width of trench, 

ce = cost of e~cavation, 
• 

17 
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9i = surface elevation I 

x' = invert elevation of pipe at upper end of reach 1 I 1 

Yi = invert elevation of pipe at lower end of reach i I 

I· = length of reach 1. 1 

With this formulation I all the constraints except the velocity 

constraints are linear. From Manning's equation I kv2 = d4/\ 

where I 

k = constant 

d = pipe diameter 

s = slope 

= (x - y)/l 

Thus the following inequalities are obtained for each reach: 

di 4/\ ~ kv2 min 

d. 4/3s· /' kv2 max 
I 1 "'" 

- 18 

Deininger noted that the above inequality equations are convex and 

may be approximated by I inear segments. With this transformation I the problem 

may be solved by linear programming. 

Dajani I Gemmell and Morlok (6) used a convex-seporable linear 

objective function. The objective function is based on a development by 

Holland (19) for the design of gravity flow sewer systems. The objective 

function is a non-linear function in two variables - the sum and difference 

of the upstream and, downstream elevation~ of each sewer. With this 



, 
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fonnulation all the constraints are linear with respect to the two variables. 

Thus the problem is to minimize a non-linear objective function subject to 

linear constrairlts. The technique used to solve this is called convex-

separable proglXll11ming. The objective function consish of the sum of 

separate functions each of which involves only one variable. In addition I 

eacft of these separate functions is convex i.e. a straight line joining Clny 

two points on the function is such that the arc joining the two points,lies 

below the straight line. Each of these separate non-linear functions can 

be replaced by a piecewise linear approximation as shown in figure 2.3. 

For each function which is lirwariz'ed the following linear constraints must 

be added: 
n 

X· =Xa+ r X· 
I I j = 1 

-Yi = f(x.) 
I n '. 

= Yo + I s· x. 
j = 1 I I 

o~ Xj<: 6Xj 

Xj is the amount of overlap with 6 Xj 

This piecewise transformation of the non-linear objective function 

pennits the solution to be obtoined by a linear prograinming algorithm. The 

solution yields the optimal values of the sum and difference of the invert 

elevations of each sewer link. The difference of the invert elevations enables 

one to find the pipe diameter. Half the sum of the two variables gives the 



f(x~ 

X· 
I 

(xj + 1 , 
Yj + 1) 

6x· 

X· 

20 

-slope s. 
I 

x 

Figure 2.3 PIECEWISE LINEARIZATION OF SEPARABLE C'ONVEX FUNCTION 



upstream invert elevation for the link. The solution gives continuous pipe 

-'" sizes which must be rounded off to the nearest commercial size. Dajani, 

21 

Gemmell and Morlok noted that Holland (19) had considered using a random SOm-

piing approach and had also experimehted with an iterative technique applied 

to the optimum solution in order to obtain a solution in discrete pipe sizes. 

The progrom was used to solve· severo I hypothetical and actual 

sanitary sewer problems. The authorS had reservations about the proctical use 

of their program because of the computer execution time requiremen~. Each 

link in a network requires about ,16 rows in the problem matrix. Execution 

time rises exponentially as the number of roWs increases, and on a CDC6400 

computer the following computer execution times were used. 

Table 2.1 Computer Execution Times 

No. of Sewers Execu%dime(s) 

6 15 
20 f:IJ 
30 120 

f Dajan~sit (7) describe three models used to obtain the optimum 

cost for gravity flow, non-seri3, sanitary sewer systems. The models are, 

respectively, based on: 

0) full flow conditions and continuous diameter, 

(ii) full flow conditions and discrete diameters I and 

(iii) partial flow conditions and discrete diameters. 

Model 0) is simi lar to that progrom described in Dajani, Gemmell a'1d Morlok 

(6). In each model, the objective function is a non-linear function in two 
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variables - the sum and difference of the upstream and downstream invert 

elevations of each sewer. The constraints <:an be',·formulated in terms of 

these two variables and are linear with respect to them. 

Model (ii) differs from model (i) in the addition of two constraints 

for each link in the network in order to obtain a salution in commercial 
\. 

pip~es. With this formulation, the program may be called a separable -
'. 

convex mixed-integer program. 

The method of obtaining the tw·o constraints is as follows. For 

each feasible pipe size and given flow, there is one slope at which th'e 

pipe will flow full. The product of this slope and the sewer length is 

14i i' where i = link number, i = pipe number. Hence for a given value of 

flow rate, a value of 14ij will be obtained for each pipe size considered. 

If the difference between the upstream and downstream invert elevations for 

sewer i is Xl i' then 

Xl i = 14i1 or 14i2·· .or 14ij ••• or 14ip, 

in which, p = number of commercial pipe sizes: ,considered •. Xl i must take 

one of the values l1ii • This requirement is expressed by the mixed integer 

equation: ./ 

Xli = 14i1 Oil' + 14i2 0;2 + .• +i4ij oij + .. ·+i4ip Sip 

and; 

in which, 

Sij = a or I 
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With this fonnulation the program can be solved using IBM's Mathematical 

Programming System Extended with the mixed integer programming option. In 

model (iii) portial flaw conditions are considered. The slope necessary to 

obtain a velocity Vs in a conduit which is ,equivalent to self-cleaning velocity 

vf at full flaw, for roughness constant with depth, is given by the'follawing 

equation: 

:t. -
S 

in whic;h, 

S = slope 

Q = flaw rate 

A = flaw area 

and, suffix f refers to full flaw conditions. The above equation is derived from 

the tractive force theory. 

For a given flaw rate and pipe size, 'if 'q' values of Vs are considered, 

then from the equation it is possible to obtain 'q' corresponding values of S.·· 

And frciin the S values, q values %drop, {1ijv' may be obtained. Suffixes 

i, and v refer to the line number, pipe size number and velocity respectively. 

If P pipes are considered then pq values of {1ijv will be obtained. These pq 

values are entered as. data in the program. Xl i must take .one of these values 

and this requirement is expIessed by the mixed integer equation: 



Xli = j ~ 1 

and, t 
j = 1 

q 

L 
v = 1 

in which, 

~iv = 0 or 1 

t 
v = 1 

S.. = 1 
'Iv 

~iiv Sijv ' 

The above equations simplify .the obj~tive function because the 
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Xl i term may be replaced and the piecewise linearization of the xl i term is 

no longer required., In addition, the velocity and 'pipe size constraints' are 

eliminated . 

A 7-link non ""5eria I gravity flow sanitary sewer system was solved 

using the 3 models' on an IBM 370/165 system. The computer execution times 

and the optimum costs are shown below: 

Table 2.2 Computer Execution Times 

/ 

Model Execution Time (s) Cost($) --
~ 18 21,359 

ii 40 33,471 

iii 140 26,447 

The table shows that model (iii) gives the cheapest realistic Vnodel 

i gives continuous diameters) soiutlon but the computer execution tirle is ' 

excessive. To redude the computer execution time of the more sophisticated 

model (iii), Dejani and Hasit utilized the Xli values obtained by running 
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model (i). These xll values were adjusted :. 50% and pq feasible values af 

IJ'ijv"to suit the adjusted xl i values were entered as data inta the pragrom. 

The computer execution was reduced from 140s ta 60s. Thus the total execution 

time for the problem was 78s. 

KUhner and Harrington (22) noted the following ?oints regarding the 

methodolagy proPosed by Dajani and Hasit: 

(i) The test problems did not feflect a "problem of real world size 

(i i) 

(i ii) 

and computer times increased significantly with an increase in 

integer variables. 

Approximately 50% of'the computer execution time was used 

ta prove the optimality. I 
The effect of the discretization of the ~Iow velocity was not 

evaluated • 

KU hne r and Harrington suggest that in view of the uncertainty in 

data and computing costs I and the expens"ive execution time I computing strategy 

should aim for a goad solution rather than an optimal solution. 

Fisher I Karadi" and McYinnie (15) tried an itl'rative linear integer 
'" 

programming method. In their formulation of the problem I the objective 

fuflction is defined as the sum of the following terms: 

(i) : pipe supply and installation costs - a linear function with 

commercial pipe sizes as the variable I 

(ii) excavation and backfill costs - a non-linear function with 

depth of excavation and sewer invert slopes as variables I 
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(iii) lift stations "- a ,lump sum for each station. 

To make the objective function wholly linear I a tangential 

approximation method was used to compute the excavation and backfi II costs. 

The equation for these costs was of the form: 

ax.2 u 
cs·2 

C2j = + bXj + + ds· + ex·s· + f 
I I I I I 

./ 

in which. 
X· = vertic;;al distance from arbitrary datum 

I 
to upstream invert 

Sj = slope of invert f;>r sewer j 

a, b, c, d, e and f = constants determined from the trench geometry a"nd 

ground elevations. 
For tria~ values of XI and Sj I the cost is given by: 

x· 
I 

~ x p 

+ 

in which, P = discrete pipe size. 
~" 

s· 
I 

P 

+ constant 

The minimum velocity constraint was expressed in terms of slope and 

diameter by the fo{lowing function derived from Camp's (29) theory: 

d.s. :) constant 
.11 "" 

The djs j function was approximated by a series of straight lines, the 

end points of which are represented by commercial pipe sizes. This is shown 

diagrammatically in figure 2.4. 

" The maximum velocity" constraint was not formulated in the program. 

The solution was simply checked "to ensure that the maximum' elocity was n 

exceeded. 

) 
{ 



\ 

\ 
" , .' 

" 27 

5 

d~· 01~) 

d 

Diameter-slope relJlionship-for minimum velocity. l~/-" 
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Figure 2.4 FISHER et al (15) DIAMETER - SLOPE RELATIONSHIP 
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• 
With this fonnulation,·the problem was completely linear and was 

solved iteratively using the SIMPIJ( method on a Univac 1108. Trial 'values 
':) 

of xi and si were assumed and convergence to the allowable accuracy came 

28 

within four iterations. The program was tested on a 5-link gravity flow serial 
, 

trunk sewer. No execution times were provided. 
\ 

They b~lieved that their program was not cJ substantial improvement 

over the traditional methods of design because: . . 

0) of uncertainty of cost data, 

(ij) Manning's fonnula does not accurately describe the hydraulic 

resistance, . 

(i ii) selection of velocity criteria is not scientific: c.' 

They believe that research should be directed to the analysis of 

transient flow conditions. 

:2. Dynamic Programming 

Dynamic programming (DP) is ideally suited to the design ,of sewer ' 

systems because: r 

(i) the design problem is essentially a sequential decision making 

" process, 

(ij) the fonnulation of dynamic programming pennils the use of 

I inear or non-linear functions or constraints, 

(i •• )! III the solution is obtained in tenns of discrete diameters. 
'.' 

) 
, 

r 
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The concept of the application has been attributed to Haith· (16) and 

the following researchers have used the technique: 

(i) Argaman, Shamir and Spivak (1,2) 

(ii) Templeman and Wi~n (37) 

(iii) Walsh and Brown (39) 

(iv) Merritt and Bogan (28) 

(v) Tang, Mays and Yen (26, 36, 4]) 
" 

(vi) Meredith (27) 

Argaman, Sharnir and Spivak (1, 2) used dynamic programming for thlSe--

simultaneous optimization of the layout, sewer sizes and vertical alignment. The 

other researchers optirfi[~ the sewer sizes and verticOi alignment for a given 

layout. 

All the researchers, except Tang, Mays ond Yen (26, 36, 41), USed\~/ 

the conventional dynamic programming code for the design of sanitary sewers. 

Tang, Mays and Yen used an extension ''Of dynamic programming called discrete 

differential dynamic programmi~g (DDDP) and appli~ethod to the design 

of gravity flow storm sewers. 

The application of DDDP to water resources systems optimization is 

desc!i1bed by Heidari, Chow, Kotov ic and Meredith (17). The DDDP process 

<loes not require searching through all the feasible states for, the solution. 

This results in a reduction in' the computer. storage requirements and ,execution 

time as compared to a solution by the conventional code. The method involves 

-''--'- . 
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selecting a trLal trajectory through the feasible stotes and searching in a // 

corridor around the trial trajectory ~}ind an improved traject~~ 

search starts all over again using the! Improved trajectory. --vlhen the desired· 

accuracy in the improvement of the trajectory has\een reached, the design is 

complete. Figure 2.5, taken from Tang I Moys an& Yen, illustrates the process. .. . 

An interesting concept in Tang, Moys and Yen is a rational method 

of evaluating risk in the design of storm sewers. From an evaluation of the 

uncertainties in the design equations, they have de~eloped ~?tions which 

express risk level as a function of the safety factor. The safety factor is 

the mean sewer capacity/mean sewer design flow. The objective function 

is the sum of the installation costs and the damage costs. The damage costs are 

a function of the pipe diameter and slope. The designer specifies the acceptable 

risk level for the problem an~) the optimization process selects th~heapest 
solution. Tong, Mays and Yen developed three computer models utilizing t.his 

principle and applied the~ to a 9 _ewer serial gravity flow storm sewer system. 

Mays and Yen (26) used OP and OOOP for the optimiza~ion of branched 

graVity flow storm sewer systems. The technique that they used for analysing 

the sewer system consisted in decomposing the system into 2NB + 1 seria~ 
, 

subsystems where N B is the number of junctions. The serial,.subsystems were then 

analysed in a downstream direction in the no.rmal manner. They applied this 

technique in both the OP and OOOP programs to a 20 sewer branched netW,ork. 

For comparable accuracy, the OOOP program required 30% of computer time 

\ 

/ 

/ 
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required by the DP program. Global optimization is not assured with the 

DDDP program if the cost function is a multi-peak functiOn. 

o 
Merritt and Bogan (28) stated that their program produced a cost 

saving of 3% over an as built system and that the program was capable of 

producing cost savings of 10 - 20%. 

Walsh and Brown (39) noted that although the design of sewers is 

controlled by the fact that excavation and backfill costs represent nearly 

80% of the total construction cost the program is useful, particularly in 

rolling terrain. The program will consider all feasible solutions and their 

examples showed that cost savings of 6 -.7% could be expected over the 

conventional design procedure .. 

3 • Other Methods 

32 

(3 ) b 

Geometrilc programmling has

l 

bbelen used by Templeman and Wi~ 

7 ut no detai sore readi y avai a e. ~ 

Khanna (21) suggests that the'variable metric" method would be a 

" 
suitable non-linear programming technique. Al'gaman, Shamir and Spivak (2) 

replied that they did not agree with this suggestion stating that the large 

number of layout and vertical profile decision variables made the variable 

metric computationally difficult. 



2.4.4 OPTIMIZATION OF "LAYOUT, SEWER SIZES AND 
VERTICAL ALIGNMENT 

Argaman, Shamir and Spivak (l) have developed a dynamic programming 

,. 
solution for the simultaneOUs optimization of the layout, sewer sizes and vertical 

alignment for a gravity flow sanitary se~er system whose outlet is predetermined. 

In their method a network is prElpared showing all the possible sewer 

connections. An example which is reproduced from Argaman et ai's article is 

shown in fig. 2.6. 

I 
The drainage directions <oreach sewer I ink are determined from the 

topography and the designer's judgement. The actual sewer links used in the 

optimized layout are determined by the optimization process. The selection 
• Ii--

of the drainage directions fixes the drainage lines which are imaginary lines 

that join manholes which are the same number of sewers away from the outlet. 

The method of solution follows the typical dynamic programming formulation 

described in chapter 3 with the following exceptions: 

1. a stage represents all the sewers between adjacent drainage 

lines, i.e. the optimization process. goes from drainage line 

to drainage line 

2. decision variables are the head allocated to each link and the 

drainage directions. 

The program starts at the most upstream stage and proceeds downstream 

selecting the connectivities and cumulOting costs. 

33 
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The program was tested on a hypothetical 10 node, 5 drainage ~ 

gravity flow sanitary sewer network and alsa an actuaL36 node, 10 drainage ) 

line gravity flow sanitary sewer system. 
,.,-

The authors noted that the program is limited by the large OOieunt of 

computer time and cLputer storage required. F~~ 'example, the first pr~b-Iem 
requires 25 min. of computer time if four elevations are checked at each 

manhole. If five elevations are checked, computer time increases by a factor 

of 10. The program, run on an IBM 360/50, required 50,000 words of core 

and 500,000 words of disk space. 

The authors noted that their fonnulation did not give an optimum 

solution because the cumulated costs are brought forward as a function of 

elevation. No solutions are brought forward which allow consideration of 

different connectivity. The authors stated that in a typical 20 link network 

a program to consider different connectivities would require 250 times as much 
, ' 0 

computer space as the program used. This is not feasible with present day 

computers • 

The authors concluded that their program was only suitable for small, 

networks. Large networks could be analysed by decomposing into sub-systems. 
~ 

,-
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2.4.5 CONCLUSION 

Although the cost of excavation and backfill amounts to' about 80% 

of the toto I construction cost of a sewer network and hence minimum dig is 

the major cost-,criterion, the application of optimization techniques to fixed 

layout networks indicates that savings up to 10% may be achieved. Savings 

may be increased if other network layouts are considered. 

It is recognised that these cost savings may be anticipated values. 

They cannot be considered real values becquse of the unoertainty attached to 

the unit prices used for the optimization process. 

It appears that the simultaneous optimization of layout, sewer size ond 

vertical alignment is hot feasible for large networks due to the large amount of 

computer space and execution time required. 

Methods are available to obtain a good sewer layout. These methods 

give some consideration to the hydraul ics of the network. 

,'The two most common techniques adapted for the optimization of 

sewer sizes and vertical alignment are linear and dynamic programming. The 
• 

linear programming researchers have not produced a program which will solve 

a problem of any size because of the high computer'storage and execution 

times required. DP and DDDP programs appear to be the most practical. DP 

programs have been developed which can handle a ~O manhole network. 

One prime advantage of the optimization techniques is that they permit 

sensitivity analysis to be performed on tQe design, criteria. 

36 
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Further research to improve sanitary sewer design could be directed to 

transient flow conditions and the probabilistic concept of sewage flow. 
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CHAPTER 3.0 DYNAMIC PROGRAMMING 

In this chapter the application and computational efficiency of 

dynamic prograrm.ing with respect to seWer design is discussed. 

The concept of applying dynamic programming to sewer design has" 

been attributed to Haith (16). Haith considered. the head avai lable across 
. , 

the sewer system to be a scarce resource which has to be atlocated amongst 

the" sewers so as to minimize the total cost of the sewer system. A definition 

diagram showing the available head for a simple serial system" is shown in figure 

3.1. 
~ (J 

The availa~e head for the system is defined as the difference in the 

lowest feasible energy line elevation at the downstream end of the outfall 

sewer and the energy line elevation at the upstream end of the first or 

stege 1 sewer. The latter elevation is fixed by the minimum cover requirements. 

For sewers designed by the full flow assumption I the energy line)s taken to be the 

inside top of the pipe. For partial flow analysis I the energy line Is given 

by: 

energy line elevation = invert elevation + depth of fl~ 

+ velocity 11~ 

The opt~mum outfall energy line elevation may be equal to or 

greater than the maximum outfall elevation providing the minimum cover 
i" 
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Figure 3.1 PROFILE OF SEWER SYSTEM FOR FULL FLOW CONDITIONS 
AND SHOWING A.VAILABLE HEAD 
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requirement is adhered to. The available head or part of the available head 
. . 

is allocated to stages 1, 2 and 3 to gbtain sewers which meet the design 

criteria. There will be a solution for each· outfall energy line elevation 

'~~sidered >.The cheapest solution is, selected. 

The dynamic programming process starts at stage 1 and proceeds downstream, 

i.e. it is an initial value problem. At each, stage, several values of energy line 

elevation, or state, at the downstream end of the stage are con~ For 

each state value, several values of decision, or allocated head, are considered. 

For each feasible, state and decision dombination the smallest suitable sewer is 

selectlld; in addition, the accumulated cost af the sewer system to that state is 

calculated. For each value of state I that solution which gives the cheapest 

cumulated cost is selected as being the best solution. 'The decision and the 

cumulated costs for the bas t solutions are stored. The procedure is repeated 

until the final or outfall stage is reached. At the outfall stage, the cheapest 

" system cost is selectedclOd' the pro<:ess is retraced' upstream to retrieve the 

optimum solution for each stage. The method is shown diagrammatically in 

figure 3.2. In t~is figure three downstream state values are considered at 

each stage. The cheapest cumulated sewer system cost to the state is circled. 
/' 

The best sewer location is indicated by the line; the sewer size is above the 

line, and the stage cost is below the line. The values shown in the figure 

are for the purposes of illustration only. The optimum solution is indicated by 

the heavy line. 
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Figure 3.2 DIAGRAM SHOWING OPTIMUM SOLUTION CALCULATION 
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In the terms of dynomic programming, the design of a sewjlr system 

may be stated as follows 

f Objective: 

and is illustrated in fig. 3 ~: ______ ~ 

To minimize the total.cost of the sewer system. 
, 

Stage: Sewer + manhole~). 

State: Sewer energy line elevation (NS) • 

Input: Upstream state. 

Decision: Amount of head al ocated to the sewer (NO) • 

Output: Downstream = upstream state + decision:: 
~. 

. , Return: . Cumulated cost of the sewer system. (FSBEST) . 

The computational advantage of dynamic programming over an 

exhaust~v), search techniq.ue lies in the principle of optimality. In Bellman's 

(5) words, this principle states: 
) 

_ "An optimal policy has the property that whatever the initial 

state and decision are, the remaining decisions must constitute· 

an optimal policy with regard to the state ~esuYi-ing from the 

first decision." 

This mesms that only the best solution to each state need be 

.. . ' l.,-
considered in the optImIzation of subsequent stages', The exhaustive search' 

technique requires that all the solutions be considered. The computational 

efficiency of dynamic programming over exhaustive search will be shown by 

comparing the number of additions and comparisons required by both methods for 

a simple problem. 

I., 
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Consider a 3 stage problem with 4 possible .states for each stage. The 

problem is shown diagrammatically in figure 3.4. The state and decision 

increments are equal, e.g. 1 foot. 

The feasible decisions for each stage are given in the following 

table. 

Table 3.1 Feasible Decisions 

Stage State at Downstream No. of Feasible 
End of the Stage Decisions 

1 1 1 

2 1 

3 1 

4 1 

l 
2 1 1 

,. 

2 2 

3 3 

4 4 

3 1 1 

2 2 
.j \ 

3 3 

4 4 

(> 
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Figure 3.4 DIAGRAM TO ILLUSTRATE COMPUTATIONAL ADVANTAGE OF 
DYNAMIC PROGRAMMING OVER EXHAUSTIVE SEARCH TECHNIQUE' 
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Exhaustive Search 

In an exhaustive search I the number of feasible solutions for each 

outfolt state is given by the following table. 

Table 3.2 Feasible Solutions 

Outfall Feasible 
state Solutions 

1 - 1 

2 1 + 2 = 3 

3 1 + 2 + 3 -= 6 

4 1 +2+3+4 ~=10 

46 

Thus for an exhaustive search -techni ue I a ~tal number of q 2 o solutions must 

be examined. 

To determine the total cost 'of' "e<lch solution I 3 costs must be added. 

Assuming se costs are added two at a time I 

nuln r of additions = 2 x 20 

=40 

To find the cheapest cost I all the final costs must be compared. 

Hence I 

number of comparisons = 19 

Therefore I 

'" number of calculations = 40 + 19 

= 59 

\ b 

\ \ 
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Dynamic Programming 

number of additions = 2 (l + 2 + 3 + 4) 

= 20 

number of comparisons = 2 (1 + 2 + 3) ~ " 

= 12 

Therefore I 

. ~ 

.~ 

,~ 

number of calculations = 32 

The results show that even in this simple pro~m a saving in 

47 

calculations of 46% is made when the dynamic programming technique is used. ,~ 

In a more generol case I let's consider that there' are N stages and S 

feasible states in each stage I and I as in the previous example I the state and 

decision increments are equtll; and state 1 is one increment below the state 1 

for the upstream stage. 

\ 

For the exhaustive search technique I the number of computations is: 

S - 1 
N r (S - X) (X + 1) - 1 

x=o 

For dynamic programming I the number of computations is: 

S 
2 (N -0 r X - (N - 1)5 

X = 1 

Suppose we have a problem with 100 stages and 10 feasible states 

in each stage. 

"'--(! 
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For exhaustive search, 

number of calculations = 100 I (l0 - X) (X + 1) 
x=o 

= 21,999 

For dynamic programming, 

number of calculations '" = 2 (100- 1) 
10 

L X _. (l00 - 1) 10 
X = 1 

= 9,900 

,The computational savings are not as spectacular as in other dynamic 

programming applications (31) because the number of states and dec.isions is 

small. It should be noted too, that if state 1 was more than one increment 

D below the upstream state 1, there would be more exhaustive search solutions; 

however the number of dynamic programming solutions would re~ain the ~e. 
'" --/ , 

The choice of head as the 'decision' in the dynamic, programming 

process appears to be the best method of app!ying_ dynamic programming to 

sewer system design. It permits the states and decisions to be incremented 

uniformly and this permits easy storage and retrieval of data. If, for 

- . ~ 

instance, pipe diameter was the decision variable, non-uniform state and decision 

increments would occur and this m~ difficult to store and :etrieve 

data. 

In conclusion it may be stated that sewer system design may be solved-' 

by dynamic programming by treating head as a scarce resource and allocating'the 

available head amongst the sewers to obtain the cheapest cost. The method offers 

computational advantages over an exhaustive ~earch. technique. 

/ 



CHAPTER 4.0 PROGRAM DESCRIPTION 

4.1 .OBJECTIVES IN WRITING THE PROGRAM 
., 

The objective in writing the program was: 

1. to produce a program which would design gravity flow sanitary 

sewers for a fixed branched sewer layout, 

2'. to provide dimensional flexibility to suit user requirements, 

3. to provide a simple identification system for entering the line 

data, and storing and retrieving design data, . 

4. ·ta make it simple for the program user to enter or select design 
o 

criteria and unit cost data, 

5. to provide for drop manholes and for mandatory sewer elevations. 

49 
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4.2 INTRODUCTION 

The program permits the user to enter his own design and coSt criteria 

either as data or as functions. 
( 

An important feature of the program is the manhole numbering system, 

the branch numbers and the order of entering the line data. This wi II be 

described wi th reference to figure 4.1 • 

A decimal system of manhole numbering was adapted. The integer 

• 
part of the upstream manhole number is the branch number. The sewer number 

or stage number is implied by the order of entering the I ine data •. 

. Manhole numbers are assigned thus. The outfall manhole is numbered 
~ 

1.1. Manholes on the main sewer line, i.e. branch no. 1, are numbered 

.1 .2, 1 .3, etc., as one proceeds upstream. It is immaterial which branch is 

selected cis the main sewer line. When all the manholes on branch no. 1 have 

been assigned numbers, ~anch no. 2, the next upstream branch is designed. 

It is immaterial whether the branch to the left or right of manhole no 1 .2 Is 

assigned as branch no. 2. The process Is repeated working In an upstream 

direction until all the manholes in the network have been numbered. 

This numbering system has the following features: 

1. manholes are easily located,-

2. integer part of the upstream manhole number is the branch number, 

3. comparison of upstream and downstream manhole -number for a line 

enobles junction manholes to be identified. 

50 
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The order of entering the line data I i.e. manhole number; I ground 
I 

elevotions I etc. I is as shown by the line number; in figure 4.1. The line 

52 

data is stored in arrays; the position in th,e array is"given by the line number. 

To ensure proper storage of design data on the scratch file I for sewer; upstream 

af a junction the sewer on. the lower numbered b~anch is assigned the lower 

numbered line number I e'9. line nos. 8 and 7 are not interchangeable. 
(~ 

Solution data is stored in the program as a function of the state. 

States are measured positive downwards from a state datum which is the highest 

feasible energy line elevation in the system . The best decisions far each state 

and stage are stored on the scratch fiie in a location identified by the state 

and stage. 

The data entered by the user includes the design criteria I cost data 

and collection system data. The collection system data may include any 

mandatory sewer elevations. The program locates the state datum and reduces 

all the' elevations to state values which are measured positive downwards from 

the state datum. Design commences at the highest numbered branch and 

finishes on branch na. 1. Costs are cumulated as the design proceeds . 

downstream. At the outfall stage I the cheapest solution and corresponding 

state is selected. The optimum decisions are the?trleved from storage and 

the optimum design Is finalized. A two pass me~ is used. In the flr;t 

and second passes I the state and decisions are incremented In 1 ft. and 
, 

0.1 ft. units respectively. The fir;t pass defines the area of search In the 
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second pass. 

Generally, values which are common to more than one function or sub-

routine are passed through a 'common file to save storage. 

The program consisn of a program, two subroutine subprograms and eight 

function subprograms as listed be low: 

1. progra~ SEWER 
( 
; 

2. func,t1on PRICEP (CUT, DIA, PLNGTH) 

3. ,function PRICED (HEIGHT, DIA) 

4. function PRICES (HEIGHT) , , 

5. subroutine DESIGN (COSTJ f DGELEY f DTEMP, ELCU, ELCL 

ELELEV, FSBEST, FSOPT, ISTAGE, IELCU, 11LCL f IDBEST I" JNS, 

KTlES , KDEC , KSTAGE, PDIA , PENERGY, P¢OST ,PSLOPE , 
,,0 / 

PQFULL, PVFULL, PYMIN , PVMAX, PDEPTH, PDROP 1 PMHLSS, 

PINYDP ,PFALL, PUINY, PDINY 1 PIPEJ 1 SDIAM, SDIAMJ, 

UGELEV , XJN , L1NES,NJMAX, NBRNCH , NSMAX , LAYMAX , 

NRUN) 
, 

6. function 

7. subroutine 

8. function 

9. function 

10 • function 

11. function 

LOCATE OJ, LOWEST, I NCRMT) 

FLOW 

PI PEl (KN 1 KX, SD IA) 

PIPE2 (KN, KX, SOIA) 

CSTPM (KN, KS, KX) 

COSTM (KKN, UUCUT, DDCUT) 

" 
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Program SEWER and functions 'PRICEP, PRICED and PRICES are supplied 

by the user. 

Given any configuration of the sewage network, the program will 

design the sewer system to provide the ch~apest cost. 

The program 'was developed from a serial general dynamic programming 

code contained in Kuester and Mize (22). The program was written for use on 

a CDC 6400 computer. One scratch file is required" 

It should be noted that the flowcharts included in the appendl~ are 
)' \ ,; 

intended to show the i,doos', ¢.io':iogic of the program. For complete detai Is, 

the reader should refer to the" program lis"ting. \ 



, 

4.3 PROGRAM SEWER 

The function of this program is to: 

I. set up the necessary, stora~e arrays for use in subroutine 

DESIGN and assign values to integers used in the dimension 

stagement. 

2. read in data defining user identification, the number of problems, 
\ 

and cost data. A fI~ integer leaST is used ta specify whether 

the costs are defined in terms of data points or os function 

routines . 

3; call the main program, subroutine DESIGN for each problem 

, to be solved. 

( 

" 
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4.4· 

used to compute costs if \IC05T· = 1. 

Function PRICEP is .. sed to compute the. supply and ~stallation cost 
/ 

of the sewer. 

Function PRICED is use? to compute the supply and installation cost 

of the drop pipe. 

Function PRICES is used to compute the cost of the manhole shaft. 

Details of these functions will be found in the program listing in 

the appendix. 

. -", 

\ 
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4.5 SUBROUTINE DESIGN 

Subroutine DESIGN is the main program. It is called for each 

probl~. 

The function of subroutine DESIGN can be divided into three 

_sections: 
r 

1. i n put~ec ti on , 

2. design section, 

3 • recovery and output 

1. Input Section 

{~ 
section. 
" 

,. 

',' 

.' 

