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AESTRACT
\
A MATHEMATICAT, MODEL FOR URBAN STORM
DRAINAG@ SYSTEM DESIGN

PEKGAGLIYAN, M. Dogan

M.S. in C.E.

Supervisor: Asst. Prof. Dr. Osman Akan
May 1981; 108 pages

A hydraulic design model is developed foxr urban
storm drainage systems. The objective of the model is to
determine the required pumber and locations of gutter in-
lets, section sizes and slopes of both sewers and collec-
tors in a drainage system. Since the failure of different
elexzents in a storm drainage system causes different mag-
nitudes of flood dameges, the elemente of the system are
de51gned considering design storms of different periods.
In the model, gutter inlets and suroet sewers are designed
for a rainstorm of & small return period, and collectors
~ @re designed considering a more severe rainstorm by simu-
lating the hydraulic respoﬁse of previously designed ele-
ments. A hydrograph time-lag method is adopted for gutter,
gsewer and collector flows. Also a simplified kinematic
~wave routing method is provided for sewer and collector
flows as an option. Additional options concerning cross
-section types of sewer and collectors; number of sewers
under a street are provided in the model. A computer pro-
gram in FORTRAN IV language is developed. The model is
applied by using both sewer and collector flow routing
schemes +to an approximately 29.3 ha basin in the Bati-
kent Satellite Town near Ankars. These applications il-
lustrate the use of the mathematical model developed &snd
also provide a comparison of the two routing schemes.

~ Key words : urban storm drainage, sewer, flow routing,
hydraulic design.
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OzZET

KENTSEL ALANDA \YAGMURSUYU DRENAJ SISTEM TASARIMI 1oin
| MATEMATIKSEL MODEL

PEKCAGLIYAN, M. DoZan

Yiiksek Lisans Tezi, ingaat Mih. B&l{imii

Tez Yoneticisi: Asst. Prof. Dr. Osman Akan
Mayis 1981; 108 sahife

Kentsel alanda yaZmursuyu drenaj sistemi ig¢in hid-
rolik tasarim modeli gelistirildi. Modelin amaci yaZmur—
suyu 1zgaralarinin yerlerinin ve sayisinain belirlenmesi,
sokak mecralarinin ve kollektorlerin egfimlerinin ve bo-
yutlarinin hesaplanmasidir. Sistemde elemanlarin deZisik
tekerriir siireli yaZislardaki yetersizlikleri deZigsik o-
ranlarda sel hasarlarina sebep olmasi nedeniyie eleman-
larin tasarimi defigik tekerrir silireli yagislar ig¢in ya-
pilmaktadir. Modelde yafmursuyu 1zgaralarinin ve sokak
mecrazlarainain kiiglik tekerriir slireli bir yaZ¥is ig¢in; kol-
lektdrlerin ise uzun tekerrir siireli bir yagis ig¢in ta-
sarimi yepilmesktadir® Hendek, sokak mecrasi ve kollektdr
akimlari ig¢in hidrograf kaydirma metodu, 6teleme yontemi
olarak uygulanmig ayrica basitlestirilmis kinematik-dalga
metodu sokak mecrasi ve kollektdr akimlari i¢in segenek
olarak saglaﬁmlstlr. Diger ek segenekler, bir sokaktaki
mecra sayisi, sokak'mecralari ve kollektorler ig¢in kesit
tiplerinin tercih imkanidir. Model igin FORTRAN IV dilin-
de bir bilgisayar programi gelistirilmig; Ankara yakinin-
da Batikent'te 29.3 ha lik bir havzaya uygulanmistair,

‘Bu uygulamalar her iki Gteleme ybntemini kargilagtirmak-
‘ta ve modelin kullanilisini agiklamaktadair,

Anahtar kelimeler : Kentsel alanda yagmursuyu drenaji,
mecra, akam 6telemesi, hidrolik ta-
- saram,._
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1, INTRODUCTION

i

Urban storm drainage implies the collection of storm
runoff and conveying it to the nearest point of disposéln
An adequate and properly functioning storm water collection
system is one of the vital facilities in preserving and
improving the urban environment. In newly developing urban
areas the first need is certainly a sanitary sewer system
as the storm water can be dealt with to a certain extent by
the 8id of street gutters and the natural water courses., As
the city grows, however the underground conveyance of
storm water runoff will be necessary.. In fact, attempts to
provide the greater safety of sewerage, and freedom from
nuisance have caused seperate storm water collection systems
to be adopted wherever finances permit even in small towns
of many developed countries.iQuite a few recent sewerage
project reports among which ére those prepared for Ankara
(Camp-Harris-Mesara, 1969) and Batikent (Orta Dogu Teknik
Universitesi, 1979) recommend the construction of seperate
storm water collection systems also in the Turkish cities.

The importance of storm water collection systems is
ususlly ignored in the public, since the storm sewers which
constitute the main part of the system are buried under
the ground and are invisible. However, the investments
required for the construction and the maintanence of storm
water collection systems are of significant magnitudes.
Eence, in order to secure a well fuhctioning storm water
collection system, a design engineer must make the best
use of the upto date technological tools.

The analysis aspect of the urban storm water collection
systems has caught considerable attentions during the last
decade. A review and comparisons of a number of rainfall
-runoff simulation models have been given by Chow and Yen
(1976). Concerning the design of urban drainage systems on
- the-other hand, & limited number of studies are available -

-1 -



in the literature. Yet, these few studies cover a broad
spectrum of sophistication varying from very simple models
based on rational method (ASCE andWPCF, 1969) to rather
sophisticated ones based on the solution of the St. Venant
equations (Seviik, 1973). However, as pointed out by Chow
(1978), the selection of the most "suitable"” model for the
field conditions is very difficult since the most suitabls
does not necessarily mean the most sophisticated. Indeed,
there still is much need for research in the design aspect
of the stormwater drainage problems in attempts of deve-
loping suitable models. Accordingly, the objectives of

the present study are:

i. To develop a suitable mathematical model end a
computer program for the design of stormwater. collection
systems.

ii. To illustrate the use of the model through its
application to a real world design problenm,

iii. To provide a User's Guide for the computer program
of the model for future users. ? ‘

-~

The mathematical model devéloped is not the most
sophisticated one possible. However, it aims to satisfy
the basic principles of hydraulics within the limitations
of not being inmanagable-for practising engineers. The
design of both the surface and the subsurface elements

of a stormwater collectlon system is considered. A unique
feature of the model makes it possible to group the ele-
ments of a system in two different classes according to
their importance and accomplish their design by using
design storms of two different return periods.



\
| .
2. THEORETICAL BACKGROUND AND RELATED PAST RESEARCH

A stormwater colléction system consists of basically
street gutters, inlets, sewers, manholes, and main collec-
tors as shown schematically in Fig. 2.1. Street gutters
usually constructed on both sides of the street collect
stormwater from surfaces such as sidewalks, building roofs,
front yards, and driveways and direct it to the inlets.
Through the inlets, stormwater is delivered to the subsur-—
face system consisting of stormsewers, collectors and man~
holes. A storm sewer is a pipe or & conduit of any shape
which is intended to carry stormwater or other types of
surface runoff reaching the subsurface system. Domestic
and industrial wastes are not included in the sewer flow.
A collector or main trunk is the principal sewer into
wvhich a number of branch sewers discharge. Manholes are
structures that provide Joining of the sewers as well as
convenient access to sewers with the least hydraulic infer-
ence for observation and mainterance,

- In addition to the basic elements of gutters, inlets,
sewers, collectors and manholes; a stormwater collection
system may include some special structures like catch ba-
sins, éiphons and disposal structures. These structures
are discussed in detail elsewhere (ASCE and WPCF,1969)
and will not be covered in the present study since they
are needed only under special conditions.

2.1. Hydraulics of Stormwster Collection Systems

Various types of flows occur in a stormwater collec-
tion system. From hydraulics viewpoint these flows can be
classified according to their nature into the groups of

i. overland flow,

. ii, gutter flow,

iii. flow in sewers and collectors.

/
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These flow components are shown in Pig. 2.1. All these
components are of unsteady and nonuniform flow type, and
they are supject to backwater effects from both ends.

They can mathematically be expressed by a set of nonlinear
partial differential equations attributed to St. Venant
(Chow, 1959). Solutions of such equations can possibly

be obtained by numerical techniques, but require a con-
siderable amount of computation time. Therefore certain
simplified approaches are inevitable in mathematical mo~
dels developed for use in the practising engineering,

2,1.1. Overland Flow

The movement of rainwater from the point it drops
on the earth to a gutter can be represented by an over-
lard flow. This component includes flow over‘building
roofs, gardens, and pedestrian ways. Being a special type
of spatislly varied unsteady shallow water flow, the over-
land runoff can be represented by the St. Venant equations
(Chow,1959; Chow and Yen,1976). For overland flow, St.
Venant's continuity and momentum equations can respective-
1y be expressed as ’

_,.%_, + 75 N +v 2% =q - (2.1)
oL +yv +&7-Coso 2L~ =gy(5-5;)-
+Q(U1"V) (2.2)

in which x is the direction of the flow measured along
the bed, t is time, V is the cross-sectional average

flow velocity, y is the flow depth, © is the sngle bet-
ween the channel bed and the horizontsl, S'—Sino is the
bed slope, Sf is the friction slope, 8 is the gravita-
tional acceleration, q is the lateral inflow which is
"defined as the rate of rainfall reaching the ground mi-
nus the rate of infiltration, and Ul,is the velocity of
lateral inflow in the direction of x.

-5 -
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Apalytical solutions cad not be obtained to the St.
Venant equations dus to the ﬂonlinear nature of these
expressions. A number of numerical schemes have been pro-
posed in the past to solve these equations by using high
speed digital computers (Baltzer and Lai, 1968; Amein
and Fang, 1969). However, these solutions are cumbersome.
Also the boundary conditions for these equations can not
be truly and accurately defined in the field conditions.,
Hence in mathematical modeling of urban storm drainage,
overland flow component is determined by simplified ap-
proaches rather then attempting to solve the St. Venant
equations, -

In the practice, peak flow rate of the overland run-
off from an urban basin is computed by simple formulas
relating the storm intensity and the basin characteris-
tics. Most of such expressions are of empirical nature.
Summarlzed in Table 2.1 are the rainfall-runoff formulas
commonly used in urban storm drainage analysis. In this
table A is the basin area in ha, I is the rainfall inten-
sity in mm/hr, and S is the average slope of the basin;
and C 'is a coefficient related to basin characteristics,
Among the formulas in the table, Rational formula is the
most popular one; and its runoff coefficient C can be
found elsewhere (ASCE and WPCF, 1969). |

The expressions of the types given in Table 2.1 are
generally based on the assumption that the peak flow

rate due to a uniform rainfall occurs when a raindrop
from the most remote point in the basin reaches the gut-
ter. The time elapsed from the beginning of the rainfall
to occurrence of peak discharge is called the time éf
concentration of the basin, t.- Hence, the intensity I
to be adopted in the expressions given in Table 2.1
should correspond to a rainfall duration of t,. The
relationship between the intensity and duration depends
also on the frequency of the rainfall. These relation-

' ships can' be exemplified by the family of" 1nten51ty-du—~

ratlon-frequency curves in Fig. 2.2.
/V -6 -



Table 2.1, Some Rainfall-Runoff Formulas for Small
? Drainage Lasins (Chow, 1962)

Name o Peak Flow Rate ( ma/ 8)
¥ /,_______
S
Adans 0.00723C-A-I —
AT

| 4
Burkli-Ziegler 0.06236G-A - I| /._.Em

Chamier 0.011¢-A0°75. 1

L3

Hawksley 0.02778C-A -I\}A—_—S; ;
McMath - 0.00917C-A Ii/-—-—%——m

Retional 0.00278C-I-A
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Several formulas proposed for estimating the time
of concentration are listed in Table 2.2. In this table
kl and k2 are coefficients representing flow resistance,
n is the Manning roughness factor, L is the overland flow
length in m, o{is the percentage of impervious areas, I
is the intensity in mm/hr, and S is the average slope of
the basin,



Table 2.2, Selected Time of Concentration Formulas for
Overland Flow (Yen, 1978)

Name Time of Concentration (min)
Izzard 506, 442, 754x10’5 /3 )(m?--L )1/3
| 27? cs

kL
2 \0.4%6
Kerby 1.446( )
. gl/2’

Kinematic-wave

692(n2’h 303
v

0.24
Shake et.al. 0'6’0 L -

5 A

2.1.2. Gutter Flow !

- Runoff in a street gutter occurs in the form of a
spatially varied, unsteady open channel flow. As pointed
out by Akan and Yen (1980) gutter flow can be represented
. by St. Venant equations expressed as .

SA -1 .
Y + 3 9 (2.3)

-~

.
2L +v2L +e3L- =g(s,-8,) - — (2.8

in which Q is the flow rate, t is time, x is the distance
along the gutter, y is the average depth of flow measured
normal to x, V is the average velocity of flow, 9 is the
lateral inflow rate from the overland runoff per unit
length of the gutter,

“"As in the case of overland tlow component, the solu—
tion of the St. Venant equations for gutter flow is costly

-9 -



and impractical. Hence, simplified approaches are neces-
sary also for gutter flow.

A number of researchers including Huber et. al.(1975),
and Chow and Yen (1976) represent the gutter flow by using
the variations of the kinematic-wave approximations. The
main assumption of the kinematic-wave method is that the
friction slope S, can be set equal to the bottom slope
of an open channel, Hence Eq. 2.4 is simplified to

So—._?Sf (2.5)

where S, is computed by a steady flow friction equation
like Manning formula written in metric units as
a=-1- a 22/3 gl/2 (2.6)
in which Q is the flow rate, n is the Manning roughness
factor, A is the cross-sectional area of the flow, R is
the hydraulic radius, and S is the bottom slope of the
gutter. Numerical 31mu1taneous solutions of Eqs. 2.3,

2.5 and 2.6 constitute the gutter flow computations based
on & kinematic-wave approach Further simplifications of
gutter flow calculations can be suggested by assuming the
flow is steady and uniform with a flow rate equal to the
péak surface runoff diséha?ge from the contributing basin
(Metcalf and Eddy, 1974). In such an oversimplified ap-

proach, Eqs. 2.5 and 2.6 are adopted for gutter flow com-
putations. g

2.1.3, Flow in Sewers and Coilectoréi

The propagation of stormwater in sewers and collec-
tors can also be described mathematically by the St.
Venant equations (Seviik, 1973) as

b3+ 3L 42D o @
AV, DV >y |
>t + DX dx &5¢ (2.8)

- =10 -



in which A,B and y are respectively the cross-sectional
area, water surface width, and depth of flow in sewers,
V is the cross-sectional mean velocity, S, and S, are
respectively the sewer or collector bottom and energy
grade 1ine slopes, x is the distance along the sewer,and
t denotes time. As mentioned in Sections 2.1.1 and 2.1.2,
analytical solution of Eqs. 2.7 and 2.8 is not possible
and the solution of these equations by numerical techs.
niques is cumbersome and costly for urban storm drainage
conditions. Therefore, simplified approaches among which
is the kinematic-wave method have been deviced in the
past for flow routing in storm sewers (Huber et. al.,1975;
Yen and Seviik, 1975). The application of the kinematic-
wave to sewer flow is essentially the same as for gutter
flow, -

Another simplified approach for sewer flow Touting
is the hydrograph time-lag method., In this approach an
upstream inflow hydrograph of a sewer is carried to the
downstream end without any distéption\in its shape. How-
ever, the hydrograph is shifted by a lag time estimatedf
from-the length of the sewer and a characteristic flow
velocity.

2.2. Review of Major-Urban'Storm Drainage Models

A review of the major existing models for the snaly-
sis and design of urbap storm drainage system are given
here in view of the basic hydraulic considerations dis-
cussed in the preceding sections. Such a review is es-
pecially useful for evaluating the mathematical model de~
veloped in the present study.