~ 

. In this section all' the relevar;lt data for the problem are entered. This 

includes the problem name, hydraulic and physical -criteria and sewer system 

data. 
, 

One of the hydraulic in~ut criteria is the value of the variable, 

SIGN 3. If SIGN 3 = 0., hyd~aulic computations are carried out by full flow 

antilysis. In the latter, the sewer is assumed to flow full, the energy line is 

assumed to be coincident with the inside cr~n of the sewer and the inside crowns 

of sewers are made continuous at manholes. ILSI GN 3 = 3., hydraulic 
c----J . 

computations are carried out by partial ~ow analysis and calculations are based 

On the theoretical energy line. Both methods assqme that steady state conditions 

t) apply. 

'-
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2 Design Section 

The purpose of the design section is to design the cheapest sewer 

system subject to the physical and hydraul ic constraints imposed on the system. 

The subroutine selects downstream states for each sewer and finds the 

cheapest accumulated sewer costs to suit these states. At the autfall stege, the' 

cheapest or optimum cost is selected, the optimum path is traced upstream and 

tire design is finalized. 

- , 
, . The subroutine operates on a two f10SS system in order to reduce 

computational time. In the first pass the subroutine uses an incremental value 

of 1 ft. (100 'units') for state and decision variables. The first pass sets the 

area of search in the second pass Y feet above and below the first pass 

optimum energy line, providing there are no limiting constraint elevatians. In 

the second pass, the program defines the state and decision variables in 

increments of 0.1 ft. (10 units). 

The functions of the design section are carried out in the following 

order. 

(0) Calls Subroutine FLOW 

The design process commences by calling subroutine FLOW to 

compute the maximum and minimum flow rate in each sewer. The' 

maximum and minimum flow rates are stored in the arrays QDMAXO) 

and QDMIN 0) where I is the sewer number. 

Subroutine FLOW is described in section 4.6. 
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(i i) Assigns Junction Manhole Numbers 

Junction monholes are identified by th.e manhole .'numbering system. 

If the integer part of the upstream manhole number is not equal to the 

integer part of the downstream manhole number, then the'latter is a 

junction manhole. The subroutine searches through the monhole numbers 

,in the sewer system, ide~tifies the junction manholes and stores the 

junction manhole n,umbers in the array XJN (NJUNC), where NJUNC 

is fhe identification number for the junction. 

(iii) Computes the number of Sewers in each branch and number of 
branches 

The subroutine detennines the number of sewers in each bronch 
~ \ 

by searching through all the upstream manhole numbers. Those with 

the same integer value are on the same branch and are summed. The 

number of Sewers in each bronch is stored in the arrey KBRNCH 0) 

where I is the branch number or the integer part of the upstream 

manhole number. 

To ensure proper storage of the best decision and retrievol of 

the best decisions and retrieval of the optimum decision, the sewer 

numbers in any branch must be consecutive values. Hence the sewers 

tributory to any branch '\'lust be considered part of that branch but 

()/) 'with ~e excep.tion that they are treated as dummy sewers. This is 

illustrated for the test problem 1 layout shown in figure 4.1 . 
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For th is network r 

\ 

KBRNC~ (1 ) = 11 (includes 6 dummy sewers) 

II 2 = 4 (includes 1 dummy sewer) 

II 3 = 

II 4 = 

II 5 = 

(iv) Selects the highest, furthest upstream ground elevation and the 
corresponding branch number 

The program searches through all the upstream ground elevations 

of the first sewers in each branch. The ·variable UGHIGH is assigned 

to the highest value. The corresponding branch number is assigned to 

LLHIGH. 

(v) Selects the State Datum 

The state datum is the upstream energy line elevation at the 

highest, furthest upstream manhole. 

For full flow design, the energy I ine is considered to be the 

inside top of the pipe. For partial flow design, it is not possible to 

predict the location of the energy line, thus it is assumed that the 

energy line elevation is at the pipe centre-line. 

The state datums are shown diagrammatically in fig. 4.2. 

.( 



t.-o ..., 

1/ 
" 

-.---

Stage N1 
, 

~, ;:;:<' 

Full Flow Analysis 

Sta~e N1 

-7"~' 

• 

"-

61 

'. ~. 
" 

UGH IGH 
:s:L 

State datum 

t:tes p~itive 
downwards 

.., UGHIGH 
~/ 

V'. ~ 

- State datum 

--' ----t: states p~itive 
wards down 

Partial Flow Analysis 

Figure 4.2 DIAGRAM SHOWING LOCATION OF STATE DATUMS 
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I (vi) Converts all the elevations to state values 

Ground elevations, constraint elevations and the outfall elevation' 

are reduced to state datum. States are measured positive downwards 

from the datum and are converted to integer values by multiplying by 

100 . 

If SI GN 4 = 0., all states must be to the nearest hundred unit. 
,~ 

If SIGN 4 = 4., all states must be to the nearest ten unit. 

(vii) Controls the order of computation of the branches 

The order of comp~tation is given by the manhole numbering system. 

The highest numbered branches are ,designed first. 

The program designs the sewer system by storti ng on the highest 

numbered branch, KSER, and finishing on branch '1. 

(viii) Detennines the lowest, Nl and highest, NSTAGE, sewer 
numbers for the branch 

The' program selects the upstream sewer number, Nl" and the 

downstream sewer number NSTAGE, by searching through the upstream 

manhole numbers and utilising. the array KBRNCHO). 

\IX) Controls order of solution in the branch 

, , The program ,controls the order of solution from the upstream sewer 

to the downstream sewer in each branch. 

, 
e 
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(x) Assigns JU, JL and IDBEST far the dummy sewers 

Dummy sewers are removed from the actual design process. They 

are selected by the fact that the value of IUMHN is not. equal to the 

branch number. 

To ensure continuity of the design process, the critical upstream / 

state limits are transferred to the next downstream stage. 

All the best decisions are set equal to O. 

(xi) Sets the limits for the state variable NS 

The subroutine determines the minimum and maximum state values 

at the downstream end of each sewer. The method of computation of 

. -----j. these values in the first pass is shown in figure 4.3. 

FACT is a variable which is used to try to adhere to the minimum 

cover requirement. In the most upstream state of any branch, FACT 

is computed as per the method of locating the state datum. For other 

stages, FACT is computed from the first feasible pipe computed in 

the upstream stage. 

The pipe thickness is assumed to be that of reinforced'\:oncrete 

ASTM c76 B wall. 

III the second pass, the limits are obtained from the constraints 

set y feet above and below the optimu}" energy line derived in 

the first pass. 

\ 
Any/ ma~atary 
/' 

)/ 

1/\ 

, 
elevations have priority over the foregoing assignments • 
~ 

, ., 
1 
! , 
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Figure 4.3 DIAGRAM SHOWING METHOD OF COMPUTATION OF 
STATE LIMITS 
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(xii) Se~s ~he upstream state limits JU AND JL 

The subroutine sets the upstream state limits to ensure that only 

stote-decision combinations which have feasible upstream contributors 

a"re used. 

For stage Nl sewers; JU and JL are assigned the values of the 

minimum and maximum upstream states respectively. For other sewers, 

JU ond JL are assigned the values of NS and HS, respectively, for 

the upstream sewer. 

(xiii) Sets the limits for the decision variable NO 

The decision variable is, the head allocated to each stage in 

increments of 100 (1 foot) and 10 (0.1 foot) in the first and second 

pass respectively. 

The low decision value in each pass is one increment. 

In the first pass, the maximum decision value is the difFerence 

between the maximum state at the downstream end of the sewer and 

the' minimum state at the downstream end of the upstream sewer. 

The latter states are computed as described previously • 

In the second pass, the maximum decision value is computed 

frQlll the state elevation constraints computed in the first pass. The 

maximum decision value Is the difference between the maximum elevation 

constraint for the sewer and the minimum elevation constraint for lhe 

upstream sewer. The subroutine checks to ensure that a branch or dummy' 

sewer is not used In the calculation. The method of computing the 

maximum decision is shown In fig. 4.4. 

--------_ •. , .... -._._., 
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Figure 4.4 DIAGRAM SHOWING METHOD OF COMPUTING MAXIMUM 
DECISION IN SECOND PASS 
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(xiv) Sorts 'Junction Costs 

Prior to designing a sewer downstream of a junction the program 

sorts the branch costs to ensure that -the cheapest feasible branch cost 

and the corresponding diameter is considered for the sewer downstream 

of the /unctlon. 

(xv) Selects feasible state and decision combinations 

The subrouUne ensures that only those, state and decision combln-

ations which have a feasible upstream contributor are considered. This 

Is done by comparing the upstream state, given by the state and 

decision, with the upstream state limits JU and JL. 

(xvI) Computes the best pipe size for each state In the stage. 

For each feasible state and decision combination" the subroutine: -

computes the sewer size by calling either function PIPE! or function 

PIPE2; computes the stage cost by call Ing function CSTPM; computes 

the cumulated cost FNSXN. 

The subroutine then selects and stores the cheapest cumulated 

cost for that state, the associated decision and pipe size In the 

arrays FSBEST I IDBEST and SDIAM. Tied solutions are Indicated and 

broken In favour of the lower valued decision. Solutions which have 

a pipe size greater than the maximum allowable diameter, are 

discarded. 



, 

When all the best solutions for each stote are selected I the 

pipe sizes 'and cumulated costs are stored in the arrays DTEMP 
.,/ 

and FSOPT for use In the design of the downstream stage and the 
, 

best decisions IDBEST are stored on scratch file • 
• 

If the stage Is "the outfall stage for a branch I the pipe sizes 

and' cumulated C.osts are stored In the arrays PIPEJ and COST J 

respec t1vely. 
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An example showing the method of storing the best decision for test 

problem number 1 is shown In figure 4.5. 

(xvii) Selects Cheapest Sewer System Cost 

The program searches through the outfall costs to select the 

cheapest I the associated state and decision. 

3 • Recovery and Output 

The functiOn of t his section is to retrieve the optimum decisions from 

the scratch file I re-calculate the optimum pipe data I calculate vertical 

alignment data and print the results. 

The process takes place branch by branch and travels In the opposite 

direction I with respect to branch!,s I than that of the design prOcess I.e. recovery 

starts on branch 'I and finishes on branch 'KSER. 1 
The, process starts by putting the scratch ~ile In readl~ode and at 

the beginning of the location of the stage (NSTAGE -1) best decisions In 

preparation to read these decisions. 

I 

\ 
1 
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Figure 4.5 DIAc,;AAM SHOWING ORDER OF STORAGE OF BEST DECISIONS 
ON SCRATCH FILE 

~-' . 
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As the optimum outfall state and decision are known, the optimum 

state for the stage (NSTAGE-l) is known and henc~ the optirriul1] decision can 

be located and read from the scratch ~" The file: is then backspaced to 
, -

the front of the (NSTAGE-2) best decision location and the process is repeated. 

This process continues until all the optimum decisions for the branch have been , 

retrieved. 

If the downstream manhole of the stage under design is a junction man-

- -
hole, the state at this manhole is stored in the array JNS(NJUNC) for use in the 

retrieval of the optimum decisions for the branch sewers tributary to the junction. 

The state value stored is the maximum possible state value for the branch outlet. 

A routine ensures that the state value which provides the minimum feasible cost 

solution for the branch is selected. 

When all the optimum decisions for a branch have been, retrieved, 

program execution proc(1.00s to the re-calculation of the optimum pipe data and 

the calculation of the vertical alignment data. The latter calcj"lations are 

PQrfonned in the downstream direction. 

WhEln a dummy sewer, represented by a zero decision j is encountered 

the subroutine assigns the data for the upstream sewer to tho IdUmmy sewer to 

ensure continuity In design. 

The sewer data Is stored In arrays during design. On completion of 

the design of a branch, the recovery process floes to the next upstream branch. 

Whon all the branches have be(ln designed the sewer design data Is printed. 

------------------
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4.6 SUBROUTINE FLOW 

Subroutine FLOW is called from subroutine DESIGN. It computes the 

design flow rate QDMA)( and the minimum flow rate QDMIN for each sewer 

in ,the network. QDMAX is the sum of the peak domestic flow rat~, and the 

'average commercial, industr1al and infiltration fI~ rates, and QAD~D 

is an additional flow. QDMI N is the sum of the average domestic, commercial 

ind~strial and infiltration flow rat~, and ~ADD. Tr4 domestic fl?W is 

obtained 'by l)lultiplying.J;he average domestic flow rate by a peaking factor. 
I « , 

. The sub~ne uses the following data from the COMMON file! 
j 

ACRES, DMHN, PEAKFS, POPD, QADD, RCOM, RDOM, RIND, 

RINF, TYPE, UMHN. 

A description of, these variables will be found in Appendix 2. If PEAKFS = p', 

the following p'eaking factor formula is used: 

PKF = (18 +. ,foe, ) I (4 +,JP ) / 

where, 
'-. 

\ P, = cumulative populati~ tributary to the sewer in thousands. 
I 

( 
If PEAKFS = 1, the following peaking factor form~la is used: J 

PKF = 5/p0.2 

The. peaking factor is ristrained betweeJl upper and lower lif11its: PKFMAX and 

PKFMIN. I 
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4.7 FUNCTION PIPEl (KN, Ki, SOIA) 

Function PIPEl is called from subroutine DESIGN for each feasible 

state and decision combination to compute the pipe size i if full flow analysis 

is specified. Function !'\PEl selects the smallest pipe to meet the requirement 

that the sewer capacity exceeds the maximum design flow QDMAX. The 

subroutine checks to ensure that the velocity for the maximun) flow is not 

greater than VMAX or' less than VMIN. The miniium velocity in the sewer is 

\ 
computed using the minimum flow rate QDMIN; however this velocity is not used 

" 
as a criterion fex design. 

• The input arguments ,are the stage number KN, the downstream state 

KS and the smallest pennissible diameter SOI~. The subroutine uses the following 

values from the COMMON file - DIA, DIAMAX, G', NPIPES, PI, QDMAX, 

QDMIN, RMANN, RUN, VMAX AND VMIN, a description of these variables 

'rill be found in Appendix 2. 

Starting with the smallest pennissible diameter the, function computes 
~ ,/ <-c 

the sewer capacity by Manning~s equation. The pipe diameter is incremented 

until the sewer capacity, exceeds the maximum design flow. The full flow 

velocity VFULL, is then computed by Kutter's equatian. Kutter's equation is ,. 
recommended by the Ontario Ministry of the Environment fot minimum velocity 

calculations,. 

fUI~~< The full' fl~ velocity is compared with the minimum 

for self-cleansing, ",MIN.' The pipe size is increased until the minimum -.:elocity r.\. / \: 
, '~ I 
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requirementfis equalled or exceeded. 

The full flow velocity, VFULL is then compared with the allowable 

maximum velocity. If VFULL does' not exceed the allowable maximum velocity, 

the design is completed with the assignmenh of Pll'El, VMINP, VMAXP, 

DEPTH and ENERGY. VMAXP is assigned equal ta VFULL. VMlNP is computed 

from Pomeroy's equation. 
~ 

DEPTH and ENERGY are both assigned values of 

zero; actual values are ~ required bec.:luSe the crowns of sewer.; are made • 
continuous for full flow conditions. 

If VFULL exceeds the maximum allowable velocity, 'execution proceeds 

to the drop manhale ~ection of the function. 
, . 

In this.~~tio:,.'the maximum 
"I .' 

feasible slope for the pipe size being considered is cOmputed from Manning's 

equation. The sewer capacity for this slope is computed from Manni!1g's 

equation; if the sewer capacity js less than the design flow QOMAX, execution 

returns to the beginning of the function. If the sewer capacity exceeds the 

design flow, the full flow velocity is calculated from Kutter's equation. If 

the full flow velocity is less than or equal to the permissible maximum velocity, 

a check is made to ensure that the head is less than the fall and then the 

final assignmenh are made and execution returns to DESI GN. " 
~ I 

If the full flow velocity exceeds the maximum allO)Yable velocity, the 

sewer slope is decreased subject to the slope exceeding' the minimum slope. The 

drop manhale routine is then executed with the new vlllue of slope. 

A definition diagram for a drop mamole is shown in figure 4.6. 



fall drop 

head 

Figure 4.6 DEFINITION SKETCH FOR DROP MANHOLE 
{full flow analysis} 
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In the event that the design requirements cannot be met I function 

PI PEl sets PIPEl equal to the default pipe size I DIA(NPIPES). 

Subroutine. DESIGN discards any solutions incorporating the default 

pipe size. 

) 
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4.8 FUNCTION PIPE2 (KN (KS ( SOIA) 

Function PIPE2 is called fran subroutine DESIGN for each feasible 

state and decisign combination ta compute the pipe size if partial floW 

analysis is specified. The function selects the smallest pipe to meet the 

requirement that the sewer capacity exceeds the maximum design flow QOMAX 

and ta meet the velocity requirements. 

Function PIPE2 is similar ta function PIPE! with the following 

exceptions: 

!. partial flow conditions are analysed, 

2. the maximum veloci ty constraint V MAX is assumed to pertain 

ta the actual velocity in the sewer for the QOMAX flow rate ( 

rather than the full flow velocity, 

3. sewers are designed ta ensure a velocity equivalent in self­

cleansing action to that of the same size sewer flowing full at 

velocity VMIN, 

4. Manning IS equation is used throughout ( 

5. Manning IS roughness coefficient is assumed to vary with depth. 

For computational efficiency a semi-graphical method was adopted for computing 

hydraulic properties. 

The actual velocity in the sewer is computed by means of the 

hydraulic elements chart shown in figure 4 .7a. This chart is reproduced from 

the Design and Construction of Sanitary and Storm Sewers (12). The dID 
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ratio is obtained from the Q/Qf retio. The v/vf ra'tia is obtained from the 

dID retio. Hence v is obtained. 

78 

The sewer slope to obtain equal self-clecnslng cc:tlon Is computed by 

m'ecns of the, hydraulic elemen" chart shown In figure 4.7b. The ratio 5/Sf 

is obtained from the ratio Q/Qf and hence Sis' obtained. The actual slope is 

then compared with the value S. 

( 



4.9 ,fUNCTION CSTPM (KN, KS, KX) 

Function CSTPM Is called from subroutine DESIGN for each feasible 

sewer size considered for a stage. The function returns the cost of the sewer 

-
and manholes for the stage. 

The Input arguments are the stage number KN, the downstream state 

KS and the head allocated to the sewer KX. The function uses the following 

va .... iables from the COMMON file - DROP, ENERGY, ICOST I lOGS, lUGS, 

PIPE, RUN, SIGN3. A description of these variable'S will be found In 

Appendix 2. 

The function computes the average cut or depth to subgrade. Allowance 

Is made for drops. The cost of the pipe Is then computed from the cost 

array CPLF or the cost function PRICEP depending on the value' of the signal 

ICOST. 

CSTPM calls function COSTM to compute the appropriate manhole 

costs • 
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4.10 FUNCTION COSTM (KKN, UUCUT, DDCUT) 

Function COSTM Is called from subroutine CSTPM. The function 

returns the cost of the manholes for the sewer. 

The Input arguments are the stage number KKN, the upstream cut 

UUCUT and the downstream cut DDCUT. The function uses the following 

variables from the COMMON file - CBOX, DClF, DROP, G, ICOST, 

NSTAGE, 'NI, PIPE, SClF. A description of these variables will be found 

In Appendix 2. 

For the uppermost sewer In any branch, the cost of the upstream 

and downstream manhole Is calculated. For the most downstream sower In any 

branch, there are no manhole costs. For other so:.vors thero Is a downstroam' 

manholo cost only. 

The manhole cost Is tho sum of tho manhole chamber CBOX plus tho 

shaft cost. 

Whore a drop manhole Is required, other than where a branch outlet 

loins a lunctlon manhole, the cost of the downstream manholo for the' previous 

stage must bo updated. The extra cost for the shaft and drop pipe Is Included 

In the cost for the stage under design. If tho drop Is loss than 2'-0", the 

drop pipe cost Is set equal to zero. 

No drop pipe costs are Included for a, branch outlet pipe which enters 

a'iunction manhole at an elevation higher than the main sewer. 

Shaft costs and drop pipe cosh are computed from cost arrays or cost 

functions depending on the value of the 11gnal, ICOST. 

so 



4.11 FUNCTION LOCATE QJ, LOWEST I INCRMT) 

Function LOCATE returns the Identification number for the state. 

Tho number enoble5 state5 to be Identified and penn Its the storage and retrieval 

of the best decisions. 

at 

• 



4.12 MATHEMATICAL EQUATIONS 

f) Thh section describes the mothematlcal methods used to compute 

tho following: 

1. velocity In a sower, 

2. sower slope to pre~ent deposition of solids, 

3. anergy losses at .manholes, 

4. vertical alignment at manhales. 

1. Voloclty In a Sower 

Tho program computos the averago velocity of flow In a sewer by the 

follOWing methods: 

0) Kutter's formula, 

01) Manning's formula, 

011) Hydraulic-elements, 

Ov) Pomeroy's formula. 

Q) Kutter's Formula 

Tho Ontario Mlnhtry of the Environment recommends the use 

of Kutter's formula when computing the minimum velocity In full flow 

analysh. 

Tho formula states: 
/ 

v=>cJRs 

In which, v => velocity of flow (f.p .1.) 

c => Kutter's friction coefficIent 
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R = hydraulic radius (Fr) 

S Q slope of energy line 

Tho valuo of c 15 given by :' 

0.00281 1 .811 
c Q 41 .65 + S + n 

I + n (41 .65 + 0.00281) 
;p. .", 5 

In which, n Q Manning', raughnoss coefficient. 

(II) Manning's Formula 

Manning's formula Is similar to Kuttor', Formulaox'copt for: 

c '" 1 .486 R 1/6 
n 

Thus tho Manning Fonnula Is: 

v'" 1.486 R2/3 51/ 2 

n 
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011) Computation of Flow Conditions In Partly Filiod Circular Sowors 

• 
Flow conditions In partly flllod lowers may bo obtalnod Frain 

, 

tho rolatlon'shlps obtained From Fair, Goyor and Okun (14), 

2/3 ,y/vf c 61f/n)(R/IU) 

In which, 

Q/Qf '" 61f/n) V\/Af)(R/Rf) 2/3 

v '" voioclty 

n '" Manning', roughness coofflc1ont 

R c hydraulic radius 

Q '" flOw rato 

R c hydraulic radius 
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The above terms refer ta the partly filled se~tian;. the terms 

with the suffix f refer to the c.orresponding full section. 

Far convenience, the hydraullc-elemenl$ graph for circulor 

sewers in Design and Construction of Sanitary and.Storm Sewers (12) 

was utilised to solve the above equatIons. This graph is reproduced 

In figure 4 .7a. 

Data painl$, at intervals of dID = 0.05, were Interpolated 

from the curve expressing the relationship: 

dID ys Q/Qf' 

In which. d and D repres~nt the depths at partial and full floW 

respectively. These data points were used In a least squares 

polynomIal curve fitting computer program (20) to obtain the 

followIng relationshIps, 

Q/Qf < 0.14/ 

d/(~ 6.23 (O/Of) - 59.23 (0/Of)2 + 214.44 (0/0£)3 
) 

o .14 ~ Q/Qf < 0.9, 

diD = 0.2 + 0.73 (O/Of) - 0.04 (O/Of)Z 

Maximum sewer capacity was assumed to be achIeved at a 

dID value of 0.9. The theoretIcal, Increase In capacIty over the 
;,(.;. 

full flow capacIty In the dID range of 0.9 to 1,0 was not utIlized. 

r 

" 
.' 
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Data points, at intervals of d/t) = 0.05, were 

from the curve expressing the relationship: 

v/vf vs d/t) 

These points were used in a least 

fitting computer program (20) to obtain the followi relationship: 

v/vf = .018 + 3.47 (d/D) - 7; Z7 (d/D)? 

+ 9.04 (d/D)3 _ 4.Z8 (d/D) 4 

The d/t) ratio was obtained from the O/Of ratio. The v /vf 
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ratio was obtained from the d/t) ralio. Hence velocity v was obtained. 

(Iv) Computation of Minimum VelOCity 

Pomeroy's formula was used to compute the partial flow velocity 

In the sewer for the minimum design flow rate QDMI N • The formula 

was doveloped by Pomeroy (32) from a series of tests carried out 

on sewor si>:es up to 24-lnch diameter. For partly filled pipes of 

circular section the formula Is: 
0.41 0.24 

in which I 

v = 1.40KS 0 

v = velocity .. (Lp.s.) 

K'" velocity coefflciont 

5 = slope of sewer 

\ 
0= . discharge (c.f.s.) 

This formula Is discussed In section 5.1. 
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Pomeroy found that diam,eter has no significant effect on the 

velocity. His research provided the following average Manning 

coefficient and K values: 

Table 4.1 Roughness coefficiel 
I 

ype of I'ipe Asbestos! Vitritled Concrete 
> Cement Clay 

. , 
r (measured) .0122 .0136 , .0165 

rf .011~ .0125 .0151 

K 18.9 17.8 15.2 

The measured n values were measured with an appraximate 

dID value of 0.25. The nf value is the corresponding n value 

for full flow-, 

An expression relatin!:! K to nf was obtained from a linear 

least squares program on a Hewlett-Packard desk calculatar 9100B. 

K = -956* nf + 29.66 

2. Sewer Slope ta Prevent Deposition of Solids 

There are two methods available in .sanitary sewer· design to determine 

the minimum sewer slope required ta prevent deposition of salids- the minimum. 

permissible velocity and tractive force methods. The minimum permiSsible 

velocity is the minimum v.elocity to prevent deposition of solids·. In this 

program VMIN is this miriimum permissible velocity for a sewer flowin(l full. 

" v 



For full flow anolysis the velocity at sew~r capacitY must equal or 'exceed 

VMtt>l; for flows less' than sewer cOPacity it is assumed that the velocity 
o 

is sufficient to prevent deposition of solids. 
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For partial flow analysis, the slope of the sewer must be such that , 

at the maximum design flow rate QDMAX, the tractive force must be at least 

equal in self:deansing to that of a sewer flowing full at velocity VMIN. This 

'assumes that equality of tractive force means equality of cleansing. The tractive \ 

force equation is: 

where, . 

T = cr RS 

T = boundary shear stress (p.s.f.) 

t = specific weight of the sewoge (p.c .f.) 

R '= hydraul ic radius of flow area (ft) 

S = slope of sewer 

From the tractive force equation, the following equation may 

.. 
\, 
l 

be; 

derived to compute a slope to ensure ,equal self-cleansing for partly filled 

sewers: 

§f = ~f tf (Sn 1/6 
in which, 

Qs = flow rate in partly filled sewer 

Qf = sewer capacity 

Sf = slope of sewer flowing full at minimum veloc~ 



) 

c' 

S 

~\" 
'\\ . \ ~ 

)1 
= slope of partly filled sewer . 

( 
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A = flow area 
, \ 

Af '= flow rate flowing fuil 

nf ' = full flow Manning's n 

n '" partial flow Manning's n 

For convenience, the hydraulic elements' chart for circular sewers that. 

" possess e<Jual self-cleansing properties at all depths as shown in Design and 

Construction of Sanitary and Storm Sewers (12) was used to solve the above-, 

e<Juation. Th is chart is reproduced in figure 4.7b. 

Data points, at intervals of d/D from 0.125 to 0.5, were interpolated 

from the curves: 

d/D vs 

d/D vs 

Qs/Qf 

S/Sf 

I' 

These points were used in a least squares polynomial curve fitting 

computer program (20) to obtain the following relationships: 

Qs/Qf < 0.19 

S/S£ = 9.97 - 269.29 (Qs/Q£) + 3540.06 (Qs/Q£)2 

.20348.2 {Qs/Q!}3 '+'41872.5 (Qs/Q£)4 

Qs/Qf~ 0.19 

S/S£ = 2.23 -6.26 (Qs/Q£) + 12.46 (Qs/Qf)2 

- 13.19 (Qs/Q£)3 + 5.74 (Qs/Q£)4 

... / 

j' 
/ 
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3. Energy Loss Computations for Partial Flow Analysis 
, , 

Energy losses at manholes I are computed frOlT\ the fO!Tllu lae given by 

\ ' 
Davis and Sorenson (8) . 

. 
'for increasing' veloci ty transitions ~ 

, f~£' vu} \ ' 
, l::. E'= 0.2\ /2g - /,,29) , 

for decreasing velocity ~nsitionsl , (v.1 vl!:/ ) 
l::.E = 0.3 u/ 2g - /2g 

in which I 

l::. E = head loss (fij 

Vu = velocity before transitian (f.p.s.) . 

VL = vel~ity after transition (f.p.s.) 

A m~oss of 0 .02 foo~ was 'adopted: Davis and Sorenson advise 

thpt junction manholes be treated as two or, more transitions with computations 
(j,' 

. being made separately for each sewer. This fearure was not inc luded in the 
/' 

program . 

4. Vertical Alignment ot Manholes 

In full fl~ ~nalysis I vertical alignment is achieved by maklng the 
, , 

t. crowns of the incoming and outgoing sewers continuous. 

energy 

In partial fl~analysis vertical a\~nment is achieved by'makingthe 

grade line continuous I taking i'nto account the energy loss l::. E at th~ , 

manhale. This is achieved by setting the invert elevation drop equal to th{l 

val,:,e derived from the following equation: 

) 

• 



in ,which, 

·n ~'~ 

invert drop = (du + vu2 /2g) 

(dl + v2t/2g) + if 

du = depth of flow in incoll]in!j se~er (ft) 

dl = depth of 'flow in outgoing sewer (ft) 

Negative invert drops are made equal to zero. 

" . -." 

The foregoing does not apply where drop manholes are invalited. 

For both full flow analysis and partial flow analysis, outlet branch . . '. 

sewers must be ,located not loWer than the incoming marn sewer. 

I 
\ r 

j 
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4'.13 COST DATA ./ 
"\ 

. Baffa (3), in a U.S. s~y, showed that 85% of the cost of gravity 

flow .sewer systems is due to pipe supply and installation costs, and 15% is 

due to manhole cOsts. 

Cost data was obtained from the Manual of Commercial Estimating and 

'. Engineering Standards (25). 
\ 

The costs were developed from abstracts of unit price bids in' the 

Un ited States • 

. The costs 'given are complete in place including all items of work 

"except shoring of excavations, .restare existing improvements, and restore 

existing pennanent surfacing." 