+

2.2.1. Rational Method

Rational method is the most popular approach for
practising engineers for sewer system design due to its
“simplicity. The method is based on the ratiomal formula
given in Table 2.1. On the other hand, in application of
' - 11 -



the rational formula to sewer design, the time of concent-
ration is taken as the summation of the inlet time and the
sewer flow time. The sewer system is designed starting -
from the most upstreasm sewers and proceeding sequencially
towards downstream, The rational method has no theoretical
justificatioﬁ.

2.2.2, Chicago Hydrograph Method

The overland flow component in the Chicago Hydrograph
Method is calculated by using Izzard's synthetic hydro-
graph approach (Tholin and Keifer, 1960)., Gutter and sewer
flows are determined from a linearized version of the
kinematic-wave approximation., Sewers are designed in & se~
quential manner starting from the upstream ones. The pesk
inflow rate for each sewer is adopted as the design dis-
charge.

2.2.3. Transport Road Research Laboratory (TRRL) Method

The inlet hydrographs are determined by algebraical-
1y summing the ¢ontributions from the subcatchment of im-
pervious surfacés which have equal flow times to the.point
of inlet. Contributions from pervious surfaces are neglec-
ted. Inlet hydrographs are routed in the sewer system by
using a hydrograph time-lag method in corporstion with a
storage routing scheme. The downstream hydrograph of each
sewer is first appoximately determined by a time-lag ap-
proach, then it is modified by using a storage routing
scheme (Terstriap and Stall, 1969). Again the pesk inflow
rate of each sewer is adopted as the design discharge.

2.2,4., Illinois Urban Drainage Area Simulator (ILLUDAS)

ILLUDAS is a modification of the TRRL method essen-
tially to account for the surface runoff from pervious
areas (Terstriap and Stall, 1974). Also the sewer routing

___scheme is somehow improved by using a scheme which can be

classified as a linearized kinematic-wave method,

- 12 -
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2.2.5, EPA Stormwater Management Model (SWMH)

\ SWMM is a relatively comprehensive model considering
both quantlty and quality aspects of stormwater runoff,
It utilizes linear kinematic-wave epproximations for over-
land and gutter flows, and a modified nonlinear kinematic
-wave épproach for sewer flow computations. The modifica-
tion of the nonlinear scheme is provided for the purposse
~of accounting for the backwater effects to a certain ex-
tent in the sewer systenm,

2.2.6, I1linois Urban Storm Runoff (IUSR) Method

JUSR employes a nonlinear kinematic-wave scheme for
flow routing in the overland flow surfaces and gutters,
Inlet hydrographs are computed considering the interdep—
tion capacities of the inlets which may behave either as
weirs or orifices depending on the gutter flow conditions,
Carry-overs from inlets are allowed (Chow and Yen, 1976),
A dynamic-wave flow routing scheme is employed for flow
in the sewers. Backwater effects from the joining sewers
‘and the manholes on sewer flow are considered.

- 13 -
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3. DESCRIPTION OF PROPOSED MATHEMATICAL MODEL

\

The proposed mathematical model differs from most of
the existing models in several aspects. The highllghts of
the model can be summarized as follows:

i. The required number and the locations of the gut-
ter inlets in the drainage area are determined as part of
the model output.

ii, Neither the sewer section sizes nor the slopes
are to be specified by the user. The model attempts to
select a proper combination of a sewer section size and
a slope according to a minimum so0il cover and a maximum
allowable velocity criterion,

iii. Considering possible flood damages due to & fail-
ure of each element, components of a storm drainage system
are categorized into two groups. Then those elements in
different groups are deéigned by use of design storms of
different return periods.

_ iv. A hydrograph time-lag method is adopted for flow
routing in the gutters, sewers and the collectors. Also
an optional simplified kinematic-wave technique is pro-
vided for unsteady flow computations in the sewers and
the collectors. ’

3.1. Grouping of the Elements

Since the failure of different elements in a sform
drainage system cause different magnitudes of flood dama-
ges; from engineering economy viewpoint, these elements ’
need to be designed considering design storms of differ-
ent return periods. In the proposed model the elements of
an urban drainage system are categorized into two groups.

Gutter inlets, street sewers, and manholes consti-
_tute the first group; and they are d981gned for a raln—

-—

storm of a small return period like 2 to 5 years, Main
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collectors are in the second | oup and they are designed
considering a more severs rai?storm with a return period
of 10 to 25 years. Accordingly, the design of a storm
drainage system is completed in two stages. Elements of
the first group are designed in the first stage; and the
main collectors are dimensioned in the second stage. Ev-
idently, the hydraulic response of the first group Ele-
ments under a rainstorm more severe than their design
-storm need to be simulated in the second stage of the
design procedure.

3.2, Design of First-Group Elements

Gutter inlets, street sewers, and manholes are in-
cluded in the first group. These elements are designed
according to a design storm with a return period of 2 to
5 years. Manholes are selected among the standard types
with sizes depending upon the section sizes of the in-
coming and outgoing sewers. Hence no means are provided
. in the model to compute the manhole dimensions,

3.2.1.'Gutter Inlets

Gutter inlets are first placed at the corners of each
block. The number and the locations of additionsal gutter
inlets required are then determined such that no carry
~over from an. inlet is allowed under the conditions of the
design storm. This is accomplished by providing an inlet
wherever the pesk gﬁtter discharge is likely to exceed a
specified magnitude. Alternatively, the spacings of the
inlets may be controlled such that the flow depth in the
gutter will not exceed a specified maximum allowable depth.

3.2.1.1. Inlet Hydrographs
The drainage area is divided into a number of sub-
catchments, each 'flowing into a gutter inlet existing in
the drainage system. Since no carry-over is allowed from

an inlet under the design-storm coﬁditions, the entire
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rainfall excess from a subcatchment is intercepted by éhe
associated gutter inlet. As suggested by Yen and Cheng \
(1980) the inlet hydrographs are assumed to be triangu-!
lar or trapezoidel in shape as shown in Fig. 3.1 depend-
ing upon the relative magnitudes of the inlet time ti |
and the duration of the design storm t;. If the storm
duration td is equal or greater than inlet time ti;the
peak discharge is equal to

Q=4 (I ~9) - o (3.1)

in which Qip is the peak:inflow rate of the inlet, éi
is the subcatchment area of the’ inlet, IB is the inten-
sity of design storm, and @ is the abstraction index.
For the inlets which have inlet times greater than the
rainfall duration, the peak glow rate of the inlet hydro-
graph is calculated as

& ) :
Qg —F‘L Ai(Is'-‘-ﬁ) : (3.2)

in which the terms are as deflned previously. An inspec-~
tion of Fig. 3.1 together with ‘Egs. 3. 1 and 3,2 réveals
that the volumes of the inlet hydrographs are equal to
the net effective rainfall volume occuring over the ' cor-
responding subcatchment. |

The abstraction index @ in Egs. 3.1 and 3.2 consist
of the losses mainly due to the infiltration into the
soil and depressions storage.-As pointed out by ASCE and
WPCF (1969) “the infiltration capacity of various types of
bare soils after one hour of continuous rainfall can be
estimated as 12.5-25.0 mm/hr for saﬁdy;open—structured
soils; 2.5-12.5 mm/hr for loam; and 0.2-2.0 mm/hr for
clay, close-structured soils. The infiltration capacity
is 3-7.5 times greater for surfaces covered with grass.
For detention losses 0.2% cm loss throughout the rain-
fall duration must be taken into account. Evidently the
80il conditions such as saturstion of the soil prior to

- 16 - /
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In design, the selection of lower limits wi
safety.

the rainfall greatly affect the infiltration capacity.
z% provide

The inlet time ti is equal to the summation of the
time of concentration tc for the subcatchmentxand the
gutter flow time tS' The time of concentration is com-
puted by using the kinematic-wave formula (Yen, 1978).

0.3
K 2 .2
1 n L
t = 004 Ss 2 (3.3)

in which L, is the subcatchment flow length, Ss is the
the average slope of the subcatchment, n is Manning
roughness factor and LeY is a conversion factor. Suggested
values of n for different types of land use are given in
Appendix A. The conversion factor Ky is 0.93 for the
Eritish unit system and it becomes 6.92 when t, is in
min, I, is in mm/hr, and L, is in m. The gutter flow

time ts is computed f?om Manning formula as

-

_ 2/3 J1/2 |
t =K.IL n /(Rg - 8 ) (3.4)

in which L_ is the length of the gutter, ng is the Man-
ning roughness factor, Ss is the longitudinal gutter
slope and R_ is the hydraulic radius corresponding to
the peak flow rate. The conversion factor K2 is 1/60
" when ts is in min; and Bg and LS are both in m,

3.2.1.,2, Additional Inlets
The peak flow rate of an inlet hydrograph is checked

against the allowable maximum gutter discharge in order

not to permit any carry-over from an inlet. Allowable

gutter discharge corresponds to the interception capaci-
-ty of a standard-type inlet, and it is about 50 1lt/s -

(f1ler Bankasa, 1971).
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Exceedance of the max\ um allowable gutter discharge
by a peak inlet flow rate ;:plies a need for additional
inlets along the gutter. These additional inlets are plac-
ed with equal spacing; the number of which is calculated
such as the maximum gutter discharge criterion is not vi-
olated. The calculation of the number of the additional

inlets requires a triasl-and-error procedure.

Optionally the mathematical model permits a maximum
allowable gutter flow depth to be specified instead of an
allowable discharge for controlling the inlet spacing.,

The maximum allowable gutter flow depth may be limited by
the curb height or it can be selected such that the top
width of the gutter flow will not exceed the width of the
inlet. The gutter flow depth corresponding to the peak
discharge is computed by using the Manning formula written
in metric units as

3/8
en

Qoem, |
dg- 159 —LEy5, (3.5)

g

in which dg is the flow depth in the gutter assumed tri-
angular in cross section, z is the reciprocal of street
crown slope, Sg is the longitudinal slope of the gutter,
and ng is the Manning roughness factor of the gutter. If
d_ thus computed exceeds the specified sllowable depth,
then additional inlets are placed with equal sp:cings
along the gutter. The number of these additional inlets
-are determined such that the allowable depth criterion
is satisfied. ’

Main assumption of plecing additional inlets at equal
intervals is that the basin area, and the characteristics
of the basin is uniformly distributed along the gutter;
and the slope of the gutter is constant. Where addition-
al inlets are placed, the inlet hydrographs are recom-
puted following the procedure given in-Section 3.2.1.1.

- 19 -



3.2.2. Design of Street Sewers \

Street sewers are designed sequentially starting
from the most upstream ones and proceeding in the down-
stream direction. The size of ‘a sewsr is computed such,
that & maximum allowable velocity will not be exceeded !
at the pesk discharge of the upstream inflow hydrograpﬁj
of the sewer. The upstream inflow for a sewer consists :
of the outflows from the further upstream sewers, and the
surface runoff contributing directly to the manhole at-
tached to the upstream end of the sewer. The: direct sur-
face runoff input is expressed by the corresponding inlet
hydrogrsphs. Also, a flow routing scheme is provided to
find the discharge hydrographs at the downstream ends of
the sewers. This information is neceassary to carry out
the design procedure to further downstreanm sewers.

3.2.2.1, Selection of Sewer Slze and Slope A

Street sewers are desigred starting from the most
_upstream pipes and progressing in sequence one by one to-
wards downstream., The inflow 'hydrograph of a sewer.is
computed by using the formula

Q= 2Q;+ 3 %" ‘ (3.6)

in which Qu is the upstream inflow rate for the sewer,
SQ; is the summation’ of the inlet flow rdtes discherging
directly into the manhole: connected to the upstream end
of the sewer, and :gg is the sum of the dlscharges from
the upstream sewers joining the sanme manhole. Ev1dent1y
:SQJ is zero for the sewers located at upstream extreme-
ties of the system. The peak flow rate of the upstream
inflow hydwrograph is selected to be the design discharge.
The required sewer size is determined from the Manning
formula according to & specified section type. If circu-
lar sections are desired, the required sewer diameterxr dé"“““
is calculated in m as

a,=1.568(Qn, /VE0T L 5.
- 20 - ' '



in which Qp is the peak inflow rate in ma/s, ng ig the
nanning roughness factor for circular sewer, and Ss is
the sewer slope. The next standard sewer size larger than
d8 is selected., If rectangular sections are desired, the
required section type is determined by calculating the
conveyance factor ‘

2/3_ _PPr |
A-R = mf%_.;@ (3.8)
in which n, is the Manning roughness factor for rectaq—
gulasr sections, and the other terms are as defined pre-
viously. Standerd rectangular section with a greater
conveyance factor is cheosen for that pesk discharge at
the adopted sewer slope.

In order to minimize the excavation work, first the
asgociated street slope is sdopted and employed in Egs.
3.7 and 3.8 &8s the sewer slope. Then the design flow ve-
locity is calculated by using the selected sewer slope
and the size. If the computed velocity is smaller than
the maximum allowable velocity, the design is accepted.
In cases the cslculated velocity exceedsfthe meximum al-
lowable velocity, depending upon the choice of the user,
either the sewer size is incressed or the sewer slope is
decreased to values at which the msximum velocity crite-
rion is satisfied. If a change in sewer slope is prefer-
red, chute structures are added to the system for the
purpose of sitisfying the minimum soil cover requirement.
the heights of the chute structures are also computed in
the model. The user is allowed to specify the number of
the larger standard size sections to be tried s an al-
ternative to the chute structures for satisfying the max-
imum sllowable velocity criterion.

Since sewers are designed to flow partially filled,
the design flow velocity to be checked against the max-
imum allowable velocity is computed for partially filled
flow conditions. In circular sections, due to the geometry,
no explicit expressions are availsble to compute the flow
velocity. The relationships between the cross-sectional
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properties of partially filled ciﬁcular sewers are expres-
sed in terms of the full flow parameters as

A ___9 _ _sing (5.9)
—i T30 T I | +9
"‘“ﬁ“’"‘Rf =1 - -5 | (3.10)

/3 1/2
v_ - 2t [ R f‘ 8 ) (3.11)
Vf n Rf , Se
L /3 1/2
Q __% & | »V7_s ,
Q¢ T B 4 l £ _T?’ (3.12)

in which A is the flow area, R is the hydrsulic radius,

V is the flow velocity, Q is the flow rate, n is the Man-
ning roughness factor, S is the slope of the sewer, and

© is the central angle of the surface in degrees. The pa-
ramgters with subscript f denotes the hydraulic properties
for full flow case. These relationships can slso be rep-
resented graphicall& as shown in Fig. 3.2 (ASCE and WPCF,
1969). The variation in Manning roughness factor with
flow depth is accounted for Egs. 3.11 and 3.12, and as
well as in Fig. 3.2, In the mathematical model the flow
velocity is computed by using the relationships given
above. Values for Manning roughness factor for full flow

" conditions are given in Appendix A.

‘smaller in size than any one of the incoming sewers.

Since the slopes of the sewers in the system vary,
Egs. 3.7 or 3.8 may yield a sewer section size smaller
than that of upstream one. However as recommended by
ASCE and WCEF (1969), the mathematical model does not al-
low any reduction in sewer size in the flow direction. In
other words, a sewer outgoing from a manhole can not be

As the design of a sewer is completed the discharge
f - 22 - |



hydrograph at its downstream end is calculated by use of
a routing scheme,

08
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~ Fig. 3.2. Hydraulic Elements of Partly Filled Circular Sewers
(ASCE and WPCF, 1969) ‘

3.2.2.2. Sewer Flow Routing
The user of the model is allowed to select one of
the two routing schemés deviced for determining discharge
_hydrographs at the downstream ends of the sewers. The
first scheme is based on a hydrograph time-lag method,
and the second scheme is a simplified version of a kine-
matic-wave model.,

The sewer flow time t, required in the hydrograph
time-lag scheme is computed by

Lg

te= (3.13) _
£=7V, )
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in t%hich L, is the length of the sewer and V_ is the peak
flow velocity. Then, as shown in Fig, 3.3, the upstream
inflow hydrograph of a sewer is shifted by t, elong the
time axis to determine the sewer outflow hydrograph.