The costs given are based on construction '~n streets with medium . 
... 

traffic, medium overhead and underground obstructions, light clearing, remove 

existing 4" asphaltic concrete paving, stable soil conditions, r:t0 ground water, 

-

haulaway distance of three miles ; imported bedding and placing and consolidating 

backfi II • " 

The reference supplies an array of reinforced concrete main line stonn 

drain costs in U.S. dollars per lineal foot, in pipe sizes from 24 inches ta 

144 inches and for depths to subgrade of 6, 7, 8, 9, 10 I 11, 1.2.' 14, 16, 

.18, 20, 22, 24, 26 and 28 feet. The costs are shown in Tables 4.2 and 4.3. 
~ 

As costs were required for pipe siz~ down to 8 inch diameter costs 

were. extrapolated. The extrapolation was based on the cost data for diameters 

91 
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COMMERCIAL' INDUST_R_'_A_L_E_S_:.1MA"tING c. £::::G_'N_E_~_~~C, S!I\r-:~._A,,_Rc:D:..::S_-;. ____ , 
\',)1 "q( ( 1 

Depth t" SlIbr,r.Hk - ·Feet 

~)-utl7--~2~ 
1'1'\'-'( \ 

,,,', ... ' J 

l'i pc 
S{ ::c 

i~-=- 6'~('I" 7'-0" 8'-0" ~ Q'-n'~=_~ln'-I)':r .... Il'-()"..,.><=~.:...~:,",~·u-~{,u"..., 

1 
2~'! S17.0(J ~U.Otl $18.00 ':itS ,00 $18,00 ~ 19.fl0 ., 2fl,OO 
27'~ 13.00 t:;.(l,l 18,00 19.00 ,1').00 .~il.t1n ~f).Of) i i'--~3~O~",--+-_.,·~·~)~' O~'".) _r-._l~9~'~. \~),~' )_I-_~'~O~.~O~O~+-_--,;'~O~,~"~O:-1-----:;' ~l~, ~\I,~O-f __ '-'~'~'C{c"~\ _ __' _:1J ~~ 

1))" ::'0,00 21.00 21,00, 22,00 2J.UlJ It •. Ot) J r •. ut) 
\ 3G" 22.00 2].00 21.,00 24.00 25.00 26.00 ZIJ,DO 

~:' ___ ",2,!S~, ",0"0--1,-_",2,,,5,-, 0",0"...+_-,'",',.' ,,,O,;O;-+-_~''')''''70;;O,-t--_-''C')c''-7'0,,"O _1-__ ','; o~,,,,O,,0:--lI_ ~_C) . no 
1: ! .. -.... :,].nn 2'5.00 29.ll0 2'):~U JO.OO 11.0U ).;'UO 
I (IS" ';'J. :j )0.00 )1.00 32.00 )!.f)() n.on Y.,DO 

, I-'~"~'~"_+--_~J~'~,,,O~O,,--~ __ ~3~1~,,,0~O,_+,--,,J~.:...:"n~o~' -t--,-_~'~"~' ~07.0--1----"-)~'~' ~('~n __ l ____ '~";-'~'~I'~\ _0 __ \ 7 . 00 
)1" 35.00 )5.0~~ :,'. Jll.UO Ji.lJO b,UI) J') dl) ',0,00 
J., 37.00 38.00,,: 39.00 t.O,OO '.l.UO· -',Z.(lO I" '.',:>.00 

'1-~5~7~"'_'_I_--c,~0~,,,n~o,_+_-,,'.~n~,~o~0,-'+-_~,~,.~,~,~O~0c-I-__ '~-2~'~'~'0:i--+ __ --".~1"". \~~. ',:. "n ',} un 
u,)" :.~.OO !.3.00 .'.j,UO ',5.00 ",b.IJQ "-7:()I.I:l··--:'~:IJ() 
6J" ':'6.00 :'7.00 t.8.U() ~O,OU !) 1. ,}f) ·',).'U() 

b(," ':'9.0.0 ~o.C)o SLon ,:d,lln - :,' •• OIJ. ~1·),IJ~~_ 

, /.:19" :.d.OO 'J{',UO ~6.(Jf) j7.uU ');,I)() )'.1. 11" 

I 72" S7.00 58,nu )'.I,QU Gll.()(1 r,l,(,'J 

f--~7~5T."_1--_--_--1 ______ f __ ~"7o~,~n7,0:--1--_~6,+'~' \~J0'7-+_--'("~'~,~{~)I~\ _~;1:' . (10 () \. GO 
78" 6.'"uO 65.l\U \)("l)(l ui.uIJ 0?CJ 
81': 6i.00 68.00 70.00 7'1.UO 73,00 
8t," ~ 73,no 7:.,00 ;h.PO 17. co 

I 
I 
I 

I 

, 
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87" )' i7.00 1.'1 ,GO 
90" (' 82;00 eY,GO 

e 1. OU 
SS.OO 
.... n. (10 

':-).00 

S 7. 00 
o l.llO 

I' 

, 

9)11 -:;~ ,1)0 

96 11 "j '.F •. li(J 

102 11 

10BII 

114" 
120" 

') S. (.Ill 

1111. nu 
Ie 7. n') 

97.l'O 
10'_,00 
~ 01). (10 

11',00 
.~t---l]O.OO 

, See Account 2-87 for Ot";)'l.Jl.nS5. (Ma,in Dt";lwinss only. Rcfcn::lCC !)t".l, .. dnr;~ not 
! l.nc.ludcd.) , 

Sec Gcnct".:Il ::otc-:, Account 2-80, 

l\" 

I 
I 
I 

I 
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COMMERCIAL INDUSTRIAL ESTIMATING 8: ENGINeERING ST ANOAROS 

r VOLUME 
< 1 l , , 

, "'CC:ClUNT .!-H.! 
I PAce 4 l~El;;nJ\(CI:l) Cu;,Cl\!' 11: ;1:\1.'11.1:'1: s 111,;';·j l.I!',,\ 1:. 'l 

" 

ISSlJE: 3 i - ,- ·--i 
(Continued) '/ i 

ripe D('pth to SI,h",riHIi.: - Ft·(· t 
, I 5 ~ :'t' 

lo. I:. 
, 

-0'1 \h'_O" I R ' - (J" 211' - 0" ::..0'-0" 1', .f\" .'" -I r" I • .' 1-. ' : I)" : , - "'=-==. 
24" ; 21,UO " 22.00 ; 2:".00 5 26.UU ~ 

.. 

27" ~2 .00 ::'>J~UO :!S.OO 211, on , 28.00 . 
JU" 2!..ua :? J ,uo :..'7,O() 21'1.00 2'}. ()U , 11. 1111 

JJ" ':tl,[\U 2. 7. uu 2') .no JO.I1U D.u(j \').(1'\) , 
J i . 'JI! . 

JfJ " 2.:). \)0 2Q.(){1 J 1. 00' JJ.UlJ J ~. 00 17: 00 •• U. UI) ~ :,~. In) I .\9" .H),OO J2.0() J.'. • uo. j(I.OO .lC).Oil :"1,01) :":".,('() ~ ~. II , , 
~. !. ' , JJ .llu J J. DU J 7. OU J9.00 I.,! .ou "-'" un .:.tJ.lJlJ :d,'fJ(; 
4:)" Jb.Oll J?. DO 40.00 ~ 2.00 45;uO 1,7.00 Y 1. fl') ) 0) ,1)11 

:'S" Jt). 00 ':'1.00 :":",00 :'u.oo i~.oo J I . U() ',j. Ill! ·,( •• II!) 

'.d" :'.: .flU L,:...00 :,u .00 ':.9.()U SI.UU ').', • [h) ·' .... (tll t, .~ • 1.'1 I 

5:. " 
, 

.'.l'. no :'(1,111) ~,9. no 5).00 )),00 ·,,'i.'IO L_'. ()\! ~'1.1)(I 

; 7" " , • I ,( I 11 • Ill) 'It.., uo 17.110 ','J.IID 1,1.1)0 (,').ii() :11.P(l , 
bU" )(), n'l 'I. UU ')U ,UU bll,O\l iJ.2,Ol) 1,5. on (,' •. 1)') ; \ . Uil 

"J" :;':'. (JU "7.1ll) uO.ua bJ.au (,() .uo b9.()0 7J .()n 77, (tIl 

i'"'' )i.lJU '>!LOll 6J .nO (,I,.OU C,'1.00 73.110 i7,nil Ii 1. ,I') 
69:' (] i) .'t~1-. lJ.' •• 110 b 7, uu 7u .1)0 7J.UU 7(; .[H) H 1. Iii ' " .r'l 72." 6 1 •• OU b 7.00 71.0U 7!.. 00 77. nu 81, (HI :"11).(1(0 1)1), (HI 

75" {I 7. flO 71. (10 if. .00 7S.00 g2. (10 !i'l.on ' 'I('.(I[) 'J';,nu 
7 W' 71. (HJ 'J.110 79.un .'L!.1I0 tifJ.!)!! ')1',1"1 'J). 'h) lilli, \H) 

SL'.' 76.ou 7t;,OO H).Oll 87. 00 'J LOU I) j. (Ill lU(j ,l'll Ill'i.lllj I 
St.." 8U,OO lij.oo H7.no 'l\,/jO q r.,. (lIJ Inn. lit) 1115. (HI 11 1. lin i 
87" h'). !J!.I ()O. (II) '):'.00 97.00 III ~. (Ill 1 U i . (Iii 1l.l,IIU 11", lll) , 
90" 91.llU. ';I1l.UI) IOIl",lJU IOS.U() lue. (HI 1II"llll 120.''') I ~ i .1"1 

, 
93" Cl8,OIl H)~ . Ill) 107.00 11 ~,(Jo \17 .1)(1 1 .: J . nil ! ~ ~, , I 'i' 1 J". 00 I 
'Ju" luI.OU 1 OIJ. Ull 117, DU 117. UO IlJ.UIl L·",ll.1 , II',!' I 1 ~. 1.011 

I 
~a:?" 108.00 111 •• UO 119.0U 125. UO 1 11. uO ! 1>l . I).' .".I!:' ! ')' •• UU 
lOR" tIt·. on 111),110 I'! J.on 1 )0. UO lJ7. f)() It,',.o'l I'. ','1 , :I'! .PO 
~ 11," 11IJ.fJU< 122.()O {2H.OU Dt.>.OO Itd.U(l 111.llO 1,,11.:1.1 110:-0.1"1 
12.0" 125.00 lJO.OO 136.00 14).00 lS0.UO 1')8',0\1 Ihi.u\I 17h.llU ! 
1 ~t," 11':" lJu 119.00 It.5.IlO I 5l. 00 ltd. (JG 171,OU I "P,O'I ltij.OU 
132" 1:' 2. OU 1:.9,0(1' 155.00 161. OU 172, 00 UU.UU I').! .llU 201.00 

\ 
1)8" 152.00 160.00 167.00 IU, .00 185.00 195.00 20~.O(l 2 It.. . 00 
It..4 " 16). uo ·171.00 tHO.OO lf3~,OO 197.00 207. fJO 217, t)(l 22.7.00 

Sec Accuunt )- 117 f <l r I )[',n .. 1 '11.: 'j. (j-: .. ll1 IJrol .... 1 "J.;.', "n ly. Ikfcr~'111"(' '" .1\,·111.·.·. ""t ! III l\lJL'd, ) 

Sec Gene r'lll !'iot l·S. AC(;UIl\lt 2-60. 
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from 24 inch to 42 inch. rh~ following cost equotion was obtoined fr?fT1 the-J. 

aforementioned subset of cos\data by using UWHAUS '(38), a nor-linear ,least 

squares computer program utilising Marquardt's method. 

J UNITP = 9.73 + 0.097* CUT ** 1.6 + .826* DIA ** 2.387 

in which, 
, 

UNITP =' pipe cost per lineal foot ($) 

CUT = depth to subgrade (ft) 

DIA = diameter of pipe (ft) 

The above eq uation was used to extrapolate the' cost data and produce a new 

cost array which was used in the program. This cost array is shown/) in table 

4.4. In addition graphs cl. c~t vS cut and eat vS diamete( were plotted for 

some values of'diameter and cut 'respectively.' These graphs are shown in 

figures 4.8 and 4.9. 

The new costs were produced to the first decimal place; the original 

costs were to the nearest dollar. The C", equation permitted costs to be 

computed for a continuous range of depths. The new cost data I therefore I 

permitted costs to be computed over a more continuous' range than the original 

data. 
". 

The- type of manhole selected for the cost data is shown on figure 

4.10. This manhole is designed for sewer sizes less than 36 inch diameter. 

The cost ,of this, manhole is equal to the cost of the manhole chamber plus 

the cost af the shaft. Shaft., costs are shown in table 4.5. 

" 
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t PIPt 
tlJ 'i T A\:HAV , 

DEPtH (HI 
I, 1 6 -9 10 I I II " 10 Ie 20 2l 2'4 lo 2" '. 

nth 
6 1 L. 1 Ii. ... Z 1l.1 I 3. J 13.'9 14. ~ 15.2 1 0.1 16.2 19.<) 21 .. U ll.1 25.1 n.9 3 iJ .. 1 

10 12 .. 0 12. .. It L3.0 13.5 14.1 14 .. tj 15.4 16.9 lU .. ,. ltJ.l LL.O L3.9 25.9 2.13 .. 1 ,0.3 
• 12 17.3 11. .. 1 1 3 .. 'i 13 .. H 14 .. "- IS. I 1:> .. 7 11.2 1 d. 7 2U.4 LZd llt'.l 26.2 .l6.4 jU.b 

15 12 .. 8 1).3 13.0 14.4 15.0 15.'6 lb.] 17.61.9;J II ;0 22.S 24.8 26.'If ZB.9 -n;'!' 
10 13.6 14 .. 1 14 .. b ,15.2 15. tJ 10. '" 11.1 'I R. 5 lO.l .21.d .lJ.o 25.5 ll.6 1.9.1 '32.0 
21 14.6 15 • I 15.6 Ib.l 1 b. 7 17 .4 IB.O 19., 'lI.1 22. " 2;'.b lb .. 5 2d.5 ]0.1 ]2.9 
24 IS. A 16.2 Ib.6 I 1. 3 17.9 1".5 19.2 20.1 1l.2 LI.' 2~.8 21.1 29.7 31.9 3'- .. L 
21 \7.2 1 7.0 IS.2 18.1 19.3 20.0 20.6 V.1 13.6 25.3 27.2 29.1 11.1 3].] 35. :, 
)0 18.0 I q. 3 19.8 20.4 lI.O 21.6 22.] 2J. 1 25"> 21.0 2.13.13 )0.1 32.8 .J1t .. q 31.1 
H ;:0.1 21.2 2 1. 1 22.2 2Z.6 23.5 24.1 2S. b l/.2 213 .. ':1 ]0.7 ,2.6 34.6 jb.d 3~.O 
]6 22. B 23 .. 3 23. d 24.4 l.5.0 25.0 Lo.3 21.1 29.3 31.U 32.6 34.1 3b.8 30.9· 41.2 ,-, 39 25.2 25.1 26.2 26.S '27.4'28~O 28.7 ]0.1-]1.'7-3].'; 3';'-:37;r-39.2 '41;J' H.6 
42 27.9 2B.3 28.9 29.4 30.0 30.7 31.3 3l..H 34.It jb. 1 37 .. q 39.13 41.8 44.0 46.2 
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To obtain the shaft costs as a continuous function of the shaft height I 

the shaft cost data of table 4.5 was used in a Illast squares polynomial curve 

fitting computer program (20) to obtain the following equation: 

in which I 

PRI(ES = 121.18 + 37.81 * HEIGHT + .089 * HEIGHT **2 -

.009 * HEIGHT ** 3 

PRICES = shaft cost for height HEI GI-H. ($) 

HEIGHT = height of shaft (ft) 

This equation is a smooth curve which is almost a straight' line 

relationship for heights greater than 2' feet. 

d 

Drop pipe costs were taken to be grven by: ' 

UNITP = 10.+ 10. * DIA 

in which I 

UNITP = cost per, lineal foot of the drop pipe ($) 

DIA = diameter of pipe (ft) 

\. 



4.14 INPUT DATA 

The configuration of the network which the program will handle is 

a function of the number of sewers, junctions and the available fall across' the 

system. 

Data preparation and entry is described bela.v. 

Program Sewer 

Program SEWER allows the user ta set the dimensions for subroutine 

DESIGN by entering the values of LINE'S, NJMAX and NSMAX. This 

adjustable dimension. feahJre pennits the user to use just sufficient computer 

storage for the problems to be run. 

LINES is the number of sewers in the network plus 1. The maximum -, 
value of LINES, for th~ batch of problems to be run, must be entered. 

NJMAX is the maximum value of the number of junctions in the batch 

of problems to be run. The minimum value of NJMAX is 1. 

NSMAX is the maximum value of the number of states in the batch 
o 

of problems to be run. The number of states is the available fall in feet 

across the system divided by 0.1, and minus 25. 

Junction PRICEP (HEIGHT, DIA) 
.~ ,. 

The user must enter an equation, with diameter and ,cut as variables, 

to compute the supply and installation cost of the pipe per lineal foot. 

101 
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, 

Function PRICED (HEIGHT, DIA) 

The user must enter an equation to compute the drop pipe cost per 

linea I foot. 

Function PRICES (HEIGHT) 

The user must enter an equation to compute the manhole shaft 

cost. 

Full details of the format of PRICEP, PRICED and PRICES can be 

seen in the program listing (Appendix 1). 

The input data card requirements are described below. All elevations -

and cover requirements must be to the first decimal place. 

Data Cards 

1. Card type 1 contains the date and name of the user in the , 

format. 02, A3, 14, 5A4) e\g. 

20APRl975 BILL MAIN 

2. Card type 2 contains the number of problems to be run NPROB, , 

and the value of ICOST in the format (212). If ICOST = 0, the 

cost array data is used and card types 3, 4 and- 5 are required. 

If ICOST = 1, the ,cost functions are used to compute costs and 

card typ'e 6 is required. 

3. Card type 3 contains the pipe size lOlA, ~nd supply and 

installation costs CPLF for each value of cut in the format 

04, 15F5.1). One card is required for each pipe size. 
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4. Cord type 4 contains' SCLF the shaft cost array data in the fonnat 

(SF10 .5). 
~ 

5. Cord type 5 contains DCLF th~ drop pipe cost array data in the 

fonnat (SF10 .5). 

6. Card type 6 contains DIA the"'pipe sizes considered for the problem 

in the fonnat (SF10 .5). 

7. Card type 7 contains the manhole box' costCBOX in 'the fonnat 

(FlO .5) • 

S. Card type S contains the problem name IREM in the fonnat 

(l2M). 

9. Card type 9 contains YES in fonnat· (A3) if there is to be a 

change in any of the design criteria listed in the program. 
~ 

OthelWise, the card is left blank. 

10. Cord type 10 is required only if there is a d~sign criteria change. 

The following data must be entered in a (SF10.5) fannat in the 

order listed: 

0) smallest allowable diameter DIAMIN Onches), 

Oil Manning's roughness coefficient, RMANN, 

Oii) minimum full flow velocity, YMI N (f.p.s.), 

(v) minimum cover, COYMIN (fr), 

-(Vi)" maximum cover, COYMAX (ft), 



(vii) value of PEAKFS. If PEAKFS = fI, PKF = (18 + fill 
(4 + jP) 

If PEAKFS= 1, PKF = 5;i>°·2 

(viii) value of SIGN3. SIGN3 = 0 for full flow analysis. 

SIGN3 = 3 for partial flow analysis • 
\ 

104 

11. Card type 11 contains YES in an (A3) format if there is to be 

any change in the flow criteria listed in the program. Otherwise 

the .card is left blank. 

12. Card type 12 is required only if there is a flow criteria change. 

The following must be entered in the order listed in a (4F10.5) 
~ 

format - domestic sewage flow in Imperial gallons per capita per 

day; commerical sewage, industrial sewage and infi Itratlon flow 

rates in Imperial gallons per acre per day. 

13. Card type 13 contains the maximum permissible outfall diameter 

OUTDIA (inches) and the minimum permissible outfall energy line' 

14. 

elevation OUTFAL (ft) in the format (2F10.5). The maximum, /' 

p~rmissible, diar:'eter / cannot exceed 39 inc~ for the cost orray 

data optio~. /' 

One -ca~, is required for each sewer in 'the network. 

The card contains the following informQtion in a (11 F7 .3) format 

in the order listed: 

(i) upstream manhole number UMHN, 

(ii) downstream manhole 'number DMHN,' 

\ 
i 

• 
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• 

(iii) upstream ground elevation, UGELEV (ft), 

~v) downstream ground elevation, DGELEV (ft), 

(v) length of sewer RUN (ft), 

(vi) incremental acreage tributary ta the sewer, ACRES, 

(vii) population density, POPD (persOns per acre), 

(viii) type of area, TYPE, e.g. 'i0 

domestic, TYPE, = 1 

commercial, TYPE = 2 

industrial, TYPE = 3, 

(ix) additional flow, QADD (c.f.s.) 

(x) f upper elevation constraint at the downstream manhole, 

ELCU (ft), 
~. 

(xi) lower elevation constrai nt at the downstream manhole, . ' 
ELCL (ft). \ 

15. Card type 15 is a blank card ta )gnal the end of the collection 

~ 
system data and to assigrnhe number of sewers NUNES in the 

system. 

The data card 'sequence for a problem is shown in figure 4.11 . 

Test Problem " 

The program was tested and debugged using the problem shown in 

figure 4.1. This problem was adapted from Rich (34). An example of input-

data for this problem is shown in figure 4.12. 

.. 

i , 
I. 

\ 
\ 
\ 
\ , 
, 

," 



as required 

I 

. requlrod 

UMHN, OMHN. UGElEV, OGElEV, RUN, ACRES, POPD, 1" 
TYPE, OAnD, ElCU, ELCl 
~1F7.J) 

OUTDIA, OUTFAL 
(2FIO .S) 

I ROOM, ReaM, RIND, RINF 
I WIO.S) 
I 
I 
\YES 
(/13) 

13 

12 

\\ 

oiAMtN-;-RMANN,VMll;J-;-0Mx, COVMIN, Cov"Mivt.-; - 10 
r PEAKFS, SIGNJ 
I (BFIO.5) 

IYES 
(/13) 

CBOX 
(FlO.S) 

.--- -------------
lOlA 
I (8 FlO .S) 

1.-- - -- --- - - - ---- ---
IOCLF 
I (8FIO.S) 

9 

B 

7 

6 

5 

)5C;------------------- ~ 

: (8FIO.S) ~ 

1 ______ --------------

/jI,IA, CPLF : 
I 04, ISFS.1l 
I • 

NPROB, NCOST 
(212) 

DATE USER 
02, AJ, 14, SA") 

3 

2 

Fig.4.11 DATA CARD ARRANGEMENT 
<J 
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1 rJI)~,:, 07 r, rllLL :CI\ I,',' 
1 1 

n. j" 1 ? • 1 c • 1 r. • ;' 1 • ~ I, • :'-; 
-;0. 

. 
") 1. '1 (, • -:J; ':' •• '-I;'. 

'l. ~. 1. 

F',1 r~rn;:L[" 

Y E':-, 
~ . 13 ? . 1 0 . o. I C -, . - • C 

YF ;, 
1 ,""; (l._ l:"~~. 

? li~ .:. ? GI,. 
1 .6 I . .- ?7P.? ;' ? I, • (,:' I 2. r: • '::' c) • 1 ; . 
1 • 5 1 • I, ? 2!,. ~ ???. If :,~: • ' C , . ~, ~ r: • I • 
I • I, I • , 222.2 ~ 1 -, • I, r. -, • , · ~, t"J ~, • . - . 
I) • 1 1 • ") " ~ " ; , -, 1, '\ -, 2.5 ' .. , . "- L '. 

5 r; • I · I 03 I • ? 7 1 '; •. , 2 1 ~ • I, ~ r,- .. ~. 0. I · I, • ] 1 • ? 2~:;'.~ 215. /, " ~ ; . 2.fj ~, r; • I • 
7., 7. ? 7~~;./1 ? 71 • (. 4 .. ;.~. ? • :1 ,:". ~ .. I • 
3. I 7.;' ;:~'/.~ 7?J .;\ lO-. . r, • c. 1 • .'9 
2. ? 7. ; 2?J • r; .,.,,.. . 

• '. --' .1) I --, - . ? · 5 :. ,; . 
'" ? • I I • 2 n: . (, 2 1 r. • II 1.0" • ;>. 5 :' OJ • I · 1 .2 1 • I .? 1 I'"J • 4 21 r. .00 ,C:' . " O. 1 • 

• 

Figure 4.12 DATA CARD INPUT FOR TEST PROBLEM 1 
/ 



4.15 OUTPUT DATA 

.e The program prints out the 

,/' 

"\..... 
informotion used in the design of the 

sewer system - cost array data if used, manhole box cost, pipe sizes considered, 

design and flow criteria, and the sewer system information. The output listing 

showing this for test problem 1 is shown in figure 4.13. 

If the program' is executed successfully, the progra~ will print out, 

for each pass, the optimum sewer sizes, vertical alignment data, sewer costs 

and cover over the sewers. The second pass output listing showing thj~, for 

,test problem 1 is given i~ figure 4.14. The variable names" in the listing, 
• 

except those below, are given in appendix 2. 

" 

, 

QMAX - maximum design" flow 

QMIN = minimum design 'flow 

MANH LOSS c -energy loss at manhole 

$; NV' ELEV = upstream invert elevation 

DINV ELEV = downstream Invert elevation 

The program also prints out the following information 

1. maximum design flow in each sewer, 

2. best cumulated cost and decision for each state and each stage (" 

(tied solutions are marked by an asterisk), 

3. best pipe sizes for the stage, 

4. optimum decisions for the sewer network, 
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. 
HANHOL:: BOX COST = ~~3.c 
PIPE QIAH2ERS !INCHES) ,CON?IDER;;;O = 

8. lJ. 12. 15. 10. c.i. ..::.y.. 27. 33. 
36. ~g. 42. 

SANITARY SE~ER DESIGN BY DYNAHIC FROGRAHHING 
RUN 1 DATE 18 JUN 19i~ USER BILL HAIN 

EST PROBLEM 1 

DESIGN CRITERIA 

HINIHUH DIAHETER (INCHES) = B. 
HANNINGS N = .L13 
MINIHUM ~ELOCITY (FPS) = 2 
MAXIHUM VELOCITY (FPS) = 1C 
HINIHUH CO~~R (FT) =o.~ 
HAXIHUM COVER (PT> =1-5·. b 
PEAKING FACTOR = HARHON FORHULA 
NON FULL FLew CONDITIONS CONSIDERED 
DOMESTIC FLOW (IMP GALS/CAP/DAY) =1~6. 
COMM~RCIAL FLOW (IMP GALS/ACRE/DAY) = -0. 
INDUSTRIAL FLO~ (IMP GALS/ACRE/DAY) - ~u. 
INFILTRATION (IMP GALS/ACRE/DA'() = 10 (J,:. 

COLLECTION SYSTEM DATA 

OUTFALL DIAHETE~ (INCHES) = 24. 
OUTFALL EN~RGY.LINE ELEVATION =2u4.uO 

LINE UMHN DHHN UGEL'::~ DGC:L::V RUN ACRES POPD 
(FT) (FT) (FTl 

1 ·1.600 1, 5i., U 22.8 2, 224.2.tl 4UO. 2.. 5 
2 1 5':~ 1 'tcu 22.4 2~ 222.2.0 4U U •. 2 5 
3 1. itO a 1. 3 ~ 0 222..2u ~9. jO 40u. 2. 5 

" • ,5 HO 1.3"u 229 CJ 219 ... lJ 4" O. 2 5 
5 . / 1.300 1. 2 L tJ 2l.9.uJ 2l.5.ltu 300 • O. 0 

'" 
,+.luL l..2ou 22.'+ ,+" 215.,+1J 4u U. 2. 5 

7 2. 31; 0 2.2GO 225,4Q 221.8 .. 400. 2 5 
~. 3.1C U 2.2cO 222.bJ 221.8<1' 1" Q. 0). 0 

2,2CU 2.1::0 221.8" 220.60 Itoo. 2. 5 
1~ 2.l.jjO 1.2_ U 2ZJ. ow 215.,+u It .. il. 2. 5 
11 l.. 2ii a 1. La 215 ... J 2l.5.00 300. 0.0 

DOMEsnc = 1. COMMERCIAL = 2. INDUSTRIAL 

Figure 4.13 . OUTPuT LISTING PART 1 - TEST PROBLEM l' 
I 

55. 
55. 
55. 
55 • 

G. 
5S. 
5S. 

::i. 
55. 
5-5. 

O. 
= 

TYPE: 
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1. 
1. . .... 
1. 
L 
1. 
1. 
1. 
1. 
1. 

3. 
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'lADD 
(CFS) 

-~.~~ 
-~.l.JO 
-G.uU 
-J~~D 
-"'. ,.fG . 
-O.Gu· 
-0.00 

3. c 9 
-·0. J a 
-·Q.L;I~ 
-J.LJG 
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LINE QMAX QMIN SLOPE DrAM QFULL VFULL V'}AX VMIN MAX 
DEPTH 

(CFSJ (CFS) ( IN) (C FSJ (F PS) (FPS) (FPS) ( FT) 

1 .12 • :J 3 • .: 1G 0 d,J .... , 21 3. 5 1.9 1.6 .16 
2 .23 • ~6 • . 048 iI.a -'~1l 2.4 1.7 1.4 27 
3 .34 .1C .,;u8v 8. U 3.1 2.3 1.9 ,28 
4 .12 , u3 • c 25u d J r 91 S.5 2.7 203 .14 
5 .47 .13 • .12C 8.",1.32 9'~ 2.9 2.4 .. 3G 
6 .12 ~3 • .225 8 j l.d'! :>. 2.6 2.2 14 
7 .12 . 3 .0 ,,9U 8. oJ :.. 15 3.3 1.8 1.5 .17 
8 3. D 9 3. 'j9 • . 1~ C 12, U 3. 56 4.5 ~.b 4.0 \.: 8 C. 
9 3.32 3015 • U C 30 15,~ 3.54 2.9 3"J 2.9 1. 06 

lG 3.43 3.19 • • 125 15. j 7.22 5.9 .,.9 5.3 .67 
11 4. j C 3034 • • u 63 .l.~ - :; • 1'+' 4.2 4.1 4.;:; .93 

LINE MAX MANH INVERT FALL UINV DINV UGELEV DGEL<:V 
ENERGY LOSS DROP ELC: V EL£V 
(FT> ( FT> ( FTl (FTl ( FT> (FT> (FT ) ( FT> 

'1 .22 . O. 0 a J.OJ ~. 'J': 219.41 215'41 228.20 224.23 
2 .31 " .u2 .11· 1.9,,* 215 • .5\) 213 42 224.2 J 222 2Ll 
3 .36 .,,2 .<.7 3.2u 213.3'+ 210.16 222.20 219.0u .. .26 O.UI.: .... J...r 1 ... ~ C 221. • 2.7 210 27 229."u 219. 0" 
5 ... 3 . U 2 ,ij9 3 60 21~ • oJ 7 21.16 .. 9 219. 0 a 215.4:) 
6 •. 25 Q 01 u~ ; • t,j G ';l "~ 215.68 206 68 224.'+J 215.4;; 
7 .22 1.1 • 0 w ~ • l: u 3,ol 216.01 213 <)1 225.4IJ 22.1 d;) 
8 1013 U.O .. ... OU 1.uu 213.6::l 212. Ed 222.80 221.8.' 
9 1.2Q 02 1.00 1 2G 212.,1 2l.0 83 221.- 80 22J.6iJ, 

11) l.. G '+ .05 w.Ou 5 .iG 2l.u. b 3 205 99 22-{]· • .0 0 213.4J 
11 1.19 .u3 .79 1. 9~ 205. 71 203 d3 ~13. 4il 215 au 

\.. " LIN£ COST 

. 1 6532.98 
2 5959. ,+-0 
3 5977.78 
4 5944. :5 3 

• 5 46,+ .... '2. 
6 59'+2.86 

;,::' 7 6532 ... 8 
8 2UQ9.69 
9 ,6676.2.8 

10 cOill.91 
11 4683.~5 

ToTAL COST = 
c 

be9.1S.36 DOLLARS 

UMHN COV£R 
(FT> 

1. 60 8.l. 
1, 50l 8.2 
1. 4" 8.1 
5, l.0 8.G 
1. 3" 8.2 
4.1U 8. II 
2. 30 8.1 
3.1u 8.'0 

2.20 8.4 r~ 2. 10 8.4 
1. 2~ 8.3 

Figure 4.14 OUTPUT LISTING PART 2 - TEST PROBLEM 1 
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5. energy drop, if required, 

6. energy line ei"evation at the downstream end of each sewer. 

_ Items (2) to (6) are printed out for each pass. The program moy be 

,tenninated at the end of the first pass by assigning the initial value of 

51 GN4 = 4 in the program deck. 

If the problem is not executed successfully, a message is printed to show 

that an error has occurred. 

The messages are: 

1. "number of states too large" 

"job tenninated at manhole number '" ** insufficient fall" , 2. 

"job tenninated at manhole number = ** outfall diameter is , 3. 

too small" 

4. "job tenninated at outfall manhole" 

5. "Error, on branch = ** 'at stage = **,. 

6. "Error' at dummy sewer assignment on branch = 

,',-

; 

" " 

, : . 
! 
I 
i , 

I' , ' , 
; , 
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CHAPTER 5.0 DISCUSSION "OF PROGRAM 
• 

This chapter contains an analysis of the method 01' functioning of the 

program and a comparison with other programs. 

5.1 CORRECTNESS OF PROGRAM 

The correctness of the program is the ability of the program to produce 

a realistic optimum solution. The correctneSs is discussed under the following 

headings: 

1. Treatment of 'Branches I 

2. Hydraulic Mathematical Computation Methods I 

3. Vertical Alignment at Manholes I 

4. Cost Data. 

'J.' Treatment of Branches 

There is a remote possibil ity that the method used to accumulate 

branch costs may not result in an optimal solution being obtaine~. Prior ta 

occumulating a branch cost to the sewer system cost I .the branch cos.ts are 

sorted to obtain the cheapest ccist for each state. This is shown in the 
. 

. hypothetical example in figure 5.1. After sorting I it will be noted! thgt .. the 

silwer size for the lowest state has been increased from 8 inch to 12 inch 
~ 

diatlieter I thereby" restricting the sewer sizes downstream and contributory to 
. ,~ 

this state to a minimum 12 inch size. This requirement may not 'result in the 

cheapest sewer system cost. If the branch cost was sorted to produce the , 

112 
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f junction manhole 

15" _ 
13 000 

12" _ 

8" - $13,500 

..+...d---- main sewer 

f 
I 

Diagram showing hypoth~tical sewer sizes and costs before 
sorting. 

13 000 
12" _ 

12 SOD 
12" $ - 12 SOD 

Diagram showing hypothetical sewer sizes and costs after sorting. 

Figure 5.1 DIAGRAM ILLUSTRATING BRANCH SORTING PROCEDURE 

c, 
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smallest diameter from each state, then a cheaper sewer system cost may be ,I' 

obtained. However, in most siruations, the method adopted is the more 

practical because the non-decreasing diameter requirement is not critical as 

branch outlet sewers are generally smaller in size than the main sewer. 

2. Hydraul ic Mathematical Computational Methods 

Subroutines (35) were available ta compute· hydraulic elements 

analytically. However semi-graphlcal methods were used as they were ,.-
, J 
computationally more efficient. 

It is believed that no appreciable error is incurred with respect to the 0 

hydraulic, computations. Some I:!rror occurs in the polynomial relationships 

derived from the hydraulic-elements charts. The accuracy of these poly.nomial 

equations is a function of the accuracy of interpolation and the number of data 

points used to derive these eq'uations. However, the error· is not considered to 

be appreciable or possibly any greater than would occur with hand calculations. 

In addition, it may be noted that the curves for n variable with depth were 

used. These curves were based on the average of 824 experiments. Design 

and Construction of Sanitary and Storm Sewers (12) states that the n variable 

curves may be questioned because of differing results from various researchers and 

the decision to use n variable with depth of flow must be . left ta the individual 

desigller. . 

Pomeroy's (32) fonnula is used ta compute the velocity in the sewer 

for the minimum d'esign flow QDMI N • Errol' inay occur here because a linear 

, . 

-1 

, 
-j 

i 

" 
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relationship between Manning's roughness ~o~fficient and Pomeroy's constant 

K was obtained using only three data points. In addition, Pomeroy's formula 

was developed from data on sewers not greater than 24 inches diameter. A 

computer program was written to compare the velocities obtained by Pomeroy's 

equation for pipe sizes up to 42 inch diameter at various slopes and relative , 
flow depths. Manning's equation was solved by successive approximations using 

functions PIPDUF, PIPROP and NORMLQ from Smith (35). The results obtained 

with the 24 inch and 36 inch diameter pipes are shown in table 5.1. 

The results from both methods of computation are close. As the 

minimum velocity is not a criterion in the selection of sewer size, the 

computation of the minimum velocity is 'not critical. 

3. Vertical Alignment at Manholes 

The method of computation of the vertical alignment of the sewers at 

manholes in partial flow analysis results in some error. No allowance is 

made for the additional energy loss at junction manholes. In addition, the 

allowance for the energy loss at the manhole means that the sewer is not 

located parallel to the energy line. This is illustrated in figure 5.2. It 

was' not considered ~practical to correct for these errars I because energy 

losses at manholes are of the magnitude of. 0.02 foot and the energy line 

displacement would not appreciably change the desig!l of the sewer. 

4. Cost Data 

The cost data are the most impartant part of the program. It is 

essential that they be real istic and up-to-date if the program is to be useful. 
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" Table 5.1 COMPARISON OF VELOCITIES COMPUTED BY MANNING'S 
AND POMEROY'S EQUATIONS 
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Figure 5.2 DIAGRAM SHOWING DISPLACEMENT OF THEORETICAL ENERGY 
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A comparison of bids for any sewer project reveals wide variations 

j' in bid prices. A contractor's bid reflects his bidding strategy, expertise in 
• 

the type of work, the location of the job, his staff and equipment availability 

and the general economic-climate. it is therefore impossible to obtoin unit , 

prices which one can confidently state are correct. All one can hope to state 

is that they are the best available. 

. \ 

Cost data can be obtained by approaching sewer contractars or analysing 

past contracts. Inviting contractors to examine proposed plans and odvise of the 

expected costs is probably the best way of obtaining realistic costs. 

Analysis of past contract prices 'may be performed by 'the designer or 

by using outside cost consultants. The author used cost data provided by 

Richardson's Engineering Services, Inc. (25). Their estimating manual is a 

well knawn and comprehensive manual 

works. 

used f~ating civil engineeri~g 

The author believes the costs are superior to that obtai~able from 

Englesma~rclsticks for Costing (40) or by analysing local data, taking 

iJ'to consideration the purposes of the program. The estimating manual 

provided manhole costs, and supply and installation costs for sewer sizes 

down to a minimum of 24 inch diameter. As described in section 4.13, a 

cost function was obtained from this data by means of a non-linear estimation 

, computer mcxlel. This cost function was used to compute a new cost array 

for pipe sizes from 8 inches to 42 inches diameter. 

The author believes that the pipe and manhole costs are homogeneous 

and provide a satisfactory cost basis for the purposes of the program. 



5.2 STORAGE REQUIREMENTS 

The storoge requirement of the progrom is dependent on the number ". 

of sewers and configuration of the network. Because of the ~arge storage 

requirement all the best decisions must be stared on a scrotch tape or file. 

For a problem containing 15 sewers, 5 junctions and an available fall across 

--......... \, /v..~ \, .-

the system, of 17.4 ft., the progrom requires 64,lMJ words of central memory 

on ~C 6400 computer. 

To eliminate wasted storoge and ta provide flexibility with regard to 

the configurotion of the networks ta be solved, an adjustable dimension feature 

was included in the program. 

The main factor in setting the storoge requirements is the value of 

the state increment. The minimum state increment was set at 0.1 ft. If the 

minimum state increment was increased to 0.2 ft., problems with about twice 

the available fall across the system could be handled. 

Considerable storoge is utilised in storing branch outlet costs and 

pipe sizes two 3-dimensional arrays are required for each junction manhole. 

In a real I ife situation normally that bronch sol~tion ich yields the cheapest 

cost is added to the system. If only this chea est cost so!.ution was stored, 

considerable savings would be made in the storage requirements. 

T~e method of storing the design dat:a in the progrom could be more 

('\ 
efficient because only a small portion of the appropriate cWays are· used for 

each stagEl. For ~ample, if the \lVailable fall across a 3 stage system is 
, ..• 
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21 units and this fall is divided equally be~een the 3 stages I then only a 

7 unit portion of the array would be used at each sta§le. It would be more 

eccrtomical to use a 7 unit array and relate the adjacent arrays by the minimum 

state for each stage I say • 

• 



5.3 COARSE GRID APPROACH 

The program uses a two pass system in order to obtain some executIon 

time savings. It seems reasonable, ta assume that the program should produce 

the vertical alignment daJa to an accuracy of 0.1 foot. This requires that the 

states and decisions be incremented in 0.1 foot units. To examine all the 

feasible states at 0.1 foot increments would be prohibitive. Therefore the 

program uses 1 foot ,increments in' the first pass and 0.1 foot increments in the 

second pass. In the first pass I the program searches through the entire feasible 

region for an optimum solution. The first pass salution defines the feasible region 

tG be searched in the second pass. The feasible region has its upper and lower' 

limits a distance of Y above and below the optimum states ob!:oined in the first 

pass I providing there' are no limiting constraints. 

The computational advantage of the two pass system can be shown 

with reference ta a 3-stage prablem in which the depth of the feasible- region is 

9 ft. and Y = 0.5 ft. With a state increment of 0.1 ft. over the entire 

feasible region I the return function would have to be obtained for 273 statesj 

the number of additions and calculatiOns would .. be 4004. With the two pass solution-

the return function would have to be cq.lculated for 63 statesj the number of 

additions and subtractions would be 442. 

-'-An increment of 1 foot was selected in the first pass because this seems 

I 

a reasonable value and the cost array data is based on a 1 foot minimum increment. 
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The value of Y to ensure that an optimum solution is reached is 

fi 
.. 122 

dependent on the continuity. of the cost data I the expected difference between 

the first and sec"ond solution and the first pass increment. If the cost array 

data is used I a value of Y = 2 feet is recommended as 2 fe t is the maximum 
.;:-

cost array increment. If the cost equation data is used I a val e of Y = 0.5 

ft. is the minimum recommend~d. The value of Y is prolxIbly b determined 

from experience. 

The strategy of a !\yo pass solution is totolly dependent on the ~tum 

functions at each stage being unimo4al. The pipe cost was shown to be ~, 
~ 

"unimodal in the f.ollowing way. A h>',Fthetical 350 ft. long sewer (n = .013) 

located in a y6t ground area ~ was designed to carry a flow of 5 c.f.s. The 

mini~um d'th to subgrade was set at 9 ft. The minimum fall acr~s the sewer 

was set at 1 ft. and increased in 1 ft. increments. For each slope I the 

thearetical pipe. size for full flow was ·calculated by Manning's equation and 

the unit cost was computed from the pipe cost equation. The results are shown 

in table 5.2. 
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Table 5.2 Pipe Diameter vs Cost 

FALL Pipe Diameter 
(ft) (ft) 

1 1.43 
• 

2 1.26 

3 1.17 
, 

4 1.11 . 
,. 

5 1.06 

6 1.03 .... 

7 1.00 

8 0.97 

9 0.95 

" 
~" 

10 0.93 

11 0.92 ' 
r 

12 0.90 

Cost per Lineal 
($) 

16.22 

16.01 , 
-' 

16.00 

16.07 

16.17 

.: 16.30 

16.45 

16.62 

16.80 

17.00 

17.21 

17.43 

" 

Foot 

. 

-

,. 
/ 
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5.4 COMPARISON WITH OTHER PROQRAMS 

It is difficult to make a comparison ,with other programs because not 
, ' 

- .. \ ' 

all the researchers provi9t:; sUfficient information to compare,'details., It is 

difficult to assess computotional effidency beca~se this dep~nds 00, the computer 

processor and one has to know the area of search" elevation accuracy and .the' 
~ 

extent of the auxiliary calculations. 

Argaman, Shamir and Spivak's program (1) had two "decision variables 
. ' 

the fall across each stage and the drainage direction for' each stage" The 

"­other researchers had one decision variable - the fall across each sfage. 
'- '. .,. 

Researchers used different definitions for the state or elevation 

variable. The author considered the state to be the energy lirle"elevation. 

Mays and Yen (26), used the crown elevation !JSthe, state. Meredith (2Z), 
t ,:. 

Holland (19), Argaman and Spivak (1), Dajani and Hasit 0') , Dajani , Gemmell 
-'I' ' 

and Morlok (6) used the invert elevation as, the state. The t1uthor believes' 

the energy line elevation is better be~ause vertical alignment equations ~re 

.' 

normally based on the ener~ line. 

Mays and Yen, and Meredith consl5'ered, a manhole to be a stage 
j ..... 
''consisting of a pipe of small length. The author considers this to be, a 

disadvantage becau~e it requires more data storoge. , ' 

In Mays and Yen's DP and DDDP solution,' for each ~ible state, 

~ 

their' program stared the state, diameter, length and slope of the pipe. In 

124, 
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the author's program, only the best decision for each feasible state is stored. 

When the optimum decisions are retrieved, the pipes are redesigned and, 

'in' addition, complete vertical. alignment data is computed. 

None of the papers describe'the logic of their manhole numbering 

system and order of solution. The author adopted a decimal numbering system 

for the manholes. This makes it easy ta locate each manhale and ptovides a 

means of solution order and indexing data. 

Dynamic programming is an effective tool for the solution of non-

branching systems." Simple effective programs can be formulated for this 

" 

problem, e.g. Meredith. 

With a branching system, the solution is more complic.ated and much 
, 

greater storage is required. Savings in storage could be effected if only 

the. cheapest cost solution for each ~ranch was stored. This appears ta be the 

approach taken by Merritt and Bogan (28). 

The author believes that his program is comparable with those of 

Merritt and Bogan, and Walsh .and Brown (39) with the following exceptions: 

1. Merritt and Bogan's program includes a pumping station, 
~ - , 

2. Walsh and Brown have a unique 1nethod of accommodating 

critical elevations along the length of '0 sewer. 

With regard to the pu~p option, it may be difficult ta incorporate in ., 
the program appropriate pump head-discharge relationships and costs which would 

be necessary for the optimization. The author believes that pumping station 

" 
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requirements are usually identifiable ~ and it may be better to select the pumpin~ 

station location and perform th~ pumping stotion calculations separately from the 

sewer optimization. Systems"which require plJmping stations can be divided into 

gravity sub-systems. 

The author notes that the researchers quoted did not discuss the 

implications of cost vs diameter in cumulating· branch costs. 

The author used the cut state technique at a junction. This means 

that if there are NJUNCS junctio.ns in the problem I there are NJUNCS + 1 

serial systems in the problem. Mays and Yen (26) adopted a different approach 

because the cut state method "often has difficulty in defining the main chain and 

also requires large computer memory to store the computed information for the 

branches." In their method 'main' sewers are treated as a series of serial sewers. 

Thus I there wciuld be 2*NJUNCS + 1 serial systems. in the problem. The author 

agrees that this method would make for storcige savings because the branch outlet 
. '. 

solution dato could be stored on the scratch file. 
) 

The author recognised that the OP approach would be expensive in 

execution time and so adopted a two pass system for his program. Mays and 
• 

. Yen used a OOOP approach to save execution time. They showed that there 
" -/~-- 0 • 

are considerable savings using their OOOP program as .compared to their own 
• 

DP program. For a 20-sewer I 4-junction problem I their DP program required 
~ 

13.0S compilation time and 100.7s execution time; their DODP program required 

for the most efficient solution shown I 17.1s compilation time and 13.1s 
,:) 
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execution time. The elevation accuracy. of the DP solution was 0.02 ft. 

T~e DDDP solution was tenninated by the minimum allowable cost difference; 

the elevation a.ccuracy was of the order of 0.01 ft. Both of these elevation 

accuracies seem- more than sufficient for a practical problem. For a II-sewer, 

3-junction problem the authO~)S program required 17.5s complication time and 15.5s 

/.;: execution time'. However it is difficult to make an accurate comparison with 

othOer computer programs because computer efficiency is a function of the type 

of processor. In addition, one has to know the area of search and the extent 
\\ v 

of the auxi liary calculations. For example, the author's pipe cost equation was 

composed of exponen!"ialtenns in the variables of cut and diameter~ whereas 

Mays and Yen's pipe cost equation was composed of first order tenns. 

The author queries the value of the DDDP approach. The optimum 

·0· . 

state trajectory will nonnally lie close to the states defined by the minimum 

cover. A coarse grid search in the minimum cover area may be better. 

°The time to convergence-jo on opotimum solution depends on the initial trial 

trajectory which is selected by engOineering judgement. If it i~ not clear 

where the optimum state trajectory may be located, the DDDP approach may 

requi re greater execution time than the author's two pass system. 
\ , 



~~--~-~--

, CHAPTER 6.0 SENSnrVITY ANALYSIS 
~) 

An' analysis was perfonned to explore the sensitivity of the solution 

decision policy to the relative magnitude of the components in the pipe cost 

equation: 

U = a +. bed + eDf 

where , 

U = cost per I ineal foot ($) 

C =:. deHth to subgrade (ft) ,-..... 

D = pipe diameter (ft) 

a = 9.73 

b = .097 

d = 1 .6 

·e = .826 

f = 2.387 

In this type of equation, it is notp?SSible to completely distinguish 
~ 

between the .pipe cost vs excavation and backfi II components. However, it 

was assumed that by varying coefficient e, an indication of the relative 

importance of pipe cost vs ·excavation and backfill costs would be obtained. 

All the other coefficients in the equation would remain unchanged • 
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An attempt was made to relate the eff~ct of the e coefficient change 

to a dimensionless quantity, relative I, where I is defined by: 

I = OU/Z, D)/(OlJl/oC) 

Let I for the derived cost equation be called Id and I for other 

" . 

cost equations be called 10. The corresponding e values are ed and eo' 

ThEln relative I, Ir is given by: 

Ir = lo/ld' 

, It was anticipated that if a range of relative I's could "be identified in which 

there was no great change in the solution policy then a designer could prepare 

a preliminary sewer system design for tender, and select the f'lnal design using 

tendered unit pr!ces with the assurance that the design policy would not 

appreciably. 

A 5-:stoge san i tory sewer serio I system adapted from 

Construction of Concrete . Sewers 01) was used for the sensitivity analysis. The . ~ ": 

p' . 

sewer layout is shown in figure 6.1. The design criteria were: 

1. level ground surface at elevation, 600.00, 

2. densi~ of P~OO p.p.a., 

average rate of sewage flow, 200 i.g.p.c.d., 
• 

3. 

( 4. Harmon formu 10 for peak domesti,c flow, 
'\ 

5. infi Itration rate, 1500 1.9.a.d-" 

6. partial fI()W analysis, 

7'(. minimum cover, 8 feet, 

) 
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8. minimum full flow velocity, 2 f.p,ls. 
/ 

/ 
9. Manning's n = 0.013, 

10. minimum pipe diameter, 8", 

11. pipe diameters increased in 1" increments. 

To reduce the effect of. the discontinuity of commercial pipe diameters, 

the pipe diameters were increased in 1" increments. 

The problem was solved with: c 

l. e = 0 ;826 (as per original data) 

2. e = 2* 0.826 

3. e = 0.5* 0.826 

The optimum solution details are shown in table 6.1. 

The pipe sizes selected for each solution reflects the interaction of the 

excavotion and backfill vs pipe cost components. 

The pipe supplyqnd installation costs for a 15-inch diameter sewer 

in a cut of 12 feet are $16.3, $17.7 and $15.6 for the cost eguations used 

in solutions 1, 2 and 3 reSpectively. The pipe cost component, as given by 

the term containing e', is $1 A, $2.8 and $0.7 respectively. 

The results indicote that if the relative I value is 2, appreciable changes 

in the optimum outfall energy line elevation may be obtained. If the relative 

I value is 0.5, little change in the optimum outfall energy line elevation may 

be obtained; this is because excavation and backfill costs represent the major 

port of the system cost and decreasing the pipe cost component does not 
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-
. ~olution Cost Relative Outfall Pipes Relative 

($) Cost ELELEV Used I 
(ft. ) :. (in.) .. 

-
1 26,783 1 586.9 . 8 1 

10 
15 

-, 15 
' .. 15 

2 28,142 1.05 585.9 8 2 
10 
14 
14 
14 

, 
3 26,031 0.97 586.9 10 0.5 

10 
15 
15 -
15 

Table 6.1 SENSITIVITY ANALYSIS 

.-



133 

. materially effect the solution. 

Further results ore necessary to identify the range of relative I values 

in which there is minor change in the optimum outfall !lnergy line elevation. 

In additi9'l, the designer would hove to sathfy himself that this range reflects 

the extent of variation to be expected in the tendered prices. In the event that 

this assurance was not possible, .the designer 'may have to constrain the solution 

to meet mandatory elevations. 

In conclusion, it may be stated that a mor!, extensive i:malysis on 

a larger sewer system is necessary in order to obtain firm conclusions. In addition 

the cost equation should be composed only of the sum, of the terms containing 

the two variables. 

\ 
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CHAPTER 7.0· SUMMARY AND RECOMMENDATIONS 

Simultaneous optil)1.ization of sewer system layout, sizes and vertical 

alignment is, at present, not practical for large sewer systems. 

Optimization of sewer sizes and vertical alignment for a fixe<:! layou't 

for large sewer systems is practicaI using the technique of dynamic programming. 

The optimization is particularly beneficial for use on sewer systems located in 

undulating terrain ./~-, 
/~/ ' 

The uncertainty of obtaining reliable cost data detracts from the value 

of sewer optimization programs. However the author believes that such programs 

should be used because they present the most logical attempt to obtain·· the • 

optimum sewer system cost. It may be po;;sible ta use tendered unit prices 

to finalize the. system design. 

Further work to improve the author's' program should be directed to 

bett~r utilisation of the arrays as discussed on page 119. 

An analysis should be carried out to ~ompare 'the efficiency of the 

author's, two-pass method to the DDDP approach. 

~I 
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Program Listing 
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SEWER 140 Program 

Function PRICEP 143 

---- Function PRICED 143 

Function PRICES 143 

• 
Function LOCATE 143 ~ 

Subroutine DESIGN 144 
" 

Subroutine FLOW, 167 

Function PIPEI 169 
,,> 

Function PIPE2 171 
" 

Function CSTPM 174 -, 
Function COSTM )76 c 
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a 

, 

" 

i'-" ! 
I 

, 

C 
C 
( 

C 
C 
C 
( 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

L':,[R ~,LJP~L I f~{) 1·:~:-:GRt."~ 

p;,:':;r.~:;·~ I:) l~r'fI:! U! 'JSrr, D:,r:, i:'_""'[(~ GF f1~~r.L:"S 

(n~T ARRAY~, ~[T' ARRA" ~IZr3 -'~:8 C~LL ~E~IG~ .. 
Llnr:~:= "f\.XI:"J,", '!ll;~n::::- 0F ::'f':,Er~~ + 1 
"';J:,~J\X;: :~~\XII~:J~:. :;L",I1ER cr JU'\(TICr:S 
rl"',.'·'.";< ;; ··',\XI ''',J.'.' ,~·~F··fI[~ ..... F STATE::-, 

IFIX{FALL/~.ll ~ I 
r:-~n(,DA/'.A S:Z:: r;~ r-IrLf' LrtJ:",T!' ...... r 11(",,:::,,-, '.':0Rf"S "­
c'r;. [j.E' .. :U~S * S JL!,':CTln\!S l' 1,7. 1• Fr Fl,LL 
ClR VAPr:,T 10,';.':, ~r TII[:- r,!'-0VE. P;-C:VI"I~!\, r:U"~~f~ or cF';:rRS 
t S LES~. THAI\ 10,: 
NCUT :: ~lU':[!C~ CF CUTS CC','~SIDrR[:' r,'~ [lIrE (C::'T ,":orflY 
r~:.,,·--:,,\'(T = t..;~.'·'rq:l~ 'OF VALLE:' IN :.HAFT (','':)T t,Rt:?i\';' 
r~Plr-[S ::- :.'/IXlt:U," ~IU"!1!"""~~ 'JF prrr. SI2::':, CO:.l';dD~RC.: 

Nf\R~KH ;:: i!/\XI '-:V·: f'.;U~·GER CF r-}~,\f'.~CII[:' 
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CO:-'l,"Oil CPLr< 11'1/",) ,c~,ox,-r)c.Lr(2() ,Set F(?S), !r:JST ,,"11 ,r!r;,'IT~. 
1 IUSE1~(5), I:1,',Y, l~'Cr-;THJ Iyr,";R,tlP!rr.S,!':'1 '\(2:,) 

C 
C 
C 

C 
C 
C 

C 
C 
C 
C 

C 

':lE T 

SET 

DIMEt!SION ~OSTJ(5,2GCJ2)' 
) DGELFVI15I,DTE:',PI2°Uj, 
? ELCU(l r)),[LCL(1/")),[LELEVI15), 
1 FS'1FST(?C,u) ,~S()DT(?:'O), 
4 ISTI\GF (1,,)1, IrLCL!( 15») TEL(L( IS}, ra~E~T(2('1C}, 
5 J~~!,) (S 1, J',.' (151, JL n 5) -._ . 
6 .Kl lESt 1:» ,~DF.C(1lil ,:<E1rr!(H(6), 
7 PDIA( 15) ,rr~lERGY( pjl) PCO:,T (15) ,P~'LOPE( 15), 
8 POFULL(15),PVFtlLL(15), 
q PV~~IN(15),rVr·1l\X(151,,,I")EPTH(1':-I,rr:P'OP(15) 

DJ~ENSIO'\l P'!HLSS(1,)) 'PU~VDr( 17-), F'""l L( 11';), 
] P~I/I!V( 15)',i'~I~!V( 15) ,PIr[J(5'2.r~ 21, 
? SDl/l.~!(2J(;1 ,.;,nIt,'·'J(Il,2')8), 
3 UGEL·EV(15) ,XJ~(5) 

CONSTANTS 

NI=5 
NO=6 
NTP=4 
NCUT=15 
NSHAFT =25 
NPIPES=L) 

USER SUPPLI ED VARI!ICLE.S TO FIX ARRAY SIZES 1~ JESIGN. 
~J'.lAX = 1 , ',~.' J f,' I',' U'j 

L1~ES=15 
NJ:><AX=5 
N8RNCH;::~~J:"AX + 1 
NSMAX=2CC 
LAYf'AX=2 

( INOUT THE Dr,Y OF THe ~'rNTH E.G. '2)' 
C I NOUT THE ::orlTt-f E. G. 'AuG' 
C IN~UT TilE YCAIl E.G. '197 1,' 
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c 

c 
1 '" " v , T lOt; NT II. r v r ,. r. • ( !'.'.': r '=' ( 1 1 • 1 =, ,c, , 

,f') F,",8··t·,T (!?~".!(,.r'f't.l 

C, 
,- 1" D V T 
( 1("';T 
r 1 ( .... C:T 

'1II,·rr.r:- ",c. rr:-r:r.l ~"C:. "1"'r;o"n. ,~,.!:'l 

"'. \':r -;:-I"'(',T .'\,.,., .... y r"/',T!I 

=- " ~!r:t:" ('"'ST r'!"rTI"'" ~r,Tr. 

c 
rrt.r- (·'T.7~) ... :-"r:- .... :n;r(O<;T 
F"D",',T (:"17) 

r 
r: C ..... f"·T .·....,...,,'Y r.,'TA. T"f'~IT l'''P F( II'" (~Jr-(\, 

( Y"rIlT r~rr (rST .·.r .. ,....·.v 
( 1~'DIJi f"lJ,',FT (,....,.·T :.O,., .... Y 
C P'["llIT rr:-.'""r 1"'1I"'r,(("I("'T r.n.r> ..... y 
C I '.!n!JT '· ... ''11(''1l .. n,...,y, ,""~:;T 

( 
\·'r.TTr (~~0,'l") TI' .... ytT .. O~'Tq,Tvr"~ 

.".:"l ~f"\I')'·.'\T (l~l~{.X.lr""':·,T ADr"",Y I"IITf' _ T'I·-,Tc',ll",X"..,1,.,X.tC::,/l 
"""'!Te (~"""'!Ir, 

!Jl ....... ..,"I',T (C::X.I:"Tn c r"~T ,,0f"~YI,/.'l:{,X,II"'C'roTI.I (cT) •• I.nX., (,I,' 
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17',1 P',' nl,~ ,n',' 1",' 1.")',. 1'11,11(,1,' IP'I 
7,' ?~I,I ?;"',' [.',' 2f.1,1 ?l'lt./,c::.X,If')lf,' 

1)1; 72 I~0\':=1 ,~'f"'ITrrc; 

r[f,'"'l {'I!, c::.:: I Ir:' T.~, (CPl=r {! r0~:'1 rC:JL I, rcrL =1, ~!rlJT 1 
liO F0~"~T (Tfl,lc::.rl).ll 

OJ!,{ TP·'""I':'l =FL"'''T ( r~t,..) 

f,Q 
70 

'''!''TTr {~,("\, .... r, tf"TfI., (rpLF( ~"('I"', TC,..t 1, Tr('L:::l '1rlJT I 
r,...~··t,T {t.X,T(I'1r:.~c::. .. 11 
(f'Jf!T r"JUE 

<' 

PF"/\r) ("!I,q"'l (SCLFCT) 1=1 ,~!S!-'fi..FT) 
F"'D"fl.T (PFlr.r:;l 
\::ntTF {~'I",O~l 

nO F('IO"II.T {/,c::.X,tSH"F"T ('O<::'T -f"'Ir:'flYt,/l 

\-.'DtT~ (~"("\"lt;"'l (S .... LF{Il,T':'1, ... 'S~'\FTl 
,0.0 F"n~·.'flT (~Y.1:'FA.l) 

RF.f"f) (Nt ,001 (~rLr( 11 t=1 ,"~rIP=c,l 
':J!","T T ~ (N'1, 11 r 1 

110 F0R···.'\T (/,r.,X,I:r:>rD f"rpt:" (CST '~""f'.Yt,/l 

!·/P t T r (~H). 1 0'" 1_ {DCL F (II, t = 1 I ~~ P -1 P F 5 ) 
GO Tn 110 . 

( 

120 C"~ITl'1l.rF 

<: 
REf.') (~II ,n':!) (nth( t 1 '1=1 ,"!PIPES) 

110 (~~TH1UI' 
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170 

O:Fflf) (~'t ,Q01 ([10:"< 
\<It:'!TTE ( .... !().1~~ .... , err x 
\'R T TF (~10, 1"~(' 1 
F~Pll/\T (/,~X.IPlnr nTAl'FTFPC; (t~("H~Sl rO~15r~ER~r ~Il 

~·.'r.TTr ("'("I.1 r ,r"I) ( .... Tf.(!),r~~t~.'rlo::"C',l 

F"'''''r\T (':Xtl~rr'J.:'"'l 

F_'"'r'l"!\T (/,')X'''~M'H(\LF n0X -C('~T :::.',F6.11 
",!QU."!: 1 
(f',"-!T I ~!UE 

o 

1 

I 
I 
I 
1 
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(t.lL -::-:- .... tt"'·,,{ (' .... ::,T .!.r",r,rL,'/, ..... rro.,.,.rt ("1.1'C"l""1. .r~ rlcv.r~-nr~,T. 
! ;:,'":r"lT,!t":T ...... ,r .. TC"l.r'l.lt=!.Cl .1 ...... r. r <"'T.J'!C .•. I·' •. 'L.vTTt:' .. ·I'f"' r r:. 
? l'nrco'.rll." ..... yA,.nr.'rn(':y.p"",...r-T.f')C, I"'rr.r""rl.l! l.rl.'r1!LL.r'>',,"T". 
"l ~v .. ,·';(.~,r-:-"T~.,""""''''''''r,,,,''\~J\ "'''',r>t''',''''''',r>:'/'.i , .• ""\11 '·V.n ..... i "\· .... l ..... =-J. 
I •. ~r"\ T ~ ••• 'c,1'"'I T ~ 1'., 1 I );,r\ C"J. t .J~!' I t "r.:J • ~!_'" ,',X .. ~\n!')·'CI-l. ·'S·}·\ X.!. ,'\ Y"" X, ~'r:oll.' J 

~·r;o'J':="-.""+1 "-
Tr (.'r'l.l.!.r.~·rQl"nl r: ..... T0 ,-.,'" 
!":'~"!I\:~ "Tr> 
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( 

C (~:··rUT~~ r~l:[ cr ;lr;' 
c U~}C:~ ~,'u;';'L; l'L~ r~~;';T i ""', 
( CUT ;: !)f"~'i!1 Yr:, ::''';,',Ci··:,\l(' :FT I 
C DIA = pr':~ ~IA::[Tr:~ (FT) 
C ?L,"JGT~1 :; ;!jf"'::: U~·;ClT~~ {F";"} 

C 

c 

u~; ITt' ,.., :'."7 _~ + .' r '; ~ CUT"'" " ] .~) + • 0 ? f- ~ ~, I " ;I.C' ::: • ~ 9:-; 
~r;: r c:::- :::~;.; I T;~ '"-:"'L f ,(: i 11 

RtT".'R,·~ 

E.';D 
FU.\;CTIC.': ;:'~lC~u(llrIGHTt)r:,J 

c CG~PUTrS PRICE CF D~C~ rIPE 
c USER S~i;,~'L rt:D F"';,:CI12~; 

C QIA ;: Dit,"CTr~ '-oF 'Y'rr PIPE (F-il 
C HEI('Hi :: I)~CP HrrCli7 CrT) 
C 

C 

UNIT~=l ..... +l:"·.~DIA 
PRIC[n=U~ITP~liEIGfiT 

RETUQN 
O,D 
FUNCTION PRICES(HfIGHTI 

C CnllPUTES flQIC[ :;r Sr-l/\FT 
C USfR ScprL I ED FU',CT I (1,," 

C HEIGHT = ~HAr'T HLIGHT (FT) 
C 
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P RIC [S;: 1 ? 1 • 1 p +:n • Q 1 * H E I GH T + • c:..r -: "" HE I GH T 'H, ? - • (' C {)If II [ r C~: iT'" I! ':l. 