———— Upstream Hydrograph
Q ~—— Downstream Hydrograph

Flg. 33, Hydrograph Time - Lag Method for Sewers

The simplified kinematic-wave scheme is based on
the continuity equation of unsteady flow and the Manning
formula given in Eqs. 2.7 and 2.6 respectively. For a
sewer in the system, Eq. 2.7 can be written in finite
difference form as

N 1 e 4
e AJ+1_ Aj e VI—JQJ‘* T - Qa.‘.—f . .
< +—2ta—2- =0 (3.14)
8
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in which the subscript j and j+1 represent the time
steps of computation, A is the average flow area in the
sewer, At is time increment, Ql is the inflow rate, Qo
is the outflow rate, and LS is the lehgth of the sewer.

In the routing procedure, the variables at the j th
level of computation are known from the previous time
step calculations or from the initial conditions., Also Qd
and Qj*ivalues are known from sewer inflow hydrograph.
The computatlons are carried to the j+1 st time step as
follows:

i. The rate of inflow to the sewer is averaged over
a time increment At by
QI F = 31— (o + I (3.15)
ii. The increase in sewer flow area over the half

time increment At/2 is expressed by AKX and computed ap-
proximately as .

al = 85— (i*F - ) (3.16)

- 8

iii. The average rate of outflow from the sewer Qj
is calculated as a function of Aa ‘—-Adi—AA in the form
of

Qe = £ a9'E) (A

by using the Manning formula together with Egs. 3.9 to 3.12

iv. The change in the average sewer flow area AA
over the time interval At is calculated as

ao=—E @ - b (3.18)

v. The average sewer flow area at the j+l1 st time
_level is calculated as

2 =adim (3.19)
- 25 -



vi. The sewer outflow rate at the j+l st time level is
computved in the form of

Q= £¢adt!) | (3.20)

by using The Manning formula togefher with Egqs. 3.9 to 3.12

3.3, Design of Second-Group Elements

"Design discharges adopted for sizing the first-group
elements are exceeded in the second-stage of design in
which the collectors are dimensioned considering a more
severe rainstorm, Hence under the conditions of the se-
cond-stage design storm, part of the storm water floods
the streets even though the street sewers may be discharg-
ing continuously at their full capacity. This excess storm
water which can not enter the sewer system is routed in
the gutters towards the nearest collector following a sur-
face drainage pattern specified by the‘user. A simulation
of flow in first group elements is deviced to find the de-
sign discharges for the second-group elements.

E

3.3.1., Simulation of Flow in First-Group Elements

Simulation of the first-group elements consists of
the routing of flow in the street gutters and the street
sewers. The procedure is started from the most upstream
gutters and sewers, and carried in a sequentisl manner to-
wards downstream follgwing the specified drainage pattern.

3+3.1.1. Gutter Flow Routing

Eegsides the carry-over from an upstream inlet, a gut-
ter receives lateral inflow from the contributing subcatch-
ment. The lateral inflow hydrographs are determined in a
similar fashion as in Fig. 3.1 except that the inlet time
t is replaced by the time of concentration t « The rout-
1ng for the gutter flow is accomplished by a hydrograph

time-lag approach. In this approach, a gutter is divided
" into a number of segments as speclfled by the user. As
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illustrated in Fig. 3.4\the upstream inflow hydrograph is
first cerried down along the most upstream segment of the
gutter by a time-lag equal to the flow time calculated
from the length of this segment. The flow time is compu-
ted for the peak flow rate of the gutter hydrograph as in
Eq. 3.4 except the length of the gutter segment is subs-
tituted in place of the entire gutter length Lge The
shifted hydrograph is then algebraically summed up with
the lateral inflow of this segment. The resulting hydro-
graph is routed through the next segment downstream in
the same manner and added to the lateral inflow of that
segment. The same procedure is repeated until the down-
stream end of the gutter is reached.

3.3.1,2. Flow into Gutter Inlets

Since in the design of second-group elements, the
. design discharges of the first-group exceeded, surcharge
conditions are likely to occur in the system. Under the
surcharge conditions only part of the surface runoff is
captured by the gutter inlets. The flow interception ca-
pacity of a gutter inlet is assumed to be controlled by
the full flow dlscharge capacity, Qf of the street sewer
downstream as shown in Fig. 3.5. The full capacity Qf
is computed in m /s from the Manning formula as

Q= 0. 512 4 a8/3.81/%/ n_ (3.21)

for circular sewers, and is computed as
’ f

2/3 ’
@ =y || e (3.22)

for rectangular sewers. In Eqs. 3.21 and 3.22 ds is the
sewer diameter in m, S° is the longitudinsl street slope,
b and y ere width and height of the rectangular section

in m respectively. The use of the street slope So-in Egse —

3.21 and 3.22 is based on the assumption that the hyd-
raulic grade line is approaximately parallel to the
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street surface under the surcharge conditions.

Gutter flow ‘
Qg Carry - over

Manhole

Fig. 35 Surcharge Condition

4

At any time of computatlon knowing QG and ZQ
computed respectlvely from upstream gutter and sewer '
routifig schemes and Qf determined from Eq. 3.21 or 3. 22
the intercepted flow. Ql the carry-over Qc and the sewer
ir}flow QS are estimated as follows:

1018 Qp Lty

Q = Qp =3y (3.23)
Q =~ (3.24)

Q =Q (3.25)

i, If Q> Qe+>9y

Q =9 (3.26)
QS =Qg+ 9y (3.28)
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Calculating Qi’ Q¢ and Qg a% different time step
computations, the inflow hydrographs for the downstream
gutters and the street sewers are determined,

%+3+:1.3. Sewer Flow Routing

Upstream inflow of a street sewer is computed as des-
cribed in Section 3.3.1.2. This hydrograeph is then routed
along the sewern, by using one of the routing schemes as
discussed in de¢%ail in Section 3e2.242,

3+3.2, Design of Collectors

Storm water reaching the collectors partly through
the sewer system and partly over the street surfaces cong-
titute the inflows for these elements. Mathematicel model
allows thé use of additional direct inflow hydrographs to
be specified for the collectors which may be contributions
from those parts of the drainage basin not irncluded in the
simulation.

Collectors are designed starting from the most up~
stream canals and progressing in sequence towards down-
stream’ The design procedure of the collectors is the same °
as that of the street sewers as discussed in Section 3.2.2,

3.4, Options of model

The major options of the mathematical model can be
summarized as follows: -

i. Two sewer routing schemes namely a hydrograph
time-lag and a simplified kinematic-wave method are pro-
vided,

ii. Sewers can be designed circular or rectangular
in cross section,

iii, Collectors can be designed circular, rectangular
or trapezoidal in cross section

iv. For any street in the drainage ares, a pair of
sewers on the two sides of the street or a single sewer
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at the center can be selected. However, when a single

sewer is used, the sewer size is not recomputed where ad-
ditional inlets are required.

v, where the maximum flow velocity is exceeded in a
sewer or collector laid parallel to the ground surface,
the size of the sewer may be increased, or the slope may
be decreased with the incorporation of the chute struc-
tures. Also the user may desire checking the both alter-
natives by specifying the number of the lesrger standard

sizes to be tried as s preference over the chute struc-
tures. .