RE TURr. ' 
END 

• .FUr~CTtCN LOCATFJ I~'LC'A'tST, J,',CR:·'TI 
C 
C RETURNS ]'IIE IDO;TIFICATION ~jU':rER FOR TilE STATE 
C 
C 

LOCAT E= (I J-L8\'![S T+ I NCR"T I / I r:CR,'T 
RETU~i'! 
END 

b 

, , 
! 



C 

.-

SUFR("''':T!~\~ C1r:S!(,"'(-::-""ST_I,r;;'FLr-·,.',T')Tf"n • .rt.C!I,r:1 (L,cLC'l~'J.FSrtEST, 
c.s:::- T , i .f" T .", r. r- , ! r L ~ l.' ,IE' L (l , ! .... r r f" T • .J ,,,~ ~ , JL' , . rL , \. T 1 ~ :: • v :' c (" , 

? ~rr.~'CIJtrr-T,· ,r;·,'rrry.p"..('t:T.Clc1. .... ("1C',r-CF'~Ll .f""qlLl ,r'!"T') • 
., t"\~I"" Y ...... r.rf"'T\ l .. :-:r.f"' .... ro • f',rv\ul. '::f" ,1"1! 1\1:r'"'-,.!"'It:' ,..t.~_., r\ ,'T "V, r .... ! •. \' ..... t re.J' 
I. S r; i " " • (" f"\ 1 ~.". 1 , T 'r. r I r- \' ,,'I(, . ,I'! .. L T ~,t:" c .'~ _1',- !\ '( , .... , 0 ~"i (1-1 .. ~' <:, V ~ '{ , L '\ V" l\ X • ~~:." I, J OJ ) 

C T" Tpc FI?<"·T n.~C:.c. TH::- f"}Q0Gr'I·"" l!SC-<; 1 FT ~T·~Tr. p'(r.~"nIT,<'; 

C t'\ T!IF srcr:,~~'") pfl,r;s 7qr" OP,....-:.~Av. !)C,C":, n.1 FT <;1"T- Pl(OC-'i::-':T'::, 
C Tyn::- ::r flTrr "" ,',eT" ~-'f- n '.r"LL 
C l'lLL rLr\,:,Tl"~'r:. , .... 1") "t'q"t:j"\ C,'"'.V[Q f)r"'tn"F ... ·r.~'TS Tf" 
C FI'7':T r:(T":L rLf'·rr. 
C ~'rlrr.,:" ~ ·,'l.X!"'.'" ~·t"·""rn 0F !"'!l:')C c!zr~ rr;~)~ln::'"r::C'"~ 

( 1"'o1t·("r>rrrSl .., ("'Irr ... tlLT !""F'ff ~'lZ:': 

C ::: 'I( l~~CH:S. 

C [)!f\(~~r>!r:..s - 11::: ",iXl"'U" f'lUT!=";\LL f'!,","rTEr-. 
C ?C') l~'(P~S 

C D1.",,( 1) ;: :;"tLL::-:;T ~lC"r I"dZ c 

C p, HIC>'eS # 
C 

C 1"\ .... ,., r' (" r> '- ~ ( 1 "l .. , c; ) , (" I" ,., X • '"' C L C ( :' "', .. c r l r- ( .." 1". ~ .. ,. ,.. r.r:: T , ~~ l ." '"' .. ~'T !"' , 
1 lUS r !!(C, 'Tf'I!,y·r~·~~ITll, TYC'"fo.p,·lrTrc(",I"T "(2rl, 
? .\C"~:·( 1001 ,~"u'!( lr:")Dl/' .. "'x."'IC'rTu,~qr'lrl 
3 n'[pr,y, 
,~ Ft,LL, 
5 (~, 

6 IUGS( 120) ,r~r:S(l('C') t 

7 NLI",[:;,"ISTAGF"""'l ,~'R""::' 
8 PE~~r5,pnDD(lrCl,rIP£,PI 
CO~,MO~ 0~DDll~QI.~r··~XI1001.0'Wl'IIJOOI. 

1 OFULL. 
2 RCOMIRDOVtRINDtRINF,R~AN'l,qUN(ldo). 
3Sl(1PF.SIG·'13. 
4 TYPEI100I. 
5 U~JINI JOCI. 
6 V~·A'I.V'·IIN,VFltLL.V~-~,A.XP,V~'I~IP 

DI U Ff...'$T0"l C""STJ(·'J";\x,·,C,",,X'L:\Y··f\Xl, 
1 DGFLEVILlN[SI.r,T'·,'p·I/'J<,·,',XI. 
2 ELCUIL INESI.FLCLILI"E"SI.ELcL C '!ILINESI. 
3 FSBEST(NS~AX)tF~~rT(~SVAX), 
4 1 S T A GE t L I r~C 5. ) , 1 E L C U (L I ~'1 E S I , I E LC L ( L 1 r! [S ) , I 0'1 [S T ( N S,',' /. X ) , 
5 lRE:;,{ 12) IJ,'~':;("U"""'IXl 'JUILl~~[:,1_,JL(Llt!ES1' 
6 KTIE5(Llr~ES),KC~(llNE~),KE~NCH(N!~RNC~I). 
7 PDIA(Ln~[S} t,"'r:~t:"'-'c;Y(Ll~:[S) ,rCC'STtLINES) .P~LOP::(LltlE.s), 
A POFllLL (L r ,'I(5), ,nVFL'LL( L I ~:::s 1. 
9 PV'!'I~:(Llr:ESl trVt'hX(LI,\E~) ,?:;r::PTH(LI~:r:Sl ,P)POP.(LI'!ESl 

OIt-I,E:-1S10t1 P~tHLSS(LInE9) ,rINVr:'nCLI~IESl ,PFt·LL(Ll~F.'S) t 
1 PU 1 ~~ V ( LINE~, 1 ,~, D I ~:V ( L T ,~~ E ~ 1 • PIP ~ J ( r'! J~".r. X , rtS~·~ .~. X t LA y;.~ h X) , 
2 SO 1 A~'" (~ISf,'AX 1 ,SO 1 J\,":J (fU:';f\ X, ,"!S::AX) , 
3 UGELEVILINESI.XJMINJM~XI 

INTEGER HS.HD 
DATA lRLANK.llIED1.lTlED2/1H .\H .1H'/ 

C ~ 

C SET CONS 1 ANT S 
C 

LOh'ES1=O 
PI=3.1416 
G=320174 
18F=25 
IBFl=lFlF-l 
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(",,"'0' 

a 

.-

~~, I (,',',=Q. ::r:/,:, 
( 

C ICI17] 
( Inp~, 

( 

:) , ~;C' i::T;::~"f::I'''T[ RESL'LT~ P~i,'JTFD 
,II~T:':::··".\~DI,.,TL· r~E:,'_'L is prr'~Tr:; 

c 
c 
( 

C 
C 
c 

IOPT3=l 

S I (JI'~ 3 
S I G'l3 
S I G::4 
SrG~i{~ 

~., Fr;:-I. r~ILL FLl''"\','' U::',L YS I S 
,., Fcr r'.'.:::'Tlr,L FUi:': "\:!,"LYSI~ 

= c .... F:;r~ 1 FT STf,if I~~C~f:,'E:~TS' 

_ 4., F::::~ .1 FT ST/lrF I~:c~r·'[·~T.s 

SIGN3=O. 
SIGt~4=J. 

',','RITE INO.I 
10 F(")R'.',\T (lJ"l'!/I~X,'S:,NIT,"f?Y :JE',\'C:R r:CSIGN RY GY::/,:.'}C r::\,:""::.~,\'·:·I:iG') 

C 
C OUTPUT RUN,DATE ~~~ USER 
C 

~c 
( 

<; 
( 

30 

40 
( 

( 

C 

C 

v.'RIT[ (rlC,?;;) "~:'l"r, IJAY, I~'··-::;:·T!!, IY[,'r, ([USCR{ 11,1=1 ,S) 
F C:":! '.~.\ T ('J X \.. I ~ I, J': I 1 r :;. , 5 X, , r-; '\ T r" , , I J , 1 'X t " "l ,IX. T ~ • Ij x , I l J.~ F:: R • , 5 !\ !, / I / ) 

INP~T PRJOLr~ ID~NTIFICATI~II 

READ (rJI ,1-':;) (iR'::~·:{ 1 I, 1=1 ,12) 
FOR:~A T 11 ?J,4 ) 
':RITE INO.4~:) II'E"II).I=I.12) 
FOR'·'I\T i5X,121\l+///) , 

PIPE DESIGN (RITERIA 
, 

DIA\'IN=f!. 
RMANN=C.013 
VMIN=2. 
V,VAX= 15. 
(OV!,II N=7. 
(OV',IAX =2 5. 

C PEAKFS = SIGNAL T~ SELfCT THE PEAKI~G rACToR 
c FOR HAR~'n~1 F0R:"UL~, PEAKFS = c. 
C FOR PEA~ING FACT~~JS/PICOO~.~.2, PEAKF~ = 1. 
C, ... 

PEAKFS=~. 

C 
C ANY PIPE DESIGr~ CRITERIA Cc>r.',1'0,,-&.''5---. 
C ANSWER 'YES' OR LEAVE A BLANK (ARD 
C 

READ INt ,')0) IYES 
50 FOR"AT IA)) 

IF IIYES.[Q.I8LAr~KI GO TO 70 
C 
C INPUT HINIi:U,',' DIAI1ETER EG • '10.' 
C INPUT ".ANI! I ~G', :, 
( INPUT HINI~UM AND ~AXI~U~ VELOCITIES IFPS) 
C lrJflUT ~~U!J~·U·.'· IH!D ·.~AXlt'U'· C0V::R 1FT) 
( INPUT PEAKING F~CTOR SIGNAL. PEA(FS 
C INPUT S I G'O VALUE 
C 
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," 

READ (r:I,6':1 ,)II\:.r::,i.M,,\:~'·,V::I:,,\,·:;,X,C::'\"··I!:.(::;V··~"\X,rE/.'~;S,5IG.':'" 

60 rCR','.;.T lerl: .Sl 
70 COrITI~j'J[ 

C 
C ECHO CH~C~: 11.:::: GESl~:~1 Cr-lTi:rl·., 
C 

RC FCR'/~T l5X.'crSIC.': c.~nERIt,·.//) 
vIR!T!: (I';O,r;::') )1/\':1,'; -,. 

o FOR"'IIT (')X,I"r"~:i"'-''' C1N·.'t:i[r (!:~(HESl ;:1,F4-.0)" 
',.,'qlTf (~1r::'1~--:;1 :---",'\.'~:,! 

1',)0 F(;P";,T {5X,".',\':r:r"c:,S N ",',F'S.!) 
i'~'?IJ[ (r:('.,.11'~1 ,/q!':,'JM.\X 
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IIJ FC;R",",T (I)Xtl'·1.·~I'''J'' VEL'"'(.TTY (FrS) ;:lrl,.r:/(c:,X":·'·:.XI~.'0·.' VFlr'CITY IF' 
IPS) ;:' ,Fl .. ::}) I 

VIRJTf nJ(:,12::l Cev·.'!·:,(rJv··.",x f} 
l?J f:-PR:',\T. (~X,'r·.I·:i··L':· COV[~. IrT)::: F1,.l,/(:;X,','-':;lxI·"U·! C,)'/[R IFT):::I 

130 

1 IF.:,. 1 1 1 
IF (PEf\KF,S-1.1 1""":,150;1':0 
CO~TI"l)[ 
\o,'RIT[ (NQ,l.:..,A;) 

140 FOR:·:/\T (?x,IP~:.i:H!G FA(T0~ = H .. iRP:Jn F8RI·\UU\I) 
GO fO 170 

15G 

16 0 

170 

180 

19J 

200 

710 
220 
C 

CONTI1':UE 
'.<R!T.E 1110.16':1 
FOR::AT l5X"P[.',q1':G FIcTOR 
Corn I ~UE 
IF (SlGr~3-1.1 1.q~,;:r:c·) p~~ 
cmHIIIUE 
HRITE INO.I9(1 
FCR','~T {ljX,'FULL FLO','; (0"101T:8:15 O:~tY'l 
GO T8 220 
CONTI1':Uc 
WR IT E I NO. 21 C I 
8iR,';,\T (5X, 1,~lor'J FULL FLC~: CCt'-~DITICr!S CC·n5IDrREOI) 
"CONTINUE 

C DESIGN FLO~ CRITERIA 
C 
C 
C 
C 

DOMESTIC FLO~ lIMP GALS PFR CAPITA PER DAYI 
COMMERCIAL FLOW lIMP GALS PER ACRE PER DAYI 
INDUSTRIAL FLO~ lI~P GALS PE~ ACRE PER DAYI 

C INFILTRATION II:W GALS PEF:. AC~E p.:p DAYI 
C 

C 

RDO',1=106. 
RCO.'·1=3750. 
RIND=50CO. 
RINF=2500. 

C ANY CHANGES TO THE FLO~ C~ITCRIA 
C ANSWER 'YES' OR LEAVE A BkANK CARD 
C 

7.30 
C 

RFAD INI,501 IYES 
IF IIYES.EO.leLANKI GO TO 230 
READ lNI,6CI RDO:·l,RCO"','RIND,RINF 
CONTINUE 

C ECHO CHCCK THE DESIGN FLOWS 

~., 

( 

--------------,-



o· 
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( 

\\'RITr {f!O.?4Cl ::':--,~.",r::C:i:-·,r-I::r:',"'I~;F 
rn~",\T ("'X,I!',:"""r~,Tt; FL"i'·.' (I"r'l .... ,,··L':J(,/\':"/r..,·y) -,;1 .r-/ ... I)'/(::""'(~"l·FRC 

11,\L rLi",'.' {I'.'f'l r,f,L:/,'\CRfr:"·Yl ~'.r""'.~lt/(::'Xt'i·Ir:-'.rST~r:"'L :l-:;"" (y"r;: 
?,\L~I/\CPC:/":'Yl :; I ,r.?::; ,I! r·x, I !'r:-tL·TP,\TT0',r {T~··r ~t.LS/U"f";>c/'l,·.Yl ='.r 
37.0)11/1 

( 

C COLLf(TIO~1 SYSTf'! DATA 
( 

7,,0 
( 

vIRIlE 1 1-1(,21')J 1 

F("IR,'-'fd (I)X"(r'lLLECit0N SYSir'~ DATA',//) 

C INPUT OUTF/\LL Plf1F DI:,:·.ET~R Ii·! INCHES 
( 

( INPUI O~TFALL c:[r;GY L1N[ ELEV,\TIO:, TO FIRST DE(I:'-,i\L PL,\(E 
( 

READ (NI,601 GUTnIA,OOTr~L 
WRITE l~!O,26~1 JUT9IA}~UTFAL 
FOR"~\T_ (":-X,' ..... ,l,;Trf,LL DI;\~~~TEr CI~~CHES) =I,F4.0/SX,tOUTFf',LL E~:E~GY L 

1 INE [L[V:"TI~j: ;:.' ,F6.2 ..... 1 
~IA~Ax=n~TDIA/l~.+C.~4 

( 

( IrnTIALIZ[ 1571,([11). UPPE'R FLEV,HIc)I! (ONSTRAlr!T EL(UIII 
( i\ND LO~';ER [LEV;,TIC." (C:;STR;,I:~T EL(LII) 
C 15Tt,GE( I) = r', 1:- THERE AJ:.[ f 10 (I:::~:~T?;\T~!T ELEVliTJ ..... "l.C, 

C IST/.GE( I) = J, Ir THFRE ,\K.E (J~·!5TP',.,I"IT t:LEV'\TIO~IS 

( I = SF'orR NUr!BE~ O~ STAGE 
( 

U,\l =L I NlS-l 

270. 
( 

DO 27C l=l.Li.'l 
ISTf,GE II) =0-
ELCU( I )=0. 
EL(Llll =0. 
(ONTINUE 

( 

( 

c 
( 

( 

( 

C 
C 
C 
C 
C 
( 

C 
C 

FOR EACH sn:[R~EI:Tf:< III ORDER OF TYPICf,L 
UPSTREA·.~ '!ANHO ,,;uvDE~, U~~H":( I) 
DO\"'f>!STRE~\:·; :·~M~ CL: ~!u:'~[;:) 0':11/': (11 
UPSTREA:: GRCUrW ELEvt.TI'Or;, U("ELEVIII" 
DO,:NSTREA'I G:H~Ur!D ELEVATiOn. DGELEVII\! 
LENGT~t nF SEWE~, RUN{!) . 
ACREAGE TRIDUTARY TO THE 5E~ER. A(RESII) 
POPULATION DENSITY. POPDII) 
TYPE OF FLOw. TYPEII) 
ADDITIONAL FLOW. CADDll) 

HA~O (t.LCJLATION 

UPP~R ANO LJ~ER CONST~All':T EL:VATIO~!S. [LCU(I) 
ALL ELEVATIONS TO THE FIRST OECIMi\L PLA(E 
LEAVE A CLANK (i\~O AT END OF Di\TA 

DO 2QO I = I.LlfIFS 

/ 

READI,~1'7RCI U·.'III'III.D;'H"II) .UGELrVlll.or·FLcV( I) ;Rur:III."CRESIII. 

2AO 

290 
300 
C 

J POPOIII"YPE( I) .()i\DDCI) .EL(UIII.CLCLlII 
FORYAT IIIF·7.1)· 
Ir .(U~HN(II.LT.I.) GO TO 3ce 
CONT I WE 
rlLlNES = I -1 

( ECHO (HE(K THE (OLLE(TION SYSTEM OATi\ 
( 
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i 

·-

148 

-,IPi TE (::C,:'10) 
11J F0.R"1AT- (:'X"LI'~rl,?X,'i.":··.'!~~'I{.X"-:'''!I~:,.7X'''J'-':::-Lr\j1 ,1X,'OC,[LfV r ,lX," 

1 i·~ ~.Hl' , 2 x I I :, ,.: :-: [ :., I • 1 X, I r Qr:' I , 1. X I I '7" y.r r: I , 1 x t 10. ,\0 0 I I 
""'~IT[ (I:C,22,,) 
f·(':~'·.'1T {'?f..:<,l(rTl",~X 'CFT)',?X,,(.cT]I,,"X.'(Cr'-:"l~'/l 

DC ,-:;,G I=1,r~LINES 
~"'r-'lTf (~!O'''l./.r;) (I ,Ul~f-H·J(: 1 ,C"I'W(! I '\·("~l.rV( T) ,re:,_rIJI 11''''~J'''( I) ,1\(:"£:-

C 

1 ( T ) ,p (lp [J ( t I , T Y I' r ( : I I ':A;; ~ ( ! I I , '.--', 

~ ~~;~ I~' ~u ~ =~ /. , i " • 2 F P. • :7- , .2 F 7 • ;' , r 5 • 0 , F Ii • 1 ' F (, • C' , F I, • r: • F G • ? ) (,:; 
· ... ':\lTE {,~:O,3:::', I 
F(lR'.',\T (5XII~O:.~[.sTIC :::. 1. ',4X. '(f"I,',",!r:RCI'\L :: 2.' ,4X. 'I'\:'~J,"",T"'I!'IL 

1. I ,J/I) 

C ECI-IO CHECK THE Cr:~JST~/d~H ::L['.!f,TI~·!.~ 

C 

360 

370 

Ncon.sT:;:,C 
DC :'0:"; I::l,i;Ll~:E.S 
IF IELCUII1.iI[.~.1 IST,\GEIIl-I 
IF (ELCL{ I 1.:~~.C.) ~KO:~ST::Nccn.:JT+l 
C()NTINJE 
IF INCONST.LTdl GC TO Iole 
DC 40G l:;:l'~:LI~I[S 
IF IISTAGr.1 11-: 1 370.:,n~.17r 
(ONT I ~lU[ 
\'IRI TE INOoJr.= 1 ISTAGE(Il.r:LCUlll.ELCLlll 

, 

F(,\R~,lAT (Sx,'~T;' .. G[ :::"I"l,i'",X,'''Hil'''..)'' Efl~R(,Y LIT':;: ELE'If,TIC~l =',F9.2, 

) 
~bg 

1/2CX, q'i\XP~U'·· ENrr:'GY Ll"::: [L:::Vt',TjQ'1 ;:1,F£l.;:'/: 

41'0 
C 
C 

CONTINUE 
CONTINUE 
CCHIT I NUE 

C DESIGN SECTION 
C 
C 
C COMPUTE r:AX n~u~·', A~!D ~·H:I1.',lI··' FLO',o!S, IJD.",i\X ( I 1 J\ND Q,)l':PH I I 
C 

CALL FLO,I 
~':RITE (fiC,/t 2Cl (Y,r.D"AX(l ,I::::l,~lll~!E~,) 

420 FOR~·~AT (5X,11,4X,'CO"AX =',F5.21 
C 
C FIND JUNCT ION .~U·:~ERS A~D THE NU:/BER OF PIrES 
C KBRrlCH I I 1 - ~!U.'·~ER OF SE'·IE.RS I N BRANCH I 
.C XJNI 11 • JU~ICT 10'/ NIJ'IBEP 
C 

DO 430 ·1-1 .NBRNCH 
KARNCHIIlcu 

430 CONTINUE 
DO 440 NJU~C-I.NJMAX 
XJNINJUNC1=O. 

440 CONTINUE 
NJUNC-] 
NJUNCS-O 
LARGEcQ 
DO 5]0 I-].NLI~ES 
IUI:llNcU~',HNI Il 
ID~:HN - DI·\HN I I 1 

l~! THE E3Rf,"'CHCS 



r 
IF (l....;~.';li .• G~ .L,'·r.C[-) LAf:;:r:;IL"·';':: 
k:) R I'~ ( f " ( I U." ~ I:; I = "f.r·'.-X t ! ( i L" ~ '!!: J .. 1 
IF (I'-J'··h~~.f·;. rD:'!!'\:l r}o T.; 51 
IF UU'v','·!C-ll 1.r:,::;'l.C}~'4e.~ 

41):) (1).'-:1 I~::J: 

46".1 

47" 
480 
490 

sao 
510 

CO 48'-' ~~;:.1 ':".J'.~,\X 

IF tXJ:!(r.:l.!~c...J'~!l·;(ll) C~ T'" 
lr (xJ'~(~:l-\.'.) 472,f.()Q':17- ' .. 
C('l~j T I i:l.J[ 
XJt: (~~JUr:c I :..:\):·H~! { J I 
"l.Jut~C=nJ~1."C+ 1 
GO Tn 5eo 
erN T I r'>lUE 
CC,'JT I t;U[ 
co,n l[fUF 
x J~~ '.} ) = D"',~ i,'~ ( r I 
NJUN(:;2 
CaNT If WE 
cern IflUE 
NJU,~C:: = 'UU';C-I 
IF tNJL)~:c~.r2.~1 ~JU~:'S=l 

DO 5?~ I=l,~LINES 
1. " N;U:-:H:: ( I I 
I Df',H = D','II,\ I I I 

149 

" . 

IF (t t·1H."I • .':C. IOt'H,')1 ~:B.n,',!c..Il( IC'~·~H:ll=l~cr.'rCII( I(),"Ht!)+K;:'RJ~C~I( IU:!,rnll 
52C CQNTI, U[ 
C 
C :IF S::~If,L ~,Y5Tr." 0, rl:-·\·:(H[~ 

C 

C 

KSER=LMGE 
KSERPI=I(SEIHI 

C FIND HIGHEST ',:05T UPSTR[f,M G:<OUND [LEV/,TION 
C AND CORRESrONDPIG nRANCIl NLJf,:"ER. LUIIGH 
C 

UGHIGf':=0. 
DO 580 L=I.KSER 
LL=KS[~PI-L 

DO SSO f·'=I.IlLlNES 

IF (IU,'.'II,'~.IiE.LLI GO TO 540 
IF IUGELEVI,'I,I-UGHIGHI 560.5'30.',):1 

530 CONTINUE 

540 
SSO 
560 
,570 
580 
C 

UGHIGH=UGrLEVI~1 

LLH I GH= I U"HN 
GO 10 570 
CONTINUE 
CONTINUE 
CONTINUE 
CONTINUE 
CaNT I rWE 

C STATES ARE IDI:;T,vICES FRe,,", THE DATU"\)*IOO 
C MEASURt THE STATES POSITIve ~C~NWARDS 
C TAKE THE STAT[ q!'TU,'!, HIOOUGH THE E'~CRGY LlllE El"VATIO:-; 
C AT THE HIGHEST 1105T UPSTRE'A,': GROUliD "LEV,\TIO," 
C FOR FULL FLO~ CONDITICNS • THE INSIDE TOP OF THF PIPE 
C FOR NON, FULL FLOW CONDITln~s • ,THE CENT~E of THE PIp 



, 
I 

, 

,-

( 

") 
P '-if i .. : : I:: ( D I t,' " 1 . j 11 (' • -+ 1. / 1 :-' • 
X =liCH I (,11-( ':":'J'.' I .', -i)'.:T~· I rJ 

( 

C CC~·.PU1ATl;.\,': ,ST1\':{TS Hl'rr 0"; TIle .s[(:'::r~'.) rl,ss 
( 

S90 

( 

C(liH I ~i..!E 
RC·;!r-.:f) ~nr 

~'FL,\G"O 

C C()"IV[pT THl" Gq(ll...',','lJ (Lt\'t,TIr;~':1 To ST,\TES 

C /1' 
DO 6,:'" 1=1i,'~Ll:~FS 
UGS=- (uGflr.\, ( 1 ) ~x 1 
DGS"-IOGtLFVII1-XI 
IF t51G~14-l •• ) 6:J~',61r') 6''''''''' 

000 (t.NT ltiUE 
IF (UGS.LT •. ·.l ur1S=UC,$-l'.'; 
IF (D(,S.LT.".) :;<::s:;r:;,s-~.'5-­
IF tUGS.GE •..• l L!G~=~J(s-+~.~ 

IF (DGS.G[.~~l D~s=r~S+C.5 

IUS"UGS 
lDS"DGS 
IUC,S( l'l=IU,Sr'lCO 
IDGS( I I"IGS*lC: 
GO Te 620 

610 (NITli'Uf 

620 
630 
( 

·UGS::UGS*l~·~. 

DGS"vGS*lc. 
IUS"UGS 
IDS"DGS 
IUGS( Il=IUS*I= 
IDGS( Ll =105""'1(. 
(ONT 111UE 
(ONTINUE 

( (O"PUTE Tf-:E ;'AXI:',IN STATE ;lAXS 
( SET THE STATE AND Df(ISION I':(REVE~T, 
( SET THE LO~ DF(I~ION, LOWD 
( 

640 

OUT"-:'(OUTFAL-XI 
IF (SIGN4-0. I 65C.64C,65° 
(GNT I,WE 
OUT=OUT+0.5 
IOUT=OUT 
(.I,\XS= 10UT"luL 
INCR'IT=IOO 
LO)'iD= 1 08 
GO TO 660 

650 CONTINUE 
OUTcOUT-IO. 
IOUT=OUT 
.'1AXS= lOUT *1 ~ 
HKR,lIT cIa 
LO~:O=IO 

660 CONTINUE 
C 

i 
:1 
i! 
" , I , 

'.:~ . 
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C IF "'U~.'tH.R :IF ':T/,iE~ [X(ElD'", Til[ :,LL".' .. ::,[:lr,. n:)'.'!\).' 
c. lErt"'II~j/\TE lbC JOr-) 
c 

IF (I\jN.:i-N:.'.'l,X·-f 6G(:,6r-:O,6"iC 
670 crNT I.WE 

151 

AAU F;)r:.::fIT (///'".>:,IJOH Tf.R"l.';:,TErl,/~X,I,';U'·S[q r'lr 5-Ti\TES 1:, T~''1 L/\f-:'IICI 
1 I 
RdU;U: 

6!JJ (C.-iT I ::L[ 
C 
C INI,TI~LIZE AR~AY~ 

C 
DO 700 I-l.~JS~AX 

IDtiEST 111-ORliO 
70G CONTI,~L;E 

DO 73(; rUU!lC::l 'I\!J:J,';CS 
00_.72.':":' 1:.:1"r\t~;' 
SDl~:;J(NJ~~C,I};DJ~vlW/l? 

BO 71U LAYrr~;l,L~)\'AX 

C()STJ(~~JU\'C' I 'L·\Yr~);O. 
P IrEJ (~~J...;t:'C' f ,U\YER I ;DI ,\'~I~/ 12. 

7]~) CONTINLJE' 
72G CO~T I ~:uc' 
730 CorH I Nl:E 
C 

740 F0f,:'·',AT (lr:X, ISTJ\Gfl ,'"lX, 1;,T/lTf' • .,x. I ('r>TI:/U'-I V/\LIJFI ,'lX, ICPTI"Uv r::rcr 
1 S I m\ I t / / ) ') 

C 
C SELECT 'BRANCH LL F:-!R DES IG;; 
C 

C 

DO 1610 L.l.~SER 
LL-KSERP]-L 

C SET urSTREA'; STAGE ~:1 ,\ND D2',.:'!STnEA" ST,\G[ NSTAr.E 
C FOR ARANCH LL 
C 

750 

DO 750~!-I,r'ILINES 

IF (Iur·H--iN.E~.LLJ 

I F I I UI,IHN. EC. LLI 
CONTINUE 

GO TO 760 
Nl;l-1 / 

760 CONTINUE 
C NSTAGE_Nl+KbRNCHILLI-1// 

C DESIGN BRANCH LL / 
C 

C 
C 
C 
C 
C 

DO 16CO,N-N],NSTAGE 
IUMHN-UClHN(NI 
I D~:HN - D:!,HN I N I 
IF (IU~'HN.~'I[.LLI GC' TO 1430 

KnUI-:l 1 -KOUIH2 -DESIGNED 
KOUNT3 c 

o. IS SIGNAL T"CH[U IF ~UTFf'lL SEI{[q,H"S REEN SCU'CTED 
c., IS StG.·~AL TO SELECT FIRST FEf\SIBLE' pIPE 
IN "NY STAGE 
3, IS SIGNAL TO :;110',: THAT THERE IS " Fff,SIRLE 



c PIPr: f~:? THr .sT,\Gf" 
C 

C 

t~(l\..:r~T 1 ~..:, 
V-0l.i"T 2::~; 
U1L;r:T 3;:iJ 

, 

C lidTJ:,I.IZ[ FS~[~T(I), IC'r.g;T(ll,' JTl""p(ll I .. ~H'; :;r.lr,·~(Jl 
C 

nc 
c 

DO 77:':' K= 1, '~,':S 
r!':1r![-:-ST(Kl=:~I{i" 

I Dr. r S T ( ,: ) ;: 8f S ~ 
IF (N.rr..~;l) r,T!""r(l:)=-')u·~··r~:/l? 

IF ("l.E;'.~\l) S)11',"(~)=r:I·~,'!I~~/12. 

C[)~JT I ~<UE 

T~IE STATe VA?I~[!LE NS = LC~! \TATE 
THE UPPER :Tf.T[ VI,~I:,e.L[ LI"IT HS 

c seT 
C SET 
C SET 
C 

lJP':;TRE:f:.~' :T/,Tr: LI"ITS JU (\r~U JL FCR D~· .. :.'-:~TR~/I~I S'TI\Gr: 

IF IISTAGEI~I-Sl Rlr.7A~.Hlr 

C 
7S0 CONTI~LiE 

C 
C FACT ;: r,rrROXI'~I"T[ DI5',TI'Ii·:cr r[T',':EE'~ THr E~:E'Rr;y LP)E' 
C EL[VATIn~ A':O TIlE Tnr OF rIlE PIPF J0UT5ICE DIA':FTERI 
c cn'~PUTE FACT ror ST~~r ~tl 

.C FACT IS cc~,'rUTED FP0" tIPSTr. c ,\" STAGF. FOR OTHER 5Tf,GrS' 

C 

790 
IF IN-Nil 800.70C.800 
CONTINUE 
FACTop\Hr<IN 
IF (SIGrn.E0.3.) Fi\CT=r',nvl~I+O.5Jj.DtM~I~1/12.' 

sao CONTINUE 

C ' 

XNS.-IDGELEVI'I-XI+CCV"I'r'FnCT 
XHSo-1 DGELrV I '! I -x I +C()Y"f.X 
Y.N5 0 XNS+O.5 
XHS=XHS+r:'.c; 
NSoXN5 
HS=XHS 
NS=NS*lOO 
HSoHS*ICO 
IF IH5.GT.,·\AXSI H50"I\X5 
IF (LL.EQ.l.l\f~8.~1.rt"J.NST:\(,r:) HS='.,,\XS 
JUIN+II·NS 
JUN+I) oHS 
GO TO 850 

S10 CONTInUE 
C 

ELEVCU=-IEL(Ulrll-X) 
ELEVCL=-lrLCLIMI-XI 
IF (SIGN4-C.l cn:::,S20) A3!"1 
C~NTINUE 
[LEVCU=EL[V(U+J~5 

~L[VCLoEL[VCL+8.5 
IELU=ELEVCU 
IELL=ELEVCL 
IELCUINloICLuolC0 

( 
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'. 

I 

'[ 
,1 

I'L(LI~.I=I=LL'I· 

t: L [\''C:,. ~~. U.: '~'C_;:, 1'- • 
ELEv(L~~LrV(L~l~. 

KC...,,,,r:L[V(:..J 

IELC'.J{~,·)='<CH'lr: 

IrLCL(j~)=':CL*l::: 

(O[H I: .Lir. 
,';S:::l[LCJ{:-;) 
IIS= i CLCL (,,\) 
IF (·I~.('T.":XSl rl.s,:;~·,,·X::' 
JU(~;+l )=r-\~) 

JL (;1+ II =fl-S 

\ 

8S0 (()'lTl~VE 

~ SET UPSi,~~.\·.'1T'\Tr LI"rTS r:J"? 
C DO THIS O'l FIEST f1ASS O,\'LY 

STAGE r-l1 

( 

R70 

RRG 

890 

900 
910 
920 
C 

IF (SIG~14-4.1. R6(, ?O,'"") ,Q6:' 
CONll~~UE 
IF· ( n- ~ll) 9 1 ~ , n 7 0 , l') 1 0 
(ON 1 I':lUF 
IF (llJt·:HN-LLHIGi~) ~9C,8A1,A9n 

COr-iTltlUE 
JUI~ll=Lm;EST 
JL ([II =HS-LO',;D 
GO TO 920 
CONTINUO: 
FACT:=P".'T,Y.IN 
IF (SI("N~.EC."".) rAcT.:::p~!T'.qr:+O.')w.DIJ\,~1"'1/12. 
XLO\'l=- (UGE'L::V (1'1) -x I +(0'1/'.' I ~+r I~·CT 
XU~:·::: XL (1':1+0. I) 
LO:':=XLO~': 
LO':,':::LO':lnlOG 

. JU (.~ I =Lml 
JL (1\' 1 :::H5-LO',,:Co 
CaNT I 'IU, 
CONT 111UE 
corlT I ~!UE 

C IF THl LC~EST STATE IS GREATEr THA'I THE OUTFALL STATE 
( TERMINATE THE' JOB 
C 

930 

940 
C 
( SET 
C !:'lET 
C 

950 

IF (NS-~~AX5) 94~tQ40,~~O 

(ONT I tlUE 
HRITE INO.9701 DI"H'IINr 
RETURN 
'CONT I NUE 

THE DECISIOI: VARJ,\GLE.tID = LQ\·IDECISIO.~ 
THE urPER D[CISIO~ VARIAnL[ LIMIT HD 

NO = L(')'.\'f) 
IF ISIGN4-4.1 rySC.990,950 
ceNT 1 NUE I '" ~.! ,,,,,,. '(rHO""" ,"m,! "" -0",,"'" , 

--'" 

\ , 
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rj 

'" -
/' 

\ ~/ 

\ , -
() 

~) j) 
lr TI:[ I\V;\IL\'::U" C(~CI::'l,;.~l 't~, ,'![GATl'Jr:, Tr!7"IrlATr- Tllf J()I~, 

"--..-J 

'Q7V 

C) f! ::. 
C· '::,. 

R["',Tl,'~D ~ITr 

RE TUnij 
cc~n lJ!ur 

~AXD=!rlX(X~'~X~~1~2.) 
IF {LL.r.r:.l.,\I~::.·1.r-::.r~ST:.(irJ :··r.x,')::·.I·\X~,-lur-5 (~ll-IFrX(~'''''.'·'ll,:~ 1(".) 
HO ~ '-;1, XD 
Grl' TO 107:; 

c r:\ t~ 
C IF THe PRGGr.-/,i' 15 :;~J TItE S[(::orT~ ·PA:"~, 

('i,);)[ CL['J/,Tl'.:':'j C('·:ST~f,I~IT.C', T~ 5ET HO 
C 
990 cmlT I NUE 

IF (N-t~l) lC-;G,lG::::,)O]o 
(ONTlr\UE 
IF (LL-LUIIGIl) IC20dolo,j~2Q 

CONTINue 
HOoICLCU':I) 
JUfNJ:::L:);:csr 
JL (N) oHS-LC"O 
GO TO IC6~ 
CONTINUE 
P\-:lo{PDI/,{'n )/12'.+1. )/12. 
FACToP\,T 

, 

IF {SIGt-:1.[Q.3.1 FACTo P\-:T+PDIA{'\ll/12.-PHlEPGY{!:11 
XLO\,= - IUG::L [v (N I ) - X) + trw" I N +F AC T 

1030 
C 

XLOh'=XLQb'U)(,. 
LO','J=XLI")'.': 
U;y,'::; L 0 1:: * 1 r; 
IF (L0W.LT.L"~[STI 

t~D=lELCL{~!117L~W 
JU (N) oLOI'! 
JL (N 1 :::HS-L8i~D 
GO To 1060 
CONTI~UE 

C CHECK T~AT UPSTREAfl SE' .. :ER 1 S NOT A DI,,",\'Y SF'.'lER 
«-

1060 
107 0 
C 
C SORT 

NST~nl·NSTAGE-NI 
DO 1040 K= I'; NST~\tl1 
Nt·lK=N-K 
I N~KoUI1HN {tW~ I 
IF {INM~.E~.LLI GO TC 1650 
CONTINUE 
CONTInUE 
HO= I ELCL (tll-.\ [LCU (II:-:K) 
CONTINUE 
CONT I NUE 

o 

THE JUNCTION COSTS A PIPE SIZES 



C JF TIH' :-)["''['1'") r:r'\.",")T::-f',""~ ('.F TH~ JU'KTtl"'l'l !S Bfr~!r· D~StGN[O 
( 

0(') 1 ORO rU:;~:("=-l. ~:J~j,';C 

ir {l):·~I!.·~(·,j).rr.XJ::('·:J.LI'~Cll GJ T0 1'190 
1080 C(')~ITT~,Ur 

GO T0 11'.~' 
18r:'O C(';~TI~.UE 

DO 11.1-': L,"Y[f'::: .L"\Y'~/\X 
IF (C0STJ:'IJ. ~:C'ltL."Y~~).;:-~.:;.l C0 T0 11::'C 
S '/ Ii L L "! [1 I ("," 
D(; 1Ile ~';::l,· .. \jS 
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Ir (:.-... I;·lL.C::.PIC, ... ·.!,,·,;:--: C,-,;.TJ{:~J~:~:r:, ... l_·\yE~l ...... r.r..!':" .. l .... ;:-> TJ l1Cl0 
IF I(C:,:J(i:J'-·~:C,·,·.L·iYF?l.l.T.S·~:.LL) S~··, .. LLr""'rlr:::J(~UJi:C,'···.L,\':'[Rl 
Ir (C:-:'iJ(!:J,:';(,",L "'I'c"; 1.L i.SV;\LL 1 :":'LLc::C0<':TJ{ ':JU')C,",L",yr~) . 
IF f(O':'T J(.·:~IL',"C,'·,LI\\'E.':') .I""·T .:-,:','LL 1 r:!':'~.J(:'J:'~:::::.'·,l_ "v:-:r) =':"(LLC" 
IF (C2:;i.J{'~j:J~:C,~"L,·.v£.r).CT.~,"·,LL) C:i:;TJ(~U'J.'JC,':,L,\y~t:'l~,:,q·\LL 

1 1 ~ C 
1 lIe 
1 1 ?O 
1 1 ?,O 
1 Ii, 0 
1 1 5 C 
( 

I r (rlf1rJ(~:,J~··!C,"'L·\YE""l.C,T .:.)!/\ .. J{'ljL· ... :C,·'ll .5:1I·\!-'J( ~'J'J':( ,"l =:rlr'~ J 
1 ("'JU.'IC,",L,'\v:-,!) 
C0'nII'!!.![ 
C~\~IT I ~;'. . .H: 
(n.':T I ~:U[ 
("""T I'lL';: 
CC"~'TIt'\UE 
I =LOC\Tf" (,::, LO',iFST, I ,~:CI')"T) 

( cr'"l'~DUTf THF f":l!::"1r SIZF 

c 
1160 (n~a r ~!U:: 

.·~5"'·"'\D=.~'S-·:) 

( 

C IF nSvt!D IS I:CT F!:t,S!f'Lr, r·c ie r~EXT ~rCiSIC~! 
( 

IF (r~S·~f![).LT.JU(":J.""'''''.'!'<;'''''D.(jT.JL(··:ll r.O TO 171:;"') 
( 

c srT 5:::1'" ur:,Ti.~""·' Plrr D1."""I:TE1. 
C SfT SOIA = J~~:CTIC~ PIoE Dt~\'[TER, r~ ~~P~lC~~Lr 

( 

( 

I I = LO (,\ T F. ( ~ 1:, ',' ~l D , L 0','T.5 T , t· c. !"';,' T ) 
SDIA=DTE"PC III 
SDrtlJ=O. 
IF (UI"H.~!(~!1."'0..XJ~'("':JU·1(11 SrI/\J=S!lrAvJ("!JU~~C, I 11 
IF (SDI~.LT.~~;~Jl S~I~=~~I~J 

IF LSI(,f<.'?-.:::.I"'.) pr~r:" PI':!:! ("!,~~~,<;:)if\l 
IF (SI('N~.Cr:.""l..) rlrr..,rir::-2(~!,·!n,.sJI'''''1 

( (O~PUTE FA(T FOR USE IN SETTIr'G Law STATE IN bC"'~STREAM STOGE 
( 

IF CKOU~T2-01 lIBC.117C.J.1BC 
1170 (ONT I 'IUt 

KOU~iT2=2 
p\n.CPIPE+I.I/J2. 
FA(T=PVlT 
IF ISIGN3.ECl.}.1 rA(T~D\;T+PlrE-p;ERGY 

( 

( IF TI·!E OCFAULT PIPE VIAS (HOSD. SET ~O~'!T? • C 
( 

If. (AnS(PIrr-(DIfdr-1f'TP!:Sj/l?.11.LT.O.OI.1 '(O'lr-:T?=O 
1160 c'('flTl/WE 

" 



) 

C 
C -::;"I"Lif i~:'r (r.:.T r~'";' T~-!r::. :-)T:,~E 

C 

C 
C 

C ::.s T :: .:: :J ~ f' •. t ': I • i:: I ':::- I 

( (H:-::-< IF "):51,-· .. ; JS ('~: ~,7rG.~ ~.! 

C 
IF (~:-,'::l l2~JtlJ.r:,...t12"'r 

11":; ('"":Tl'I',I: 
reT:.""'. 
GC TO L'l''-' 

12110 C(""Tlr:u~ 

l?le C ...... ~lTI'!'J: 
C 
C C\.·.'~UL/,T.E C(,~·T<:: 

C 

C 
C ·'\[)O THE TRr:-:',)Tf.RY ~::"\"«I! CJSTS rr fPrLIC,\:)LC 
C 
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IF (XJ~I(\I I'J"() .C',.....'J··j1N(~:) 1 F'!SX')::r'~C;X':"'"C~ST )(":JU''-C':! " )+C,:;T J("Ji..; 
1.'IColI·?1 

C 
C FLAG A TI[~ S~LUTrn~! 
C 

ITIED=O 
IF (F~SX~:.f~.FS~FST(r)) ITI~D=l 

C 

o 

C f)r5C~,.':'i) S'-"LUTr"":, ',"rTy r'I."·~T\:'"o r,r:-r~T~'1 TH:\~' rurr~LL r,T~.··'rT::-r. 

C 
IF (PIC"I::-f"r "''',''Xl 122'::t12::'C" 26: 

InO. CO,·:TI':U': 
\::'iU~!T3=1 

C 
C S/'..Vf. THE CH[..1:r[ST C0ST ,THC r:)rCISI(,):: ··~;D Tf-JE/PII"'E S!Z~ 
C TI:'::S SRC'(Cn I," F,',V"'Uf':I f"lr Lr'lI:.'rST V'\L~Jr-~ f)E(tSJt()~J 
C 

c 

IF (n!sxn-:-:-~;i'r:ST( 1 J J 
FsnEST ( r J :P~SXN 
S~IA·q I }=nInr 
ID8ESTIIlo':D 

C FOR TIEn ~I'LUTIC'IS; ",IKE IORESTII) = - IoprSTII} 
C 
1,/1 0 C()~!TJ~'~,'r 

c 

IF IITIrD.E~.O} en TO 1770 
IX=IDnEqII} 
I08ESTII }"-I~PSIIX} 

C I~CRE"E.'IT THE ~ECISINI VA'lpnLE NO 

(\~2C'O 'CNITI'II)= \J...Vno C.Jf'TI1'lJF 
1270 ~!O~fID+tNCR~T 

IF INO.LE.IID} GO TO 1I6C 
IF IIonT3.L[.O} GO TO 1310 



·-

C ....... L'T:""JT ;:,7·',"". ""T,"T~, ('r_';'1, to:,,", rrCT.~!:"\ 
(" r-r-TIr .... ·\~ ..-X,..~-rl r~,') 7\:' .... '.!T",~L ,e.T,'r,C" 

r 
l?n.C, (1"~'TI':~ . ..'r 

I X::: ! r')~:: ... T ( 1 ) 
!ilr-:--'·-lirr:;l 
;F (j:-:.:.r.'~') .... ;f'" TI"', ~29"" 

J y, 0_ J X 

ITr[D=lT~C:::2 

"rLt"Cl=l 
,')("1.1 ','''''rTF ("0,~-:.""'''''1 •. ,.:::,F-I"",!"'\cCT{!).!X.1 T 1 r ..... 
1"l:J"J r,"':':;:":,1 (}{,>:, r?,r,X,!: •• 5):.rl?.~,.ox.r!.,'\1) 

IF (yr;l":"T:."r.0) Gr- T,O 1(,:"·:', 

r 
c l~·\rc:"~·:T T\I: ;.T.\T:' V,'\';::j,'\+L:::- ~~s 
C rr -,\' :.1 C"l:': ~1f"1 

C 
',-:::10. C''''''Tt~~:!f 

~:S='·,! ... !"(r.·'T 
~~r")=l'"\' .. ·n 

-J lr (~l~,_\LC:) 11t:,1"'''1':''''''''1~~ 

I J3?0 C~':T::-:Uf 
"-- C . • 

~ ~ TI n J:-:.'£ ...... ,r: .r~(' .<:;U!T~nLf" SF' .. :t:"p 
~":\Tr T\:r Y"'P 

C 
II=" f'<: ..... L'·\T"'l_·:q l"l"l .... ,l"'lS"'.'''l,.:.r 

1110, C,",I~Tlf':',..lE 

.. 
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J'lftr: Fr:'rJ",'\T (///t:;<,IJ"'n. TFR..,tH\f'lT"::r ,"IT H,VJl\~lr ~lu··nrq ='.F(l,.'I/r::X,'''':''','TF,\L 

1 

lL !)r,,~.'[Tr\') tS Tf""(: S~'~I~LLI 1 

~::\\'H'D '~rr' 
PFTUq~1 

1'11)0 Cf'\~\TT~I')F 

C' 
C JF I)F51~"'! 15 1"'\~1 n1F: cPI~L ,<:",T!\r1=" :'F T~lr "'''Pl OJ.'P'O-l, (1;; T.'" 
C R0UTI~,~:: V;\I1(1-1 S~LECTS Tl-lr (HE!',PE'ST ~:~"'Fq SY<:",TE'·· (f"\ST 

C'---
lF (·1.[n.t:ST:\Gr •• H~r..LL.r('\.11 (.n it; 15'10 

c 

C 
1 %0 (C'IT l.',(!C 

C 
C 5TC'RE THE 01rr ',lzr AT Tfl~ JU"CT1C": 
C ST-rE THE C0STS ~T THE JLNCTIOP' 

DO i:7C "lJ'J,':C:::1.tUU"IC 
IF CXJ.~!(:"IJU~\CI.(a.~_")'I\-:N(·~\ 1 Gfl TI"'; 1180 

1,10 r"'NTl"I\)F 
I1PC) I"Tttl'~~ 

LAYER·-1 
00 l~"(' U:::, ,l'\l.l~lj:"<; 

IF tXJ"!C~IJU'lC).rr:.n"Ht.Jt·~l) L.\yF"=Lr·yEP .... ' 
IF (U"H"'(I"1.r~.U··H":(''':») (";0 TO 1l.~.') 

1 "l,"O C'C"nT 11'1\.'F 
14C~ (("'It-'T!f"',JF 

i: 
I' 

. r 

J 1\ 
!I , , 
I'i , , , . , 
I 

, 

I 

I 
i 



·-

1"''''1 1 t, 1 ~ ",:,,' ~ ',,,::: 
(':"" (;. T J ( 'I _1'.1 -,..- ... , r. : Y" ~ ) -:- F<:' rr C' r: T [. ~ 1 

rtrr J{~·.J"·'r.~;·L:·yrl"')~S"""l·'\'(··) 
.It,1n C,...·:Tr"~)C 

~ t.?" (""IT! "L!r 
~r; T~ 1 t.. t"J' 

C 
If,"'" ('"'~!iT'\\'~ 
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• 

r .... C;Slr.r: ",\X!I'U'~ L':;STnr!·" ::T;\T~ L t"TTS r"'ir; r-.":".':'lSTC'~:···~ .':;T,\(;F 
( 

( 

!1:"(.JL('l} ..... ·T •• JLI'!..Ll11 JL(".11 JLP:l 
tF{JI!('!1.~T.JL·U'''11) ..JI'('!+: 1 := JUI'!) 

C ·)f,vr. T ~~:-:-)T ('J) =' C F·:-:r 
r 

, D~ 1.(,!.0 "=l.''':~~S 

THIS ~Tf.(:r 

~n!lrST (\I) ='" 
Il,t.:) C'"'l~:Tl~.'UE 

C 
11,50. Cr:t:Tl':UE 
C 
c S.'VE TI-!f OPT,1"C" D::CtS10N Fnl? T~J15 S";,·'(J:: 0~ TI\o:: 
C 

C 

rr. 1',70 \(Tr,p!:,=1 ,~\.,~, 
J:: (I( T /\~ [-1 1 >j. t C::F +! 
J1 1,=J+lfiFl 
~d~lT~ (~!Tr,l!.I-."'l {1T'\nE~T(··1.,·!=J,J"41 

Fnf\··~,\T (lX,~)rr:l 

IF (J:'I,.(·(.W'Sl ('·n Te l-"P':" 
((,"IT r 'l',JF 
((:.'11 t ~1:"'" 
IF (lDQEST(11.[r:-.C) (.0 TI"'\ 1F-:'[') 

C DRlf'T ~l~E SlZ~S r~F TUIS ST~r~ 

C 

C 

\.,I!:: I T E (r:r., 1[. ~~ 1 (S~ t r, (K 1 ,1(:= 1 • fl~ ~) 
F("R"i\T (11F":.?1 

i 

C UPOf,T£.: FS~DT(,l I\:l~ OTD'0(1.:') r~1? USE /IT THe "lrXT ::T,\;j( 

C 
DO ,c"OO K::::1.,~~~'S 

OTE:1P(Y.I:SDI "'{K I 
FSnnT(vl=~S~FST(Vl 

1 c;()Cl .crr-'T 1 "L1E 
(or) TI' 1600 

C 
1510 CC:;T1NUE 
C 
C D"'I~!T TH=- DIPF SI7rs F0~ THIS ST.\~f' 

C 
\-HnT[ (N0"~C)'""1 (ClOt!, (Kl 'Y.=l,~~"'lS.l 

C 
C FT"),) -Till=: CHFr.PC:~T (05T FOf!.. T~c:' Sf',\'C:R SyC,TrH 
C 
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I 
I 

I 

I 

I 
I 
b 
~ 

I" 
I 
I 

f , 
I 

(' 

" " 

'I 

It'" (!"':~~>r(~,ll_"l ~r.1""i·r,?~,,_I"''"l'" 

,. r: ;;: ' .... , r: ,'" ('\ 
- r"_"" T..... , r: I,"" 

ri"',~C ("'~'ITT""r 

., .... ::: r ~L~! -' ( .. J 
1 c::.!.O cr.·,·i! .. ·.rr 

J •• T .: '" L"" C ,'. T r { "S , L .... '.'r:, T } ! 'l( rH' T 1 
FSr:~5L~nr,..'· 

1:J!"::,L:::t'lt::t'Hl 
~r' 11"'·;'"\ J""r"J~'.!", .. '( 
~r (i-;.nr:-TfJJ_,r.nr<"Ll 1c::.c:r.,ll'":I'J'"er.r: 

FC".r':,L=r'":nc-ST{.Jl 

I r· "':':." '"", L = T r'\ r F '; T ( .J 1 
,-,:(;',)"T: ::J 

1 S(/,) C'}'!T I "LI:: 
1 ~ 71) co'n P!l t:;=­

( 

( IF N(, C":",T '.~·i\~ .~F.Lr:rTFr'I, Trr"I~,,'ITr TI":F:"J0° 

c 
IF (1(1'"'lJ~!Tl."'~r.,:,) r,f"'I To l~Q~ 

io:r-ITr (r'n,1c:.p~) 

l":oa F'),"i\T '///I:X,IJ(,~ TFR"I'~·~T~O ,'\T CUTFI"LL ~.~,\~IH~Lrl 1 
R[',.:I'IJ I'TO 
~ET:":?~~ 

1 50~ ((,"T PiUE 
( 

I r'r'\r.s T {~~r! r'IT ~ 1::: I r.nrSL 
r~!1':'(", T {\""T ... :'!T 1 } -=F<;ncSL 
I=!<I"'U"'Tl 
~! S = C K ilU"!T 1 -:f I '!Cr,o~ 'T 1 +L ,,1.lr.5 T - I "-!(,.o·q 
GO T~ 1200 '; 
(O'IT I nur 
corn r~!uF' 

IF ("rL·".r..(;T.:') 1. IC'TTF Pl",lA.?0l 
16='0 r""""'I\T (/15Xtl~ ,"IFT~r. THJ:" ,""OTY"U" ""C:('JSI("'\~1 p 1n rr';\TFS',/1C:X,ITHf.T /\ 

c 
c 

lLTFq~'~TE ~PTt"~L rF(TOrn~!s rXT~Tt) 

( ~ E ( 0 V E R Y S F C TIC N 
C 
( 

C 5~LFCT !1r;>f,~!CIl L r:-"p DFStGC:; 

no ~~~O L=l,vSFo 
IF (L-ll ]("a.p r 0ol'?'0 

1630 CrNTI"UE 
( 

C FIND Ttle ST~TF FL O Vt.TI0N OF TI'F ",~lll Sn:EQ 
C hT THt: r:"'lV,'~~STPE:\" F~!r' ("IF BD,fI'ICI! L 
C 

O~ 1640 LL=l ,"L HTS 
t U"J--t'l ~U~'I-Hl (L L ) 
IF (JlI,·'HN.E~.LI 1'l=LL 
IF (IUI'HN.E'l.lI G'l TO 16<0 

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

,. 



.-

1('/1~ ('1"'7I""r 
, (, r;:"' C f",': T 1 .ot: I"" 

i t, f;y:: 

1'(,70 

C 

c 

1 f, ':! r 

1 r, I"l r. 

! 7,...·0 

_~~',,) 

c 

f: S T ,"'; r F'" -::- ~, , ~ \' n rH, n I ( L 1 _ , 
:""'1." ...... , ......... _ •••• " •• (" 

yr ( .... "II"I .. '"T ~1"'.l:"l.r,....v.J .. (" '~'''rll ,.r,!"; J~!c:(r!.p'·'rl 

IF {'"''''I''(·:~T.~'-.C'l.r''''.vJ·!(''.JU·''''}l r:r:: Tf1 1(,"12 
(('~\T I ~'ttr-

C'-:'ITt,"!'r:-

L.",yrr.::--; 
~I"'l 1{,n" ":.:' .··LI~·t"S 
It" (XJ·'('~)L'''';l.r'1.'"'''''N(','ll· Lf.yt"I');LI\YFr.o .. , 
IF ('_,I''I'·!{''l.!''":.U·jf-l·~(·'ST!,·I''';:ll r:~ T,'"' 1f,1")1') 
(')'IT J ,':, 'F" 
C~~/T'II Ir 
I =' L ('( {\ T r ( ": , :.. r'\ ':.' C'" c: T • ! • 'c r)" T 1 
I I : I 
S" t, L L ,,( 1"'''', T J ( .. JU~! r , ! t t.A YP) ) 
("I'; 170('. ",..,1 ,''uS" 
1=11-" _ 
IF (C'"'5"'J("IJU~IC~! 'L~YE~l.Lr.C;"~LLl (.('1 T0 17("10 
G0 T':\ 171" 
C (\'!T T ,'1'.1 r 
(r"'H 1 r~ur 
I = I + 1 
~1:; = ( 1'1 I :~(f':l"T } +L n'.,C'*~ T -l'lrr"r 

c R~cvSDAcr TArr Tn T~r t"orHT 0t" ST~Gc, ~:ST~~~ 
C 

D~ 172" ·'=I •• TADF 
n ...... c~sp,''1rl='" ~nn 

1720 CI"'I~ITn!U[ 

C 
C f?fM). THF "nTt"'J' .. nr:ClStl"'l~IS F'('It' ~Tj\r.rt ~:~TfJ"\E 

( <;FLFCT TIIF '1r<"T '"'C"CYStr:-'1 
C 

Dn 17?O 'J=ltvT~n[ 
rhC'<Sol\(F "':To· 

17:'0 (~~!Tlf'.:tlr 

no 17M: ~=1 ,~:rJ\nf" 
V~::(~_, 1{<ynl="+1 
~'l;I~=\"":I'+trr'l 

o~I\O (NTPt'/~~()J (tr-'1FSTrJl,J=K~tr.'"":I/~l 

17 /.0 Cn~Tt""UF 
lX=lP~Eq( I I 

C 
1750 CC'~TH1UF 

~1"=f'.lr;TI\r:.f 

JS='IS 
'·';>=Nl 
~rEC("'?)=IX 
~!TV=C 

IF (In~'ST(II.r.T.cl 

NTV"'If'-lTV+1 
k'TIE"S(NTV1=~~' 

Gn Tn 1'~ (n 
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, , 

.. ----------- --.'-.--"-,,,-',, ---.,-----

17f.'~' r"" ~'7~ .. , I:":l,v-T.',rr 

1":''''' 1"""0" v'=l~I'T·.rr 
n!\r::'.'~-·,("r "Tr 

l-'~n ( .... ··T!'·'! .. 
r 
C nr.~,i) 7~1r" rrTY":;" ....,r:'r!~T,...~' .. rr:> Tf~r D,:rVY"'US C;Tr.r.F 
( -:rL:CT r'lf 1"'!r'",T r''''CrSl''~1 

( 

17'10 r'I ..... 10("',') '-"",vT\:"l: 

Y~:-(K-l1tj.Tf1r .. 1 
\", -::l.;:~\' + Tn .. , 
rr",..., (~'Tntl:I(.J'l (Tr'l!"'lrSTI.)) '.1.,..,l('v,v~t.l 
(('':IT 1 "I,TF 

~ ~S-~L'''''C!\ T r. (.J~., L ,....'.'.'r:"~ T I I~'Cr;""T, 

'17 ::~':-?-1 

r ') [( ( 'J.,.) ': ! [)C" r r:. T { ~ ~ S 1 
JF ('; .. ,r,r;CIP:'l ..... I"\.") r..., T~ lif...'J 
IF (l:r.r("2).r.T.~1 r,(": T'1 1fl.ll') 
I('rrc {'" 1 ~-v_tc:( .~? I 
~.'TY~ .. nY+l 
',(T I FS ("lTY J =~12 

11110 C~~~TPHJ~ 

lU·'Hf'",l.'·.'I-J.\' ('12) 
I D"'r'~l =D"I-I'1 (~! ='.1 
.Ir (tt' .. H"l.~!r..ln··~·Hll (':0 TI""\ lP'?o0 

c 
r ~TnpF TIJC' C:T."TF, J,S, ~T THY:'- Jl'''lCTI''''''1 
C HI TifF flPr..~,Y, J/lI~(""lJl.l~I() 

C 
on 1~2C ~:JU~(=l,~~JU'!C 

IF cr-""".)(·!/1.r0.XJ,';("ll',I~~Cl) J,~_c::.(~1.JU~!():-JS 

1 p,o· C;",~ITP'\JF 

C 
lP'l.O cn~!Tl'tl'': 

c 

IF (~2.F0.~n) r.n Tn 18~O 
JX=KI)EC C":' I 

lr IJX-ARRAI 'A60.'840.,q~" 
, A/.O CeNT I >!UE 

\'iRtTf (~J(1,ll'lr;""'l L.,·~, 

For.: ..... "T (r,x"r?rwlt f"N B"A~!~H ::1t!r,,'AT !"Tr.GE' =ltIt;l 
REHINO ~TP 

)860 
C 

c 

Q£TLHH\ 
CO'IT I 'IUE 

J5!::J~-JX 

IF (L.NF.l.1P.~I:'.~!~.~15TJ\~F) 

C PUT THE' TAPE Ii\! "'::I',,,,)I',r; ~'O""F. 
( 

RCHu,n 'iTP 
MSF' .... r!?::ro 

1'(1 T'1 17M 

) 
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~,.... ln7" t-:l,v~r'" 

'!:-, ::",rr' r -:~' ~ r':"r r. ~ \~ r., ",r" {r 1 

1 R 70 C~~;71'~1 t~ 
IF (,!~rl·:r~~I.T.1J ~n TO ,~"~ 

vn=(~'~r~~~D_7)*~T~~r 

;"'" lnp,~ \I~"vn 

r'.'1.~ (':Tt"'I'1"t...~1 {rrl"lrST{Jl • .J=l.!t'lFl 
lRg:! C'"""!TT"tl~ 

("'1("0 Tt' 17 11 ('1 

c 
C I"DP!T T~~r r,rTP··~L ~C"(jSIO/'J Ff"\~ F:\CP .~T",.,r:-

C 
, qr'H) '1",,,,~'<:'T.H':''''l 

"'!"'ITE (··f'\11.,~r:l t'<I"'r."((v 1 ,~I"_~tV='" ,~IST:\GFl 

l"C~ FI"'II)","T (:'(/l /,X,I:(!/"t:X 1 ,12.1Xl)) 
V.'::' t T r P"""\ d M 1 f'\ 1 

1()10 'Frr-"·,\T (7~Y.~H.l 
IF U'TY.r'~."') (':0 T("I 19 1

1"\ 

'.'.'0tTf O""'I.1I"·::-'''~ (vTTrS{I") ,1!"=1 ."'TY) 
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lq,O (0~ITI~lt.'F. 
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( 

~! ~ f·' 1 
«=1 
IIIVH~'=1 '''~'I ('! I 
IF(lU'·H~!.rr:.' I Trl"':,T =:0. r, 
IF (r!1.rr.'l~,Tf\r;l='l r..n Tf"'l l(,)"n 

19/tO Cn~'TT-'!UE 

C 
C FPH) THr-' STflT'. ~IS r0 D Sr~~E" ~! 
( 

tF (·1-~111 l'Pil':.l Q f.r:",cl" 
105() i::~~'Tl','lJr 

MS:::'j.SH'f"\rr: ('!'J_vr I 

G" Tn 1 110 0 
1 Q~O (~flT! "IIF 

1~·UP:::() 

~! S T~q 1'1 ~'!", T fI(:F.-1 
D" 11')70 ~!d'l ~'lST'~l 
t ~lU'-1" t ~I J" .... I< I) 1':"'( (II 1 

, 07t') (("I""T t ~!I.-'E 

1 0 RO 
, C)C)o 

( 

~'')=''l~-t ~l" 
("",'T J ~q Jt:" 
(rWTPllIF 

C DE!"; T ('''1 5Fv.'FP ~! 