3.5, Computer Program

A computer progrsm in FORTRAN IV language is deve-
loped for the mathematical model proposed in this study.
It consists of a main program and seven subroutine pro-
grames with 1002 FORTRAN statements. The description,
listing, end & user's guide of the computer program is
given in Appendix B. ‘

o
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4, APPFLICATION OF PROPOSED MODEL

The proposed model is applied to an approximately
29.3 ha basin in the Batikent Satellite Town near Ankara,
The toﬁography and the land use of this area is shown in
Fig. 4.1. Also shown in this figure are the drainage’ pat-
tern and the abstraction indices of the subcatchments as
well as the sewer layoub and the collectors. The sewers
and the collectors are circular in cross section. The de~
sign storm adopted for the street sewers has an intensity
of 68 mm/hr and a duration of 15 min, and that for col-
lectors has an intensity of 88 mm/hr and a duration of
35 min. The collector receives an upstream inflow from
a 7.21 ha basin not shown in Fig. 4.1. This upstream in-
flow is represented by a hydrograph with a peak discharge
of 553 1t/s and a time base of 121 min entering the col-
lector at the flow section marked 77 in Fig. 4.1,

In order to provide a comparison of the two schemés,
solutions are ottained by using both the hydrograph ti@e
-lag-and simplified kinematic-wave routing methods. The
major input data and the results are summarized in Table
4.1,

An inspection of Table 4.1 reveals that the sewer
design discharges computed are very close and the sewer
diameters are identica}; Orn the other hand, the sizes of
the collectors computed by the two schemes are different.
.This is mainly due to the fact that equilibrium (steady
state) conditions are reached in the sewers and hence ;
the peak discharges estimated by the two methods are es-
sentially the same. Steady state conditions can be obser-
served from Fig. 4.2 and 4.3 which show the flow hydro-
graphs obtained at sections 15 and 76 in the sewer system.
Conversely, in the collectors, steady state is not reached,
_ and hence the attenuation of the peak flow which is ac-
counted for by the simplified kinematic-wave approach{but
not considered in the time-lag method becomes an impor-
tant factor. Expectedly the hydrograph peaks are greater
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Table 4,1. Computed Street Sewer and Collector Discharges
and Diameters (to be continued)

Drained Kinematic-wave Hydrograph time-lag

From To Arsa Slope Discharge Diameter Discharge Diameter
Node Node ha \ 1t/s mm 1t/s mm
4 5 0.11 8.23 9 200 9 200
5 11 0.72 2.71 28 200 28 200
11 15 1.02 3.40 62 250 62 250
15 20 1.40 3.70 105 300 105 300
20 25 1.75 5.59 145 300 105 300
25 30 @ 2.12 2.4 187 400 187 400
30 32 2.22 1.66 199 400 199 400

42 43  0.05 12.51 6 200 6 200
43 48. 0.29 10.66 33 200 33 200
48 55  0.88 5.38 100 250 100 250
55 .62 1,16 2.77 132 350 132 350
32 76 2,29 1.52 207 400 206 400
77 78 7.21 8.94 553 500 . 553 500
76 78 2.3 0.53 = 215 500 213 - 500
78 70  9.65 3.84 | 546 500 808 600
62 70 1.69 1.64 193 400 193 400
82 8% 0.18 5.48 21 200 21 200
83 70 0.85 0.26 75 400 73 400
70 100 12.85 1.09 102t 800 1315 1000
103 104  0.04 .4.10 . 5 200 5 200
104 100  0.40 10.14 46 200 46 200
202 203  0.08 6.96 9 200 9 200
203 210  O.44 6.96 23 200 23 200
210 211  0.55 5.46 30 200 30 200
211 214 0.76 8.17 56 200 56 200
214 100 1.05 4,08 89 250 89 250
100 250 14.73 0.29 1491 1200 1819 1400
260 261 0.47 5.86 36 200 36 200
261 267 1.10 0.22 108 500 108 ° 500
267 274 1.39 0.22 141 500 141 500
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|
Table 4.1 Computed Street Sewer and Colleﬂtor Discharges
and Diameters (concluded?

Drained Kinematic-wave Hydrograph time-lag

from To Area Slope Discharge Diameter Discharge Diameter
Node Node Ha % 1t/s mm . 1t/s mm
276 277 0.18 8.22 3 200 3 200
277 271 0.49 5.66 38 200 38 200
271 250 2.73 0.23 220 600 220 600
289 250 0.26 2.85 31 200 31 200
108 109z 0.32 1.28 40 250 40 250
109 250 0.85 3.37 ~ 104 300 104 300
114 115 0.37 1.60 46 250 46 250
115 117 1.22 2.48 153 350 153 350
250 302 - 19.57 0.71 2178 1200 2507 1400
117 302 2,31 2.13 289 500 289 500

40 303 0.16 5.19 12 200 12 200
303 308  0.58 5.87 25 200 25 200
308 313 0.91 5.96. 63 200 * 63 200
313 317  1.13 4,50 88 250 88 250
317 320 _ 1.30 2.54 97 300 97 300
329 330 0.31 0.74 12 200 12 200
330 320 0.57 0.75 = 42 300 42 300
320 332 2.55 0.53 220 500 - 220 500
332 337 3,20 0,18 296 700 296 700
337 342 3.64 0:19 346 800 246 800
302 350 22.21 2.42 2663 1200 2990 1400
342 350 3.93 2.26 %82 800 382 800
354 355 0,07 3.94 8 200 8 200
355 360 0.48 4,02 14 200 14 200
360 370 1.15 1.75 63 250 63 250
370 371 1.25 0.78 64 300 64 200
371 372 1.67 2.50 117 300 117 300
372 350 2.23 2.62 187 350 187 350

[ S——

350 400 29.30 2.20 37487 1200 4121 1400
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in the hydrograph time-lag method as shown in Fig. 4.4 of
the hydrograph at section 350 along the collectors, and
hence the sewer diameters are overestimated.

' A comparison of the volumes under these hydrographs
to that of excess rainfall indicates that continuity is
satisfied within acceptable limits in the model. Errors
concerning the flow continuity are listed in Table 4.2.
The two schemes have comparable accuracy.

Table 4.2. Flow Continuity Errors

Hydrograph Kinematic-Wave

Excess Rainfall Time-Lag Method Method
Flow Volume Volume Error Volume Error
Section 107 m 102w’ % 100w’ _ %
15 96.1 96.5 1.7 94.9 1.2
76 193.3 198.0 2.4 196.9 1.9

350 7377.0 - 7788.9 5.7 ° 7089.6 3.9

" The execution time for the example application
given here is 30 secénds for the hydrograph time-lag
method snd is 144 seconds for the simplified kinematic
-wave scheme. The difference in the execution times of
the two methods is mainly due to the use of smaller time
steps in the kinematic-wave scheme required to overcome
numerical stability problems,
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5. CONCLUSIONS AND RECOMMENDATIONS

\
L
i

The most evident outcome of this study is a mathema-
tical model and the corresponding computer program for
the design of urban storm drainage systems.. The mathema-
tical model is not the most sophigticated one possible,
It is rather a simple model which can be adopted in the
real world problems without violating the basic princi-
Ples of hydraulics.

The two options provided in the model concerning the
flow routing in the sewer and collectors are hydrograph
time-lag, and simplified kinematic-wave methods. The ap-
plications of these two scheme to drainage basin in the
Batikent area near Ankara, indicates that, as expectedly
similar results can be obtained for sewers especially on
the upstréam portions of the basin. However, the sizes of
the main collectors or the downstream sewers of large ba-
sins would be over. estimated by the hydrograph time-lag
method,

“Addiﬁional options concerning the types of the sewers
and the collectors as well as the system layout provides
a reasonable flexibility for the model. Hence a variety
of different types of storm-drainage system can be design-
ed by using the.model developed. '

The input data reguired by the model consists of
varisbles most of which can easily be obtained from the
‘'maps of the drainage area under consideration. Engineering
Jjudgement may be necessary only in the selection of the
abstraction indices and the design-storms. If no informa-
tion is available on the abstraction indices a reasonable
approach would be to set the index equal to zero for im-
pervious surfaces directly connected to the drainage sys-
tem, and set it equal to the storm intensity for pervious
-areas like gardens and lawns. A weighted abstraction in-
dex then can be computed for each subcatchment. As to the
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selection of the design-storms, it is suggested to try
several combinations of the design-storms and select the .
couple which results in the most conservative design.
Certainly the intensity and duration of these storms
must be related through the intensity-duration-frequency
curves for the region considered.
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Table A.1. Values of n for Kinematic Wave Time of
Concentration Formula (Yen, 1978)

Surface n
Asphalt pavement 0.012
Concrete pavement 0.014
Bare packed soil 0,020
Rough bare packeq soil 0,03
Mowed poor grass 0.03 |
Cultivated rows, no crop 0.03%
Cultivated rows, with crop 0,04
Pasture-average grass . 0.04
Dense grass ' 0.06
Shrubs and Brushes " 0.08
Woods and forests 0.20 E

- |
Land use ' n
Business - . . 0,015 - 0.030
Semi-business 0.020 - 0,035
Dense residential - 0.025 - 0,040
Suburban residential 0.030 - 0,055
Parks 0.04 - 0.08

Light industriel’ 0.015 -~ 0.035
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\
Table A.2. Values ofKRoughness Coefficient n of Manning
Formula (ASCE and WPCF, 1969)

Conduit Material | Manning n

Closed Conduits

Asbestos-cement pipe 0,011-0.015
BriCk 0 0015-0 0017
Concrete (monolithic)
Smooth forms 0.012-0.014
Rough forms- 0.015-0.017
Concrete pipe | 0.011-0.015

Open Channels
Lined channels

a. Asphalt 0.013-0.017

b. Brick N + 0.012-0.018
c. Concrete 0.011-0.020
- d. Rubble or Riprap 0.020-0.035
e. Vegetal - 0.030-0,040

Excavated or Dregged )
Earth, straight and unitofﬁ 0.020-0.03%0
Earth, winding fairly uniform C.025-0.040
Rock 0.030-0.045
Unmaintained 0.050-0.14




APPENDIX B
DESCRIPTION OF COMPUTER PROGRAM
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B, DESCRIPTION OF COMPUTER PR?GRAM

In this chapter the computer program developed bas-
ing on the proposed mathematical model is described. In
Section B.1l, general features of theiprogram are summa-—
rized. The major flow chart of the computer program is
given in Section B.2, Then, Section B.3 is devoted to
functioning of the main program and subroutines., The
variables concerning the input data are described in Sec-~
tion B.4, whereas a description for preparing the input
data is given in Section B.5. The deck and & samplé out-~
put for the computer application of the model described
in Chapter 4 are given as well as a 'listing of the com-
puter program in Sections B.6, B.7, and B,8 respectively.

B.1l. General Features of Computer Program

The computer program developed for the mathematical
model is coded in FORTRAN IV language. It consists of
1002 FORTRAN'statements with a main program and seven
subroutinés. The storage requirement of the program is
126 K bytes approximately, and is independent’of the
number of the sewers to be considered at once. The com-
ter program is general and ¢an be applied to a variety
of urban storm water drainage systenms.

First subscript of matrices occuring in the common
blocks and dimension statements of the program may need
.to be increased if the user prepares the data cards in
an order deviating considerably from natural drainage
pattern. Second subscript of the matrices and those of
the vectors including characters "HYD" need to be in-
creased if more than 250 time steps of computations are
required.

The computer program terminates when input errors
-are detected, and computed section sizes are beyond the .
standard sizes specified for sewers and collectors.

/,
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The compilation time of the program for H-level/
FORTRAN compiler on the IBM-SYSTEM 370/145 is 110 seconds.

B.2. Major Flow Chart of Computer Progranm ,

The flow chart of the computer program developed for
the mathematical model is given in Fig. B.1l.

B.3. Functions of Main Routine and Subprograms

Computer program is composed of a main program with
seven subprograms and thirtesn common blocks.

MAIN Program: All input data are read by the MAIN
routine. The inputs are checked and a set of preliminary

computations are performed esnd printed according to the

option selections of the user. It also prints the design
results 1n form of a table. The normal termination of the
progranm 13 provided in the Main routine only.

Subprogram DESIGN: Determines the sections c¢f sewers
and collectors according to the peak discharges of inflow
hydrographs by satisfying maximum sllowable véiocity eri--
teriony and the heights of the chute stuctures if neces-
sary. Subprogram also routes the hydrographs of sewers in
the first-stage of design, and those of the collectors in
the second-stage of design. Either hydrograph time-lag or
simplified kinematic-wave method employed depending upon
the selection of the user.

Subprogram HYDCAL: Determlnes the inlet hydrographs
in the first-stage of design, and also computes the over-
land flow hydrogrephs in the second-stage of design. These
hydrographs are of trapezoidal and.triangﬁlar{shapes as
discrete ordinates at equal time intervals which specified
by the user.

Subprogram TOPLAM: Determines the discharge intercep-
ted by a gutter inlet and the carry-over in the second

--stage of design - —— - o m e

Subprogram RATIO: Determines the required number of

the additional inlets between those 1n1tially placed to
- 49 .
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START

Input Design Criteria and
Standard Section Properties

Read a Data Set of Layout
from One Card

Yes

r

Compute Inlet Hydrograph
for 18t Stage Design Storm

. ‘Are
Additional Inlets
Required ?

Yes

N,

Compute the Number of

Is Data Set a
Sewer Data?

Yes

Design the Collector,
Route Collector
Hydrograph

v

Additional Inlets

Design the Sewer,Compute Carry
-Overs, Route Sewer Hydrographs
of Both Stages

Compute Inlet Hydrograph
for 20d Stage Design Storm

v

- Print out Results

Route Carry - Over
Hydrograph

———aE’rint out Results

There any
More Data
Set ?

Fig. B.1. Moj'or "Flow Chart of Computer Program

1
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keep thg gutter discharge and flow depth below the speci-
fied 1iq}ts, '
Subbrogram SIMULM: Routes the sewer hydrograph in the

second-stage of design by one of the schemes, hydrograph
time-lag or simplified kinematic-wave methods.

Subprogram ROUTE: Performes gutter flow routing by
sumning carry-over and surface runoff hydrographs in the
second-stage of design.

Subprogram YNORM: Calculatés the normal flow depth
corresponding to a specified discharge and channel geo-
metry in rectangular and trapezoidal canals by an iteration
techniqﬁe.

B.4. Description of Input Variables

The user should provide the data for the input vari-
ables described below:

TITLE : Title of the design problem which appears on
the top of the program output.

The number of hydrographs that need to be storéd,
and should be small than the first subscript of
matrices,

JK

IJK

Total number of time steps which sould be small
than the second subscript of mutrices and dimen-
sion of vectors containing characters "HYD",

Number of segﬁents which a gutter is divided
for carry-over routing, and should be large
than zero.

IDES

IROUTE

Selection for routing scheme to be adopted for

flow in sewers and collectors.

#0 : Simplified kinematic-wave method is selec-
ted.

=0 : Hydrograph time-lag method is selected.

. ISTEP Number,ofwsubdivisidns,of the time  increment

DELT which to be employed in simplified kinema-

tic-wave routing.
- 51 -
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ITR

JTR

NCANAY,

NPIPE
NTRAP
NMEC

NSECA

NSECB

NART

LMIN

AINTA

AINTB

TDA
TDB
VMAX

_QMAX

YMAX

L ad

o oo . .o

D e e .. X

Return period for the design of first-group
elements (Years).

Return period for the design of second-group
elements (Years).

Number of standard rectangular sections.
Number of standard circular sections.

Number of standard trapezoidal sections.
Number of sewers under a street. 1 or 2.

Selection of section type for the design of
sewers.

=0 : Circular sections,
=1 : Rectangular sections.

Selection of section type for the design of
collectors.

=0 : Circular sectionsy

=1 : Rectangular sections,

=2 : Trapezoidal sections.

Maximum number of larger section sizes tried
as an alternative chute structures.

Standard section type number below which a list
of the computed sewér sizes can optionally be
obtained.

Rainfall intensity for the design of first
-group elements (mm/hr).

Rainfall intensity for the design of second
-group elements (mm/hr).

Rainfall duration for AINTA (min).
Rainfall duration for AINTB (min).

Maximum allowable velocity for sewers (m/s).

Maximum allowable gutter discharge (lt/s).

Maximum allowable gutter flow depth (cm).
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VMAXB

..

DELT

.

GUTRZ

GUTRN :
CANALN

PIPEN

TRAPN

DROP

..

RATK

*v

RATT

TYPEA
(1,7)

TYPEGL(I):

TYPEC
(1,9)

ITH

.

KP

\

Maximum allowable velocity for collectors (m/s).
Time increment for hydrographs (min). -
Reciprécal of street crown slope.

Manning roughness factor for gutters.

Manning roughness factor for rectangular sections.
Manning roughness factor for circular sections.
Manning roughness factor for trapezoidal sections.
Minimum soil cover for pipes (m)

Maximum depth ratio for rectangular séctions.

Maximum depth ratio for trapezoidal sections.