( 

( 
C F'H!f) 5~·J\LU~·~,T f)Y"',rrr o J\LLr',.,,,IILF, t;t"'ItA 
( 

IF IN-'Ill 2010.200C.2010 
2000 (eNT I r:u[ 
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r.1"I T ..... "")!,,:,., 
C,-..· TT"", 
"'".t 'ro-- ': r._y ..... :':v 

Tt~r-t.'"'(···T!"""(·'rl.'!"',~ ""'C"~Tt 1"(I")"TI 
~,:-"i ',""'Tr l '!",( i'.';') 
~r,1.'·..J~''l. 

~n ?C:, "" '!.JU."C".1 t .I'.I\-'~'C 

· ~-~~-'--'--~--~'-'--'- ... -... 

IF {11':I~H(,·;}.I""f").Y_J"{,·,'JLP!(l~ :f'\lr-.J::~,r.T'l.'.J{·U\I~'(,Tt.'rl 

"l;·?0 ('")':"'l"1ir 
I r (,.. ..... T .' • LT. '" ..... 1 ' •. \ 1 -::,-.. I ~ ,.. ... '"'I T .",.1 

.... :-::0 Cr."TT"\): 

c 

lr ( .. ,l(··'''l..r'''.t.) rlrr-:=rlr"C"l (·',y ..... r"(""I',~,I""\Tf\l 

IF (::r."".r".".l rIr:-r:=rt"!""7(H,I'r:-(",:)r'Yf,1 
("ST: C .... T(~'·{·,.·'~,\'rr(\·) 
Tcr~T~T(n~T~(r~T 

r(O';T(,"}".cr.",T 
v~~:;L""C,·.Tr("'~>.! """. C"r:,T.IN(r.'''Tl 
r,T["r ("" I =:"1 f"lr-
!"l ~l ,.., ..... F ( "I ~ ",t "'r'1f 
~~1~(·;\-r:rr"·:~. 

!"l0rt IL. L ( '.' 1 :"'H"'\ 1'..1. 
nVnlLL (~' 1 =vr:'LL 
PV"! ~~ (" 1 c-V'.ll "("""I 

PV:':X ("') ::V'·',·,xr 
rnrri 1\ ( ~') =f'of ~qq 
nq,!""r.r,y (!'oJ) =;"r(':'r',y 
rn D 0:> t~, I =f)rr.r 
DrhU.I·II.F~LL 

C C"""l"IllT r Tile ptFP,CiY LIJS~, ~L"""~c.. 
C 

IF (~lr,~11.r').:>~ I r,,... TO ?""7"" 
IF (r-'_~I' 1 7r/l,:,?r~·r:,':'OI4r 

?(lI.0 ( ..... r'Tl~\'t:' 
vu"pvr.'~XI'I-ll 

VL·OV"hXI"1 
C f)AVT'; r/.('-4" 

IF (VL.r,r..V\J) r:"L0SS-c.':'.?IIo{VI. 1<",-VU llotf ?1/(?*G) 
Ir" (VL.LT.Vtl) rL("5.c;~r.".!J(VUI1#?-VL*·"?1/(7.*Gl 

IF {!""L0S5.LT.~.~'1 ~LO~~=O.~? 
(,1') Tf' 7060 

2'150 C'lNTINtlF 
(LOC,S=C1. 

c060 COflTH'uE 
IF {rr'1(,f"'.~'r.'i.l rLf"'\~S·(\. 

r~'HLS~{"1):;r-Lf"IS$ 
7 070 cm'T HIUE 

IF (STr,W~.EO.~,) r'I"~L$!i(.~'lt::r.. 

c. 
C (I'WPVTr Til" UlvrR T ~POP Pl'IV'lP I N I 
C 

IF (~I-~Il) ?~pr.?nnn.?O~0 

?CRO C""ITl~tl:F 
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rr (C,rr.,,"I_'l.) "11r.:"2".'lF' 
;'11r. cr"TT'''·'!'''" 

PUI"I/f'll ;-:r[ '-'.~T( ~''''.-\·'''IrC(~I''-v('''l 11 .... C".+rTnr ... f"'I:')t"'IJ"'l 

rDl'''V(''l::,Fl t"'I/lTP'~)l/l-; ..... rlJr.l~ 

Gn T0 71(,r 
71;,!'1 (1'\~:Tl~'I.'F 

IF {"-r'll ?1.,~,<"'1(·"',/1":" 

71 "),0 Cr;'!TP".J: 
PU 1\:V (., 1;:: rLr:\ T (""',_1' ~FC ('T'l_Y r: 1 1 11 r-:r .... n:r.;.:ry .... r-L "~,(',...rr""'!"' 
P~1':V(~'l:orL"""T(~~t:)/1" ..... F~:r .... ,..,y 
GC' TI"'1 21r;~ 

"lln C!""\','TT~'t!r 
r lJ T ',IV ( ~I 1 ~ r V" " T ( •. :. - v r' r c.', r,l., _v (') ) I ~ .. "I • + P' C' ~ r y 4, '" f?nn 
nDT"VC .... '),-:rLr)i\T(',:,)/l·"I .... r",'FI:'r;Y 

~~r)('1 ("n~;TI/<.'Ur. 

717~ 

C 

(I""IT r "lr 
flU I 'IV ("" ":,!x_nt.'t ~'\I (~'l 
P~l~V(~\l=X-P~INVC'~l 

IF (1'!.E-:.'!11 r·,- i'r, '17r, 
IF (PtJI·iVL'J).CiT.rrtTflV(·I-' 1) 1"'1I!~~VIN1=l"'nl~IV'('I-' 1 
(I'""I"T 1 'ltlF 

c C)qplJTr HW (~:rqr,y l.p,e: FLFVi\TY0'" C'LC"LrV(/<.11 

C 

? 1 ,n('l 

C 

rlrLrV( ~~ 1 =f"'IO!"'V (~ll"'I"'Tpr 
IF ~sl~~.,.rr).~. 1 rLrlEV("!l=nrt·'V(~l ... r~lrq~y 
N:I~'+l 

KC=I:C+l 
IF Pl.r,T."·(',Ti\r;[l r,n TO ?2'+O 
crwT I "UE 

r: fF' T~r:Pr. T(', t> r'\U'H~y SFv'F.R "c;c:.yrN T~~F rJaSTR~J\"" ,c;n'H:'p 
r: pprH'lrpT t ~c; T" THF nU'I"Y ~e',:tr:l 
( TrQ~,q~lI\Tr Tlir Jnp IF /<.,(\ nO\·/~I~TQr"~j Sr',oIfl7 IS F()U/<.In 

C 
I U~HN =U\~H" ('I) 
IF (l'J"HI'!-Ll ?,C)r.l01~o.?'nr: 

? 1 00 (NIT 1 'llIE 
PVVI\X( .... l..::PV·~f<X{~'-ll 

PDI~INI·P~I.IM-ll 
r[~FRr,Y (~'I) :::Iorr'r:r;or.y (f!- J I 
POI~V(·'l:lf"'l~t~V("-11 

f\'ClM+l 

KC=KC+l 
tF ('l-~~TA~F) "Po.?18n,??n~ 

,?no CrWTI'!lJr 
1,'/PITE' P'I"\,7.:!10) L 
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IF (I""'rD'"'f1( Y 1-0.1 :"'~('~ ,;'I~?r"\.?1.I")'"1 

("("I~'Tn~lJC" 

1.'.'r?1T: (',r,?1,"", I ,rof"''''OO( r) 
.F'f'I!">","T (11.c;Xtl"l~' r:r"'Er,lI,llp.,X.,r:"·'FP(jY rH''"'r IrTl :: t .I":"r,., 

(''.~IT t ''\IF 
(r~IT r ~ILlF 
',.JPITF (f-',..,,??-II'J) 
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Dn 71'1(' I.:-l,~!LI""r!=i 
cnVFR:ou'-,ru-:-v( T l-r!'T~'V(I 1-1 .1*rr'1 /1'( t l/l? 
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\-!OITr {~I("'l'?'.10} (Y',r.'LELFVfKl ,K ... l ."ILTr·!~Sl 
F0R"AT (17,FQ.?1 

C nrp1SITT('o~ T~rF 
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IF (~.I.t"'lr'.,'rr.>.LT.':Il (",("'1 TO 7',1n 
1)1"1 ?,,?" V;ll ,l(fI 
"FAn {"'Tr'l/+~""l (T!",nF~T(.ll,.J~l ,tn.~l· 
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Cf"'l~ITt·q'f" 

y "" r •• r:. 
r,... '?:Ir,~ ~ -"I T~'r;, 
fll.'T- (f\r'\J .. (T) 11 ?+'. ,/ -'. 

rtcT-r'.'; 
Ir {rtr.·'.,.~"'.".l r/l(T=nl:,'Ttr:'r!t·(r)/,.,.-rF~lrprY(T\ 

Z""f"LrLt"'l( t l-+Y 
1-' t.rL(,1J(Tl~'I"'I.I"I.l t"l,(\'{Tl:-7 
IF {rL,(Ut!l.·'C",r' •• "":.- 7.LT,["'I(,II!" I='LrUITl=Z 
7=~(,rLt::'vl I )_rro,V1'l"-f:'IICT 
Ir (rl(lltl1. r,T,l) C"L(\J(l\='Z 
7."'!':"1 fLrV(! I-Yo 
IF IrLrLlII.r~.o.l FLCLII1,z 
IF {rtCI ([)." ... r".~·'n l.r.r.rlel(Y)) ~1.("L(11,:,7. 

IF IrlJUIIlol.T.FL(LII 1 rLCl'II1~rL(( II1+Y 
I~,T. .. r:Ftl1=1 

?/,50 C.0"~TT~'U~ 

CJ 1 (i~1'1-;:;11' 
Gn T(" r,l1n 

?(.~n C"~tTT~q![ 

R!="T! JR~I 
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D0 l~O rr~~'~ILtNF~, 

00 4C J:::l,NLtNES 

C CUMULATE UPSTREA~ rorULAT!OPI AND FLOWS 
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IF (U"tlN( 1 I 1-ll'·IHOIIJI I 30.20.30 
?o (ONT I '!UE 

PIWI I I 1=~npIJ}+rnrl I 1 
(":Icn" (T 11 :::0.(0'·> (.J) .. 1"'1( ..... ,. (I I) 
n1fIDI I I I:OH'OIJI+OIND(1 I I 
01 NFl I I I = (J I ~ r I J l+ [) I N F ( I I 1 
(lADD I I I I :OADD I J I +[)A[)D ( I 11 

30 CDrnlNUE 
40 C(,NT I NUE 

C 

X R CO": R (01·' 
XR I ND':Q 1'1[) 

C SELECT THE FLOW tyr,. DDv~STIC OR cn~~ERCIAL OR INDUSTRIAL 
C 

IF ITYPEI I 11-2.1 5D.60.7° 
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J 

I 
I 

1 
I 
I 

" 

I 

I 

,,' 

70 

c 

(0~1 T I ',',ur 
X'7(r'.':::('l. 

y:r.r",',n::: (). 
r.r Tfi q"j G. 

C""~'T J ":[l r 

n<1P~(III"n. 

Xi( J ~!~,,:). 
(,('0 Tn, no:' 
("""T 1 "lJr 
01"'11"1')( I r l~O. 
Xr:"(C":::1i _ 

(:'~lT r,'JlJr 
IC"" (f'lI"'TJf)('! 11.<[")."'.1 r;o T"·1?0 

-,' 

c-co~,'rlJT[. TH[ D:)~,'r:~JTIC rl'V:J p[fll(rt:r. FACTOR, 0f,:"i\KF 
C 

nO 

lao 

00r( !~1:::P0rn(lJlftA(rrS(Ir)+rnp(Il1 
P1000'PI1P( I I IllcCC. 
IF (I'"'rJ\~.rS-l.1 l"Ji)d0:;)lrr: • 
(0'JTI,~~l!F .. C~l 
PFAKF~(lq •• ~0?T(rl010 
'G " l (1 '1 I "'-.,. 

)/(~.+SQRT(Pln~Ol ) 

(r'lt:r I til' (:--
PFA~F ~./~lCrC~~O.2 , 

I I 0 
IF (p[fll(r.,G..T.r"H-·r.'_'AXl PfAvF=Pf".F"flX 
IF (PFA~¢.L!.rYF"J~'l PFflvF=r~F"l~ 

J 

1,0 rn~'TlftUf' 

( 

+ (ov,DlJT'F THF FUll,,'!) 
C 

000,',1 ( III =RJ)O!" por (III PFA':F 
QCO,,>:( t 11"XRc"~r-tffA(r.'r.~(Il1+(")(("'I"'( TTl 
QJND{ I I)=XDr~'r:o.:t,("~r.C;(lJ )'+r: T "-In ( Ttl 
ClINr( 111.r,TI'r<~rpc.« Ifl+'ll,'r( I r I 
0.~O" (II '="~"'!( 111*1. n5Mr-,~, 
'C)c~crS=(K~v( r I }~ll.n~(,"E-6 / 

130 

OIDCFS=(l~'I~( 'hr 1·I.A56('F~6 /-~, 
(HFCJ:'S=,OJf\T~( r 11-nl.A566F-6 c' \ 

001-4 fI X ( t J 1 ::: 0D~r' ( r t ) +(J C M.e F S -+:') f DC F.s +0 r F C F,:, -4- Q!\.O r" ( r 1 ) 
~OlI I fI ( I I I = Cl~CI.J( I I I / ~ EA ~ F ,r: c" C F 5 +1) ! []C,- F S +0 I Fer '+..o ~ J r ( I I I 
cnNTI'~UE' \ -------
Rr:TlJq~ 'I 
END 

J 

\ " ( 
\ 

,-

~\ 

- ..... 
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·-

C 
r r-r-~,r;" r.'.~rr- r o. illLI rl,....:::· r('lI"'IT!"'~J 
r ~,rt rii('TII' ,.., .... ,! I "7;:T !"'jr:- r ..... "riT Tllr h'[01qr.r"r"T T~J.·,i 
(" ~r'·'r"((f,:-'J·.rji,(. r;r"Lt. t~ ,"·r.:-.~Tr~ TI"'[ r:....,···,'1X(!l rr,:? r,!vrr~ flr'~ 

,.. ':'1TII""jIT V! .... l.~il,...·: '"'::: Tln- \!rl,""1(rTY ":''1''''TD.·!·'T~. 

( "",Y~'L"/~:" '.'rl , .... (;i·v'. '.''',·'/i' :: vr"LL. (l"\ .. n~'Tr·r ny \·.·JTi~n:, ~r?·,·',J[ ,'I 

C n,..·':-f'I"'1Y:, rAr:""'! ,', r'", t!~t'":-' T, .... (."'·,·r~JTt" "T'~I"',I" VFL .... (lTY, 1."'1":"' 
C rU"li,',1 PAir ny "rr'~I!'I'-:S r""~,""I_'L.'I 

(" Pf')V:J'< r'!('''F~)''''V:, ('''I~':,Tf,''T i: 
r ("'Ijn:-, :-: ["'I,"(~'nrrrC"l ny "rr:I!I.T 
c 

c 

1 n 
·,0 

C 
C 
C 

.0 
C 
C 
C 

c 

((\ .... '''") .• ' (flLr:' ( 1 "1.,11'",) ,"""OX,rCLr-r ''''1 .... ,fl ~{"1:,1.1:~n"',T.~:! ,·:I}.':T:-'. 
1 IUS r R ( r. \ ,- r ;:- ,', Y I ! " r ~; T )1 • ! y t'" ,.., !' , ~! ro 1 f' r ... , , r') ! fI ( ? r. ) , 

? , .... c1.'r.s(lc.-l,r·'!~~'(l:-'('I,-I")I~·'f\X,nC'PTllt;'o"~r, 
.. n'rI')CY, 
I. FlI,LL, 
S C; t 

(, Ju(",r;(l:::('ltT~r,C,(lr""'), 

7 "!LI~,:r:,,~I'"T'\""'C"\I'"l.'i>''''''''''' 
r pr~~r~.r~~r(J~~}.~lnr,rl 

rn·~"""'.': r:,'r-.:l(12'-"1 ,0~·'·\X(1""o).')nHr~l( 10f)1. 

0F' IL L • 
'? T')(""".':'f'I:"''',':'J''r);rT';rt"",\··~!.PlJ.~~(l~''''l 
3 .sLn::-rt~)I(",·I~t 

i; TYf"Ifflrn). 
t., U"II~I( 1~01 , 

(, V'·'/\X,V"l':,vrUl L,V1·.~XP,\'···I'~r 

(nrFr=O.'.(,7 

P('IV Sv.. ::: _ '1 r', (1' .. _I:' ",\ ,.,,~'+? ('). {, f, 

r fI L L = F L::"' ,"·T ( v. X I / 1 ,.... C • 
SLOPF.F~LL/nUN(K':1 

n.s~ If. 
(0NT I f'I!~ 

(l"'lT 1 "lUI:"" 

A:lfPA .... f)~u211.4; . - .... 
OFl)LL-;'CCrrr",\II-(r,':fr,"IIRl U(i.?~'l'lll-SQRT{SLOrrl/R".""NN 
IF; fnrlILL-\.'D'.': .. X(K,"111 41"'1,:,=·,,,('1 
C~~!T 1 NU r 

" 
.-. 

CNUP =i+l.Ali+O.Ot:?f11 1;J\.opr+l.Rll IR'j~NN 
C()nI0:.bl."f)"I\~;r-TU(41.r, +O.C'O'?A1/SLorEl/SORTfr'/4.1 
C a CNUP I Cf)r~lr')'" 
VFULL=CuS~~Tff~/4.)~~L~~r} 

IF (VFlIlL.LT.V·"PIJ c,,, T,) 40 
If' IVrULl .• r,T.V"AXI C;O T(1I~O 
PIPEI.~ 

Gil TO 120 

C H1CI?E.',IfNl 
C 

.~, 

.- . 

, . 
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.. 
t, n 
t; f"'\ ( ..... ~':- T'l! Tf'" 

r-,r (/""I~'T! "tJr 
Ir Ir-r.fll"!) 70,n':".nl", 

7/"'1 fr~'T I 'H!F 
r::=ln./L'. 
("d'T~110 

on cn':T!~~II~ 

Ir ("-".nt.) r');:,1r-C.,"Q 
C':I"\ (r.~:!I"IJr. 

1::: 1 • 
GC'lTC' 110 

lr('l ('~NT!~:ur 

, 10 C~':TI':UE 
IF I~.L T.1"'! ',",\Xl (.('\ To 1(' 

( 

; 

(" IF D IS r:1?[I\Tr:q THV: HF' 
C srT PIDr! = [lr.rrd.'LT ~Ipr 

~O 
Ol'T:-"'t 1_ I)Th~,'rTFD 

SIle 

( 

130 
C 

Plr[l=Dlh(NPI~[~l/l? 

cr~'T I 'IUE. • 
v"rr,'p=1.tl¥I"Ir1·'SVflo(SL("\f)E><· ..... 1.1 ).(0f)V!~J(K\!11*~H·\.?4 
V"l\xp:;vn)LL 
DFPTH=O. 
f~lrQ(;y:::e. 

~F.TlJr.>~! 

CONTINUE _ 

(" ~ROP ~AflH0LE 00lJTT~r. 

C 
C 
C 
( 

C0 VPlJTF. .. t~ltf.IU'~ ,'\"1) q/lxI,vU,-' SL"'~F.s s ... · 1 "-, A"'l[) 
FRr~ ~A'l'JTNGS F.0tJ~T10~ 

. 
S~\ I ~I=S"II N*S~·· I "I 
S~AX=S~IN·IV~ftX/VMIN)~·2 
OFLJLL=~·V'.'AX 
S>:SHAX 

]1.0 CONT I 'IUE 

1,0 

160 

IF ICFULL.LT.O~~~XI~N)) GO Tn 50 
C~Uv=41.65+('l.cn2ql/s+1.nl1/R·AA~JN 

CD[~!0~=1.+R~'t~~N*141.6 +C.002R1JSI/50RT{O/4.J 
C= (Nl1 v./ (DENa" 
VFULL=C*SORTIIO/4.)OS) 
IF (Vr.ULL.GT .V'-',\XJ (,(') TO 50, 
HFAr=S'RU'iI KN) 
IF IHEAD-FALL) 1,0.!AO.1AO 
CONTINUE 
DROP c FA LL -1'[t,D 
SLOPE=S ~, 
GO TO 20 
(ONTI~UE 

5=5-0.1 * (S'~I\X-S~I I ~I) 

, , 
! 

IF IS.LT.S'n,') ('n Tn 60 
OFULLc(OEFF-A*tG*P*Rl *O.3131*~0RT(S)/RMANN 
(.(1 l(1 140 
E3NP 
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-' ~"'. - . 

c 
( 

c 
C 
C 
C 
( 

( 

( 

(, 

c 
c 
C 
C 
C 
C 

, C 
C 
C 
( 

C 
C 
C 

C 

.cif--LrCTS TI'~ :'~'~,"LLrSi f""1J.-""f: TO '·'rrT TI:c RF.O'JIR!~,·r·:T 1 ........ 1 
SLloJEr-' (,',r,"CiTY, ':F'JLl, rxc.r:[:;S r.D'~",X( 1) F()r. (,!VrN Hr.\(') 
r,\:-;:-TI:.L I" Ln .. ! C)!;r~ITiC'!S /"r.r. TIIF~l ,··~:,'I,LY~,Er) 

FL0t.' Rt-T[ .\';:~ '-'/,:q"1U" V{"L""CtTy roy '~:"H~I~,G$ [r-U.\ilO'~ 
,\,'.C f1l'C,:;:,\''':lIC ELt"~[~:T:J 
",\~H':I~'C:~ !~r.UCJI·;fS5 (rrrrICIP,.;T"R,"'~fo·~', V!'\~I,\rL[ ':IITH rrrTH 
.... f,X!"u .. '",['"r":;, (\("'I:,(:T'I' n(Cd .. <;,\1 ;"'~",7I:'"':: (".1"\ 

~'C".\TJ(" r'r~'TH"~ ~I ~!"/"IA"Fi:r. ....,r <:::-',:ro 
0.:(hTJO -:; r::".'.~X(K':)r;r·~tLl, rr-;- CtV n : "',L(;PF 
Vf::.\TIn =~Vrt.r;rlTY .\1 [")h~Tt,"L FL(".J!VELC("ITY AT rl1LL Flf;~1 

Fn:"? (, I V"" "',l nll[ 

r)S = r;Fc,lr·~1 rl'l'.'" r)r"'I'J,'Ixr V Nl 
GF = (f.r"CI ry ~F SE',:,r- FLO',_ING FULL ~T VFL'JCITY = VV,IN 

s~.= SL0~r or SF~FR rL~~'ING FULL AT vrLOCITY = V~I~ 
$( = ~,Ln~': or ;,rl.'FR CM~~YING r.:s .\'~r) AS :,::LF (Lf .... ·:I~G 
.s SF~Er FLO~I~'G FULL ~ITH VFL0C:TY = VYIN 
s(lwsr = SCISF 
Pov.ERCYS r(:!~'..'ULA IS USfn TC c..C\',?Urf THE ~,·t":I~'U"'~ VELOCITY 

pn~5~ = P0'·'fR0YS cr~:STA~T K 
rIPE? = l'I,\U:PIP[Sl ry DEFAULT 

c O:.'''~:J.': c r L F { 1 .. , 1 ~ I ,C!~ OX , r, eLF ( :' r'I 1 , set c ( i' r) I , I (OS T , N! ,N 0 tNT P , 
1 1 US r ~ ( c, I , T [') t, Y , 1 • 'r: 'j T ~J j ! yr .... R I "I D r r r:" S , D , t. ( 2 r I , 
? t,C~[5( 1201 ,r'4H~'( I:"·"':) ,DI,\'··AX,f):'OTH,CCr. O , 
1 fNr"RGY, 
4 FflLL, 
S G. 
6IUGS(lC01.t(')GS(lCC1, 
7 NLINES,~:ST~GFI~!,Nl,~ROW, 
A PE,,~rS,rrf:"C: 1:'~1 ,!"'IT"E,rr 

C ()V.,,:,", 'J r: t. r: n ( lOG I ,::,!) 14 t.)(. ( 1 r: C I ,I"J ').,. t "I ( 1 00 I I 

1 OFULL. 
, RCO\',R,)C'l~!,RtNn,~INF,R.""\"'I~:.RLJr~(1"01 t. 

3 SLrpF.SIG~I3. 
4 TYP[CICOI. 
5 U~'HN I 100 to 
6 V~AX.V~:IN,VFULL,V~4XPIVNINP 

(OEFF=0.467 
PO~S~=-q5h.·R~AN~I+?0.6~ 

DROP=O. 
FALL-rLOATCKXI/100. 
SLOPE=F~LL/RUPIIKMl 

D=SDIA 
10 
C 

CONTINUE . 
C CO~PUTF THE SEWER CAPACITy. CFULL. BY ~~NNI~GS FOR~UL~ 
C 

c· 

R=D/4. 
A=(PI-It[)'IH 21/4. 
aFULL=COEFF*A*CG'~'RI *O.313.·SQRTISLCPEI/R~ANN 
IF IQFULL-QD:'~AXIKPIII 200110011 0 

C INCPEUE~T DIA~ETER 0 
C 
?O CONTINUE 
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.-

)0 C0"iT 1 ,'II IF 
4C C:'l.·HI~:LJF 

S u C'''\~lT I 'HH:: 
IF (~-r:.()f1l (,(',f..r,7 .... 

6(1 ( ..... nT 1 ~lUf 
")=1~./1? 
[,n Tn 1 O~ 

70 ((WTI "-lur 

r,'J (0.,';T I ~!lIE 
D,I. 
GO TO IDa 

90 Cr.NTI~JUf 

[)=D+O.?~ 

100 CN!Tl.~!lJ~ 

Ir .(D.LT.nr~'?~Xl G~ TQ 1~ 

C 
C IF 0 IS GR[,\Tf;> TH-V! TH~ OIJTff,lL DtA··1ETr~ 

C SET PIPE2 , DEFAULT PIPE SIZE 
C 

C 

rIPE2'DIAI~PIPE51/17. 

V·.'AXD =C. 
DEPTH'DIt, I1;D ID[S I 112. 
ENERGY,DIAINPIPESI/12 
RETURN 

110 CONTINUE 
C 
C [O~PUTF ~AXI~U~ VFLOCITY V~AXP 
C CHEC, IF V"AXP I S r,DEATE~ THAN V",\X 
C 

VFULL·()FULL/A 
QRATIO'QD~AXIKNI/OFULL 

IF IORATIO-C.141 13C.140,j1.0 
130 CONTINUE 

ORA T I 0=6.2 -; '" OR,\ T·l 0-59 •. 2 ~*ORi\ TIe .... ; +211+ .114*Q~AT I 0**3 
GO TO 150 . 

140 CClNTINUE 
DRATIO.u.2+u.73·ORATIO-.24'()R~TIO··2 

172 

150 CONTINUE 
VRATIO=.01R+3.47.DRATln-7.27*DRATIO**2+C).04~ORATIO**3-4.2R*DRATIO* 

1*4 
VMAXP.VFULL*VRATIO 
IF IV~AXP.GT.V~AXI GO TO 21e 

C 
C CHECK THAT SEWER SLOPE IS G~EATER THAN SLOPE FOR EOUAL 
C SELF CLEANSING. SC 
C 

160 

SF=(V~I~!.R~\A~!N)/(COEFF*(S*R~Rl*.O.~3~~1 
SF.SF*SF 
OF=A*VKIN 
QSOVOF·QD~AXIK~I/OF 

IF 10SOVOF-O.IOI 160.170']7n 
CONTINUE' 
SCOVSF~Q.70-?60.29·OSOVQF+3540.SR'OSOVOF'·2-20'4B.2'OSCVQF**3+41B7 

12.5*CSOVOF**4 
GO TO 190 

,~. 
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173 

170 (""Tl~"JF 
lr (r;:, ..... V::~-l.l p~~,i'8C,? ..... '" 

, RD. ((".\T I ~~ur 
.t:, (rv t:, r ~ '? • :' "'l _ t... • ? ~ ~ ": :.:~ vo 0: + 1 ? • t.r, .. 0 :,f"':V"'r ... ., -1 1 • , (). ~ !':,('. V:"):- ~ '! 'l + ~ • .., 4 'S r; c:.(lV 0 

1 F .. .. II 
100 Crr:TI';Ur 

S(=,Sc:wsr*sr 
IF (:'Lr"lpr.LT.~Cl (",0 TO ]" 

70~ (r::~TI,·ql[· 

? r::t) (('~IT J "t,' t::' 

rlrri':-f' 
D~rTH=rr;l,iT !""~f:\ 
V:': I t,: p::: 1 .4 It ~:-' ~'':-, "', II ( SL ~r- fit. :-' • i. 1 ) :10 ( JD~ 1 .~ ( ~ ': 1 1 .... (' • ? 4 
f r:n.;r,Y=GE['1 T'H V'J:\X n • 3 2/ ( ? ::IG 1 
RETU~~: 

210 C0~iTI'~UE 
( 

C [)R0P ~.'i"·;HCLE ROUTI."iE 
( 
C C0'''PUTr THE ·!t~!l .. t!·~ :"'~'D ~'AXI"ln' SLrlDFS. S"P! ""!O S~~,'\X 
C FR:,)", "1\.··l~:I~!~S E(:',;,"TIC"': A':lSlJ"I~:(, FULL FLr)',': 
( 

51·\ I N= (v··~ I ~:~ ~···t,Il.·~) / (CC~TF;!- (G:tR*R) *·0. ,,~31 
.s~~ I N:::S~.'.1 ~;t' 5',',\.': 
VrULL=V',l/,X 
S~:AX=S~'IN~(VFUlL/V~!Ir~)p~7 

flFULL=A'VrULL 
S:;S"AX 

?20 C~~TI'IUE 
IF IOrULL.LT.QI);',\XIKI') J e.O TO 40 
HFM=SoRU'lIK'lJ 
IF (~I[AD-FALL) 2'~J,::70,210 

230 cr.r,T nnJE 
00,\ t I O=()~"',\X I ~ 'I J I'lFULL 
IF (OQnTIn-O.141 ?4n,?~O,2~0 

240 (()NT I flUF 
nRATIO=6.2~·QR~TIO-~C.?30QRATIO··?+214.44*QqATIO**~ 
GO T0 26C 

250 (ONTINLIE 
DRATIO.C.2+0.73*ORATIO-.C4'ORATIO**2 
CONTINUE 
VRATIO=.~IP+,.47*DRATIO-7.?7'DRATIO'*?+0.C4'()RATIO'*3-4,?~*DRATio* 

, ". 

270 
280 

: . ~" 

1*4 
V~AXP=VR.TIO·VFULL 
JF (VP!\XP.GT.V~lj\X) GO Tn ZEtO 
DROP' FALL-HEAD 
SLOPE=S 
GO Tn 205 
CONTI~UE 
(OIH I NUE 
S=S-O.l*(S~AX-S~lN) 

IF IS.LT.S~l~J Cor T~ 50 
vruLL=coEFF*'G.q~R)**~.1~~~·SQqT(~)/RMANN 

OFULL=A*VFULL 
GO TO 220 

END 

~-,". ," .. ... 
.. ,Lkt ~':_ ,';. ";_.,'~~:~;~;;.:!,';~:~.::~~,~~·:~~~~_~i>.':~~_~~iii;;:,~;, :;, ~:,.' :_ .. ~ ~ .~. " :. 
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FU,':CTln~! (5Tr> .. lv,,..J,v~,tKXl 

C 
c CO·~rL.:Tr~) THF: (O';,T or" THF (r11'[ + .... ~A~:HOLESl 
C Co.q I.':,Y LE C01.:PUTU' rrr,'.'. C(1~T ,'RR/,Y OR F~()') COq FlHICTIOri 
C "~"'X PIP[ r I/I'!ETER = ',2 1,~lCII 

( "I~I~'J',' It!T = 6 rFrT 
c Y~Xl')U·t ~vrq~G[~!UT ~ ~8 FFrT 
C IF Kf\: = 1 , UD$T·rJFfI" "j"~~H""Lr (('1ST r~,I(LtJ0rl"'J 

C IF K.N = ~!:,Tt.r·r , r-J'.·:~ISTREA'.' I~JH!HC'lLr (O,:,T N~T' INCllmFO 
C UCUT = un:)T~Ff," ClJi 
C Dcur = !).:\·.·!.sTr~[!\~,~ C'JT 
C C~LFiPlpr.CUll ; C1Sl or THE PIPr. prR LHlr~L FOr.T ,. 
C 0151 • VFRllCAL DI~T'~CE FROv TtlF ENrRGY LINF 
C Tn THE Tr;-::-~!Ol nrr7r." 
( vl'lI~.'U" CLE,\P/\'KF T ...... SUfl(dv\~r, ("Lr-I""cr ::' I, tN(HF!", 
C 

C Oi"p ~c 'I C)L F ( 1 ." , 1 ro, J ten ()X t r (L r ( 7:'" 1 t S (l F ( , :- 1 • I r ()S T , n! I f:~ , ~! T r I 

1 lLJ!':~r(~l,ID,··y,I··'~,'!TH,lyFI\R,~JnInt"'S,r")r; .. I~:"'lt 

C 

C 

? I\C"fS( lCS} .r;qH':lln,:) .rlt.'·'(.X.O[f1TH.Df'no. 
:3 ENERC)Y. 
4 Fflll. 
5 G. 
6 IUC,SIlCCI,JDGSIIG~J, 

7 r~ll '-IF. s.~!i T (,(,r ,~'. '11 .~lf\.(\';l, 

8 rEAKFs,P(,:PDt 12C) ,rIPE.,PI 
cc~·~··Q.'j r.l\[)~(lC'':::I,CD~·\AJ«la:"l).QD~-:I''1(lC01' 

1 CFJLL. 'I( 
2 Rco··~,r~D:l'·~,R.I"lntnlr~F.R~~f,NNtRUN(l(l()1 t 
3 Slf'l(:\[tSIGW~. 

4 TYPEIICOJ, 
S tJ.uH~~ (1 ('~'l, 
6 V~hX.V~tN.VclJt.ltV~·~~xp.v~r~lP 

PUT.IPIPE+1.1/12. 
CLR~:CE=C.33 
DIST=PIPC+PWT+CLRNCr 
IF ISIGN3.EO.3.1 DIST.ENERGY+P~T+CLRNCF 

C COMPUTE AVERAGE CUT 
C 

10 

C 

C 

IF I~S-KXI 10.70.20 
CONTINUE 
UCUT=6. ~ 
GO TO 30 
CONT HIUE 
IUClJT.-IIUGSIKNI-I~S-~XII 

UCUT.FLrJATIllICUTI 
UCUT·UCUT/IC0.+DI5T+DR~D 

IF IUCUT.LT.6.1 UCUT=(,. 
CONTINUE 
IDCU1=-IIDGSIKNI-KSI 
DCUT=FLOATIIDCUTI 
DCUT.OCUT/ICG.+DIST 
AVCUT.IUCUT+OCUTI/2. 
AAVCUT.AVCUT+O.5 
IAVCUT.AAVCUT 

IF IIC05T.E"011 (,0 TO t.o 

, 
\ 
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.( 
( Lr.(/.rr C("LU"~~ rr Tf1r (0~T hPqfl.Y 
( 

C 

IF (IAV(lJT.E~.h) ~:C~Lal 

IF (1,~V(LJT.:.').7) ':C"L=? 
Ir (I/.VCLJT.C~.nl ~~(''''L'''l 

IF (!.\VClJT.r-;.')) t~Cf')L='~ 

IF t,lf\VCUT.r'":'.l:-:j tt(:")L:=i) 
IF Iit,vrt'T.F'1.11 J ',(nL;f, 
I~ (1/'I'y'rtn. r "'.'.l?l ~'(""'L=7 
1F (t/,V(lJT.I",T.l?M,'r;.1,~,V(UT.Lr.ltl) '~C:"lL:::Fl 

IF (IAVClJT.~T.14.~~ln.lAV(U~ILr.161 NCnL=Q 
IF (!/l.VCUT.C,T.16.At:r.-.Il\Vc..U.T.LE.lP) ~IC0L=11i 
IF 11:,veUT.GT.lA.M![).I,VlUT.U.7 c J NeOL;11 
Ir (I/\VCL;T.r,T.20;M~''\. j.\\!(JT.LE.2?1 ~IC0L;;12 
IF IIJ\Ve.}T.r,T.?2 .... W''1. I."V(UT.U:'.?'t) ~IC':;L=" 
IF 11hV(,l!T.r;1.;'4.i\r;r..I,,"VlIJT.LF.;'6) tl(OL=l l• 

IF (lJ\VCUT.I'",T.,{,) ~:(rL:31r.. 

pnlr! ::r·'If"!'="ll-l? 
1~lr[=rnIP[ 

C LOCATF nr·.·.' OF TIIF COST ~RoAY 

C 

C 

TF IlrTPE.LF.oJ "or'·:= I 
IF tlPir(.GT.9.~~'~.IPlrf.LF.l11 ~ROW~2 
IF IIPIPF.GT.II.'ND.IPIPE.LE.11J NROW=~ 
IF (IPIPr.C;T.l1.f,,'r"l.tPtrH :'.U:.1A) NRr.W=', 
IF IIPIPr.r,T.!6.Mm.IPlrE.L FoloJ NROW''i 
IF (lrlrr.GT.10.A~,r"l.IPIPF.LE.2?' ~IRnw=ti 
IF Ilrl~f.GT.22.~,n.IPIPF.Lf.25J NROW=7 
IF Ilrlrr.GT.25.~ND.!PIPE.LE.20J NROW;A 
IF IlrIPE.GT.28.AND.IPIPE.Lf.311 NROW=9 
IF (lPIPF.GT.~1.A~!D.IPIPF.LE.14' NROW~lO 
IF IIPIPE.GT.J4.AND.IPIPF.LF.4)1 NROW=II 
IF IlrIPF.GT.l1.~Nn.IPIPF.LF.~OJ NROW=12 
IF (IPIPE.GT.4G.ANn.IPlpr~LE.43J NPOW=13 
(OSTP.CPLFI~~nw.~cnLI.PU~IKNI 
CST'I=cnSTI'Iy,N.UCUT .['CUT I 
CSTPM=COSTP+CSTM 
RETURN 

40 CCNTINUE 
C 
C COMPUTE THE COSTS FROM (OST FUNCTIONS 
C 

xnU~I=P'U"1 (~N) 

COSTP.rnIC[PIAV(uT.rlrE.XRUNI 
c5H'ccnST'~ (k: "I ,UCUT, ("'Ie liT) 
(~T 0','.: co~ TP+(t; Tn 
PETV"'I 
DID 
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.&:'UN(Tt("l··, cn"TH(k·~''',l:U(''IT.DI')('tJTl 

(' (("IIJr1JTr~~:''''I\''H''''1 r r"'l.<:Tt; 
r- ';1I ... rT (n5T~, ".\y nr ("'I·.'OI'Ter-: 
r COP"'l'.' (1(",T .,t(f"'!,·Y ~r r"""',' ror:T r'lJ~!(TT"'1 

( .. t"III"'l.r (r,(",T :' f1.'"'y. ("(",T .. r:~p.rT ("''-,T 
( (11,",)( ... ~,(I.F11",Hi\FTl 

( (1.1"'11 ., (('lST rr Tlfr tJ~~JT?r,',·' ""}\nHf"lLE 
(. (I'"':"H ::: (("I:,T r,r TI,r r"0.'::'Ir:TRr ..... "ANHnLr 
(' ,·,~~!t!nLr nrX Ilrl";HT ::I pf'\XI~T 

(' (r,Il"'F"T s (,..,r,T ""r TIlt" ",Hit!"'! r. r:.H~("T 

C r)IIArTH ;:" SltflFT !1r::-T(dlT 

(~,rLF(/~'l;:" ;,H"FT (nST 
c (("I:,T("10 .. /lr:J!JT T !r.~I"'L (n;,T r:1R THF [)~,..,p 

( tz AOr'TTln'lf·L ~'.\rPtC'Lr <.O::;T + [)R0 0 ~il"~' (OST 
C ;:" J\\'1 (C ... ('J(ns T 
C CCLr(~:R~' .. IJ ::: (")D('P (CST prJ..: LIr'!:J\L Fn"lT rem pll~r ~:RC"lW 

c 

e 

c 

e 

C("I\1V() N (" P I F ( , '"\ , 1 J; ) t (n I") X t r'I C L r ( , I) 1 , r,f" l r:- ( ., r, 1 , 1 r ("I~ T , N 1 ,fln.~! Tn. 
1 t U~) r- Q ( J; 1 • Tr) /I Y , T vn~1 T I j) T Y r. ,\ D , "I r> , n [:' C, , rq fI ( ?") , 
, flCPE:'(1()D) .I""'\·,H'( 1 J("))) r'lT/\\4/\x,Orf'lTII,.r)I:)(",\n, 

" Fr-!F.DGY, 
4 FALL. 
'j (" 

f, tU(,51'~('\ltTf)(;(",(~r:l', 
7 NLINEC",t·I,";T!\.r,r,~I,""1 ,~tRI1' .. ,I, 
p rEi\~Fs,P(H"[1{ 1;'1~ 1 ,PIDE .r'T 
cr~·'·f')~.' f"'i\[")') (' 00) .r")OMAX (' flO) ,OO'q "I ( 100) , 

1 0FULL. 
/ pcnp,l(n(''',rI''~O,Pt~JF',~vi\~'·:,RUN{100·)t 

3 SLnf""tr..st(l~~' 
I, TYr>Ell001. 
5 UVHN{ 1\)()l, 
'" VV/lX,VI.'-T"I,VFULL,VlIi\XP,V"1NP 

CU'JH~O. 

CDvrfl= O. 
C'nSTDP",C. 
PQXHT c 5.0 

IF IleOST.f0.11 GO TO 60 

e e"~PUTF THF enST FRnv THF cn~T APRftY~ 
C 

IF 1~<N-"STAr,FI 10.7 n , Ie 
10 ((',"!T T ~tt W 

SHAFTHcD~ClIT~r'lXHT 
HSH/lFT=SHi\r:'TH"'C,C; 
15f'AFT.f'~HArT 

eSHAFTaSCLc I ISHftFT I' 
CouH=Cn.f'X+CSHi\FT 

70 enNTI'IUF 
IF (~\(~I_"..rl) 1,(),'l1:.4() 

,0 eNITI~uF 
SHAFTH.l]lICUT -AC'lXHT 
HSHIIF To SHAF T H+ O. ~ 
lSHAFT.HSIIAFT 
CSHAFTnSCL"IISilArTl' 
e0UH.erox+C~HA~T 

176 



.. 

I 

I ., 

." 

(If) ("'r'T i ""Ir-

Tr (~rrn.r~.n.l ~~ T~ ~0 

C 
C r(1'.Trn r,~UT Ir·r 
r n--1IT,.. ('InlCil"fd r'!T "'n rUT C""'(",lr-rr~rr. rnl"' 
r TI,r ·)f"'.·,'·''",Trr-.· .. """'11,",( r r"f'.. ll,r r!7r\/T<"'\~t". r,Tt.flr 

C ("' .. ,T·, ,'!':'r .. r:r"T (1ST nF \!p",T rlr/\" "~011\"'1 r ~'~l,"rT 

( n("r"~,T ': (,)Qlr.P.'JlI rf")(",T ('If''' vrsrnr" .... • """lll("l r- ~lq.".rT 

( 

"'(liT -;\ 11 'f'"! IT _f':nf"ll"l 
C";>lI~Tll::0Ct.'l- nnXIIT 
(')1 IT ~·~:-,HrT~j.+ r'. (", 

/1 r")lq~nHT 
./' ("\(0",T-"',CLfl ''-'pTl 

r,HrTIl":"IIlJrl'T _r"'XHT 
JF (;~HFTI!~'.'-,T.~r,.l :'lIpTH",·/r',. 
"T~!"'~'1rTH~I.j('.1:, 

II-ITn"IIH' 
((":,T ..... ::-SClT( IHT~ll 
A,··'ll( r. Cr't", T ll_ "'(f")r, T 
~CnST~n(Lr('I~f")~I~cnnr 

IF (~~0n.l.r.,.~) nrn~T"n. 
I~ {Y~~I.r"\.··ll1 f'lC"'lSTcO. 
cnSTnr~~V~I(tnrn~T 

r,O cn~I·T t fo.I(IE . 

C 

C C"!", T"" (t.'~H-f C nl •41-1+C(",S T n p 
RETUR~I 

('0 CONTI'ILIF. 
C 
C rn')PlJTr T~F C~~T FQ0 l1 (n5T FlJ~(TTO~lS 
C 

tr {~l!f'_f~.".Tl.('.rl i'OtAr.,70. 

70 Cn'lT I 'IUF. 
SHAFTHaDDCUT-~nXHT 
C5HAFT.PRICFSISHAFTHI 
C()\~H::I ({"l nX +cr;, '" r T 

RO ((1"T TllllF . 
IF (l:nl-NII ,OC,OC,,~O 

QO· C~~ITINIJE 

S HA FT H = lI' )(\! T - r"x f' T 
CS~lhFTaPRTCFS(5HAFTHl 
CUMH.CnoX.CS"AFT 

100 CONTINUE 
Ir· IOROP.Fe.a.1 GO TO II" 

C 
C; COS TOP R(1IJTI'I[ 
C 

(I(UTollUCliT -flRon 
OSIIFT H.OCliT - 80 XHT 
(lCOST.PQICE5InSHFTHI 
SHFTHN_IJUCUT-~OXfIT 
tr (SHFTHN.GT.?':i.l SIIFH-tN::I'?5. 
((IS TNaPR I C[S I SIIFTHN I 
~')H(acnST~I-~(n~T 
O(05TaPQICFO(DQnn,nT~~1 

l'r InR(')I"l.Lf· ... ?l I"rn(',T=-f'J. 
IF IKKN.FrI.'1I1 OC05T-0. 
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C Variable 

A 

AAVCUT 

ACRES 

AMHC 

AVCUT 

BOXHT 

C 

CBOX 

'CDMH 

CLRNCE 

COEFF 

COST 

COSTDP 

COSTJ 

COSTN 

COSTP 

COVER 

COVMAX 

APPENDIX 2 

l!st of Pr~ram Variables 

Description 

cross-sectional area of pipe , 

average depth .to subgrade 

array of Incremental dralnoge ar~s in acres 

oddenal manhole cost for a drop 

aver e depth ta subgrade 

height of manhole chamber 

Kutter's coefficient' 

cost of manhole chamber 

cost of downstream manhole 

clearance for underside of pipe to subgrade 

coefficient In Manning's equation 

cost of pipe and manholes for a stage 

additional cost for a drop . 

. array of branch cos" 

present cost Of a manhole 

cost of a sewer/ for a stage 

depth of cover over a sewer 

maximum cover requirement. ~. 

179 
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Variable 

COVMIN 

CPLF 

CSHAFT 

CSTM 

CSTPM 

CUMH 

CUT 

D 

DCLF· 

DCOST 

DDCUT 

DCUT 

DEPTH 

DGELEV 

DGS 

DIA 

DIAMAX 

DIAMIN 

DIST 

DMHN 

DRATIO 

minimum cover· requirement 

array of pipe costs 

cost of manhole shaft 

Description 

,cost of manholes for a stage 

cost of pipe and manholes for a stage 

cost of upstream manhole 

average depth ta subgrade 

pipe diameter 

array of drop pipe costs 

drap pipe cost 

downstream cut 

downstream cut 

depth of fl,ow in the sewer 

array of downstream ground elevations 

downstream ground ele~ation 

array of pipe sizes 

maximum allowable diameter 

mlnlnium allowable diameter 

vertical distance from energy line to subgrade 

array.' of downstream manhole numbers 

relative depth of flow In a sewer 

100 



Variable 

DROP 

DTEMP 

ELCL 

ELCU 

ELELEY 

ELEYCL 

ELEYCU 

ELOSS 

ENERGY 

FACT 

FALL 

( 
IFNSXN 

FSBESL 

FSBEST 

FSOPT 

FSTAR 

181 

Description 

drop manhole height 

array of pipe sizes For a stage. Values, assigned on 

completion of design For the stage '> 

array of lower elevation constraints 

array of upper elevation constraInts 

array of energy line elevations 

lower state constraint 

upper state constraint 

manhole energy loss 

, spec Iflc energy 

vertical distance From the energy line to the outside top 

of the sower 

vertical drop In energy line elevation over the length of 

the sewer 

, cumu lated cost 

optimum system cost 

orray of best cumulated costs. Assigned during designed 

of a stage. 

array of best cumulated costs.' Assigned on completion of 

. design af a stage. 
c' 

contributory upstream cost 

I 



Variable 

G 

HEAD 

HEIGHT 

HD 

HS 

HSHAFT 

HTN 

IAVCUT 

IBF 

I BF1 

IBLANK 

ICOl 

ICOST 

IDAY 

IDBESl 

IDBEST 

IDCUT 

IDGS 

IDIA 

IDMHN 

,- j 

182 

Description 

acceleration of gravity 

SlOPE* RUN for drop pipe stage 

height of drop 

maximum decision 

maximum stote 

manhole shaft height 

shaft he Ight now 

Index variable I Identification number for a stote 

average cut 

canstont 

constont 

constant 

Index variable 

cost data selector 

day of the month 

identification number for the optlmulTl outfall state 

array of- best decisions 

downstream _ cut 

array of downstream 'ground state values 

pipe dlam~ter 
\ 

Integer pa!1 of DM8N 



Variable" 

IDS 

IHTN 

IELCL 

IELCU 

IELL 

IELU 

\I 

I MAX 

IMIN 

IMO~H 

IOHT 

I NCRMT 

INMK 

IOPT3 ' 

lOUT 

IPIPE 
-;:.:j:; 

IREM 

V IROW • 

r: 
ISUM 

\ " 

~/ 

integer part of DGS 

integer part of HTN" 

Descriptian 

array of lower state constraints 

array of upper .state constrajnts 

integer part of E~EVCL 

integer part of ELEVCU 

index variable 

identification number for maximum outfall state 

identification nymber for minimum outfall state 

month 

integ.er part of OHT 
., 

state and decision increment 

integer part of UMHN (NMK) 

signal for optional printout 

integer part·of OUT 

. pipe diameter 

problem identification 

index variable (r r 

, \ 
shaft height • . . 
array of elevation constraint signals . . " 

J cumulated decisions 

183 
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1B4 

• 
Variable Descripti()n 

lTIED signal for tied solution 
f 

ITlE91 ( signal for tied solution 

'.'fj 
14 ..... 

lTIED2 signal for tied solution 

IUCUT integer' part of 'UCuT 

lUGS array of upstream ground 'state values 
----... 

IUMHN integer part of UMHN 

IUP identification number for upstream state 

IUS integer part of UGS 

IUSER user's name 

IX best decision 

IYEAR year 

IYES signal 

J ind~x variable 

JL array of lowest feasible upstream states 

JNS array of maximum optimum states at junctions 

JS state variable 

JU array of highest feasible upstream states 

JX decision variable 

J34 constant 

K index variable 

KB 0umber stages stored on tape - 2) *KTAPE 



L 

,L. 
Variable 

KBRNCH 

KC 

KCL 

KDEC' 

KDECK 

KKN 

KN 

KOUNTl 

KOUNT2 

KOUNT3· 

KS 

KSER 

KSERPI 

KSS 

KTAPE 

KTIES 

KX 

K34 

L 

LARGE 

':! 

D~cription 

array of number of sewers in each branch 

index variable 

integer -part .of ELEVCU 

array of optimum decisions 

decision- i 

index variable 

stage 

stage 

signal to ,check if outfall sewer has .been' selected 

signal to select first feasible pipe in any stage 

signal to show that there is a feasibl e pipe 

stat~ 

number of serial systems 

KSER +1 
c 

identification number 

number of blocks of data stared on. tape for each stage 

tied solution identification array 

decision 

index variable 

index variable 

number of serial systems 

( 
. / 
Y 
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Variable 

LAYER 

LAYMAX 

LINES' 

LL 

LLHIGH 

LMl 

LOW 

LOWD 

LOWEST 

M 

Description 

index variable 
, 

, 
index variable I , 

, ' 

. maximum' number of sewers +1 

~ , 
branchriaentificatlon number. 

branch with highest most upstream ground elevation 

LINES -1 

lowest state vahle for the sewer system 

low decision value 'J' 

lowest state value for any branch othllr than branch LLlilGH ) 

. index variable 

MAXD . ~ maximum decision 

MAXS· 

MFLAG 

M2 

iCH . \ 

NCOL 

NCUT 

NCONST 

NO 

NI 

maximum state for the prOblJm 

signal to note 1ied solution~ .' 

index variable 

stage 

• 
number of branches pennited 

\ .. ~-.. -

. index varipble 
~ t -

index variable\ .. , . 

signal for constraint ele.vations 

decisl"on variable 

iripu,t reference 

-'" ." .' .? , 

1 

.. 

) 

, 

.. 
! 

./ 

i 

\ , 



Variable , 

NJMAX 

NJUNC 

NJUNCS 

NUNES 

NMK 

NNS 

~~~ 

NO 

NPIPES 

NPROB 
,,---~ 

NROW 

NRUN 

NS 

NSewER 

I 
'\ 

NSHAFT 

,NSMAX ' 
/':> 

" 

NSMNO 

\ 
N~E 

I, 

f" 
NSTMNl 

NSTMl 

, 

" 

" 
Oes9ri ption / ' 

maximum number ,af junctians permitted 

, 'junction number 

number af junctions in the problem, 

number af lines in' the problem 

N - K 

id~ntification number far the maximum state value in the 

problem 

output'reference 

number of pipe sizes considered 
<7 

number af problems 

index variable 

run num\ler 

state variable 
. 

number of sewers, including d~mmy sewers, .for which 

" decisions have Jbe'en stored 011 'the scrotch ,lope 

indeX variable' 

m?Xfmum number of' state v~lue~ermitt~ 

NS - NO 

outlet stage for dny branch 

NSTAGE Nl /, 

NSTAGE 1 

187 
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, 
Variable 

NSUP 

NTP 1 

NTY 

Nl 

N2 

\ 
N3 

OCOST 

OCUT 
, I 

OHT • 

OSHFTH 

OUT 

OUTDIA ... 

PCOST, 

PDEPTH 

PDIA 

PDINV 

_PDROP{i 
"Lh 

PEAKF 

PEAKFS 
~ 

PENERGY 

PFt,..LL 

'. 

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

" 

( 

I 

Description 

I.... ~ 
upstream s~te . 

sGJ"Qtch tape 'referenc;.e 
, i -' 
index variable for. tied solutions .. , 

'furthest I,Ipstream ~tage ,in any branch 

stage 

t-ISTAGE + 1 

original coSt 

original cut 

origindl height 

or~ginal shaft height 

JOUTFAL - X) , 

Coutfall dia~ete~ 
array of, the stage costs. 

array of the depths of flow 

array qf pipe sizes 

o array of downstreal)1 invert elevations 

'.. . \ 

array of drop heights 

'(peaking factor' 

peakin~ fac~r se'lector 

array of specific ene'rg!es 

. array of 'FALL values ' 

I J 

_.- --.---
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Variable 

PI 

"----. PINVDP 

PIPE 

PIPE~ 

PKFMAX 

PLNGTH 

PMHLOSS 

POMSK 

POP 

POPD 

PQFULL 

, PPIPE 
. , 

PS~OPE 

i 
PUINV 

PVFULL 

""- .'PVMAX 

.' PVMI!'l 

pwk 
PWTMIN.( 

". Pl~~~ 
~ 

" 

, 'rADD 

, ' /"-, 

) 
~ 

Description 

constant pi 

array of invert elevatiOn drops across a sewer 

pipe diameter ( 

array of branch outlet pipe sizes 

maximum peaking factor 

pipe length 

a~ray of manhole energy losses 
...:." -. 

Pomeroy's coefficient 

array of populat.ions 
" 

array of papulation. densities 

array hf sewer ca~acities ! 

pipe diameter ' (.) 

. . 
array of p'ipe slopes' • 

array of upstTeam invert elevations 
" . 

ct.~ of full flow velocities 
, . f 

array of maximum velOcities 
• 

arraY of mini';'um velocities 

pipe wall thickness ' 

" 
minimum pipe wall thickness 

~" " 

189 

-) 



Vorioble 

QCMCFS 

QCOM. 

QDMAX 

QDMIN 

QDOM 

( QF 

QFULL 

QIDCFS 

QIFCFS 

QIND 

QINF 

QRATIO· 

QSOVQF 

• R 

RCOM 

il.DOM 

. RIND 

RINF 

RMANN 

RUN 
\ 

• 

Description 

commerc iol flow 

commerc'iol flow rote 

'orroy of moximum design flows 

orray of minimum design floWs 

domestic flow rote 

sewer copocity ot minimum velocity VMIN 

sewer copacity 

industriol flow 

infiltrotion 

industriol flow rote 

infiltrotion flow rote 
I 

QDMAX/QFULL 

QDMAX/QF 

"hydroulic rodius 

commerciol flow rote 

domestic flow rote 

industriol flow rote 

infillrotion flow rote 

I 

L-

Monning's roughness coefficient 

run num~r 

., 
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Variable 

S 

SC 

SClF 
J 

SCOVSF 

SDIA , 

SDIAJ 

SDIAM 

SDIAMJ 

SF 

SHAFTH 

SHFTHN 

SIGN3 

\ SIGN4 

SLOPE 

SMALL ('\ 

SMAtlP 
\ 

'. SMIV< ... 
SMIN 
..... , 

Tc6ST 

TYPE' / 

Descripnon 

sl~pe of sewer \" 

slope f~ equal self \~~Sing .. 
array of manhole shaft costs 

SC/SF 

smallest permi~sible diameter 

smallest permissible branch diameter 

\ 
) 

array of smallest pe~issible diameters I assigned during 

design of the stage 

array of sorted branch outJet diameters 
" ..... 

I 
slope Of sewer flOWing full at velocity I VMIN 
'. () 

shaftcheight, . 

\ 

shaft he ight now 

signal to select full flow or parti'al flow analysis -

signal to select f.irst or second p~ 
. . . 

. " 
slc;>pe of s~er e~ergy lin.e 

smallest' cost at a junction 
.~ 

t smallest p.ipe at a jun,ction • • 

.~m slope 

lI1inimum slope 
, -

cumulatedc~t .of the sewer system 

v.ariable to se~ect class of f~ 

. ~ . '----, , 
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Variable 

, L 

UCUT 

UGELEV 

UGHIGH 

UGS 

UMHN 

UNITP 

UUCUT 

VFULL 

VL 

VMIV< 

VMIV<P 

VMIN 

VMINP 

VRATIO 

VU 

x 

XHS 

XJN 

XLOW 

'XMAXD 

/ 

192 

Description 

upstream cut 

array of upstream ground elevations 
c 

highest upstream ground elevation for a stage Nl sewer· 

- (UGELEV 0) - X) 

array of upstream manhole numbers 

price per lineal foot 

upstream cut 

full flow velocity 

maximum downstream velocity 

maximum velocity permitted 

maximum velocity 

minimum velocity permitted 

< minimum velocif); 

VMIV<P !VFULL 

maximum upstream velocity 

vertical distalJ,ce between UGHIGH and energy line 

elevation 

maximum state value 

array of junction )numbers 

low state value 

maximum decision value 
.. 

. ' 
\ 
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" 
Variable Description 

XNS minimum state value 

( -
XRCOM commerc ial flow rate 

' .. 

XRIND industrial flew rate' 
., 

XRUN length of sewer 

Y value used to cor;n~ute feasible region in second pass 

Z variable 

• 

) 

• 
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Flow Charts 

Name Page .' --
SEWER 195 

DESIGN (Outline) . 196 

DESIGN I 
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FLOW 204 

PIPE1 f 205 

PIPE2 206 
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CSTPM ) 208 , 

COSTM / 209 
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