Dimensions of standard rectangular sections.
J=1,NCANAL

I=1 : Width of the section (m),

I=3 : Height of the section (am).

.

Diameters of standard circular sections (mm)
I=1,NPIPE

Dimensions of standard trapezoidal sections
J=1,NTRAP

I=1 Bottom width of the section (m),
I=2 : Side slope of the section (m/m),
I=3 : Height of the section (m).

e

Upstream node number,

Upstream node condition.

=¥ : Upstream end of a gutter of most extreme
inlet, ' a

Inlet, §

Manhole on a sewer,

nou
b= H

Inflow to a cqllector'junction from upper
basin, S
Collector junctionm.

"
g
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JTH

e

AREA

*e

ALEN

AELEV

BELEV

PHY

AN

SLOPY

ALENY

LP :

NODI,
NODJ -

HYD(I,J):

Downstream node number.

Downstream node condition.

=1 : Inlet’ i
=M : Manhole on a sewer,
- =P : Collector junction,

'Area of the subcatchment or exterior drainage

area (ha).

Length of the gutter, street sewer or collec-
tor between the nodes ITH and JTH (m).

Upstream node topographic elevation (m).
Downstream node topographic elevation (m).
Abstraction index for the subcatchment (mm/hr)
Manning roughness factor of the subcatchment,
Average slope of the subcatchment (m/m).
Length of the drain path of the.subcatchment (m).

Index indicating if the computed inflow hydro- %
graph at a node is desired to be printed out, |
#0 : Hydrograph is desired, |
=0 : Hydrograph is not desired.

Node numbers of inlets from which carry-over is
delivered directly into a downstream gutter,
Also, NODJ represent the total number of ordi-

nates of upper basin hydrograph if KP is de-
fined as B.

Upper basin hydrograph ordinates (1t/s).
I=1,NODJ

B.5. Pfeparation of Data

Information on the design criteria, standard section

sizes, basin characteristics and the drainage pattern of

the urban area must be prepared by the user. Also he
should number all the inlets, manholes, sewer and
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colfector junctions; and optionally the upstream ends of
all the exterior gutters. Numbering can be done arbitra-
rily but each number should be used only once. Each data
card contains all the information necessary about the
drainage area, or the sewer between the numbered points
depending upon whether these numbers represent inlets or
sewers. The user should also specify the inlet-manhole
connections.

The data deck for the computer program can be clas-
sified into four groups containing information on:

a. Design criteria,
b. Standard sewer and collector section sizes,

¢. Description of the layout following the drainage
) pattern

d. Upper basin hydrograph(s).

Data Set a | .

This data set is supplied in subsets to be given in
the order of al, a2, a3, ai4.

Subset a8l : This subset contains of 3 cards on which
the variable TITLE is written in alphanumeric characters
on 1-80 columns of each card, |

Sutset a2 :.This subset consists of a single card
and contains the following inputs.

Variable Name Type of Variable Columns
JK Integer 1- 5
"1JK Integer 6-10
IDES Integer 11-15
IROUTE Integer 16-20
ISTEP Integer 21-25

"~ If IROUTE is zero, ISTEP does not have to be
defined. f
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Subset a3 : This subset contains of a single card
and contains the following inputs.

Variable Name Type of Variable Columns
ITR Integer 1- 5
JTR Integer 6-10
NCANAL Integer 11-15
RPIPE Integer 16-20
NTRAP Integer 21-25
NMEC . Integer 26-30
NSECA Integer 31-35
NSECB Integer 3640
NART Integer 41-45
LMIN Integer 46—50

The variable NPIPE is defined if NSECA=0 and/or
NSECB=0. The variable NCANAL is defined if NSECA=1 and/
or NSECBE=1, Tﬁe variable NTRAP must be defined if
NSECH=2. |

Subset a4 : This subset consists of three cards and
contains the following inputs.

First card of subset al:

Variable Name Type of Variable Columns
AINTA ) Real 1-10
AINTB Real 11-20
TDA Real 21-30
TDB ' Real 31-40
vMAX Real 43-50 .
QMAX Real 51-60
YMAX Real 6l1-70
VMAXB  m-ﬁ " Real = 71-80
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}
Second card 'of subset al:

Variable Name Type of Variable Columns
DELT | Real 1-10
GUTRZ i Real 11-20
GUTRN 1 Real 21-30
CANALN Real 31-40
PIPEN Real 41-50
TRAPN Real 51-60
DROP - Real 61-70
RATK Real 71-80

Third card of subset af:

Variable Name Type of Variable Columns

RATT Real © 1210

The variable PIFEN is defined if NSECA =0 and/or
NSECB=0. The variable CANALN is defined if NSECA=1
and/ox NSECB= 1. The variable TRAPN must be defined if
NSECE=2. Also, the variable RATK is defined if NSECA= 1
or KSECE =l. The variable RATT must be defined if
NSECB =2. '

Data Set b

This data set is to be given in three subsets in
the order of bl, b2, b3.

Subset bl : This subset must be provided if NCANAL
already given is greater than zero, Otherwise this subset
must be omitted. The number of cards in this subset can
be computed by truncating the result of (NCANAL/8 +1).
This subset contains the following inputs.

Variable Name Type of Variable Columns
© TYPEA(1,1)  Real 15
TYPEA(3,1) Real 6-10
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Variable Name Type of Variable Columns

TYPEA(1,2) Real 11-15
TYPEA(3,2) Real l6-20
seccocsscse Real csose
secsscsecs Resl ceves
TYPEA(1,NCANAL) Real cevee

TYPEA(3,NCANAL) Real ceene

Subset b2 : This subset must be provided if NPIPE
already given is gréater thaen zero. Otherwise it must
be omitted. The number of cards in this subset can be
computed by truncating the result of (NPIPE/16 +1).

‘This subset contains the following inputs.,

Variable Name Type of Variable Columns
TYPEB(1) Real | . 1-5
TYPEB(2) Real . 6-10
. TYPEB(3) Real 11-15

Y . | Real L b o e s
tscosess ' Real cseee

 TYPEB(NPIPE-1) _Real | cenre
 TYPEB(NPIPE) Real ceene

Subset b3 : This Subset must be provided if NTRAP
already given is greater than zero. Otherwise it must

be omitted. The number of cards in this subset can be
computed by truncating the result of (NTRAPx3/16-+1).
This subset contains the following inputs.

Variable Name Type of Variable Columns
TYPEC(1,1) Resl 1-5
TYPEC(2,1) Real 6-10

TYPEC(3,1) ~ Real i
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i

Variable Name Type of Variable - Columns

TYPEC(1,2) Real 16-20
TYPEC(2,2) Real | 21-25
TYPEC(3,2) Real * 26-30
seesosesce Real : ceesoe
cesscsnssne Real cesons
evevssvoce Real esose
TYPEC(l,NTRAP) Real evens
TYPEC(2,NTRAP) Real esces
TYPEC(3,NTRAP) Real  eeeee
. Data Set ¢

This data set contains information about catchments,
and sewer layout. For each inlet, there are two cards,
The first one contains the contributing subcatchment
characteristics, and the second one indica%es what man-
hole the inlet is comnected to. Also there will be a
single card for each sewer and each collector. Addition-
al cards may be needed each corresponding to a junction
on the collector which receives direct inflow from upper
basins. )

Each card of data set ¢ contains the following in-

puts. *
Variable Name Type of Variable Columns
ITH Integer 1-44
Kp Alphenumeric 5
JTH Integer | 6- 9
KR ' Alphanumeric 10
AREA Real 11-16
~ ALEN "Real | ) 17-22
AELEV Real { 23-28
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Variable Name Type of Variable Colunns

BELEV Real 29-36
Y Real 37-42
AN Real 43-48
BLOPY Real 49-54
ALENY Real 55-60 . .
LP l Integer 69-72
NODI Integer 73-76
NODJ Integer - 77-80

On each card of this data set ITH, KP, JTH, and
KR must always be defined, If KP and KR are defined both
as M; or respectively as M and P; the variasbles other
than AELEV, BELEV, NODI, and NODJ need not to be defined,
If KP and KR are defined both as P, the variables other
than AELEV and BELEV need not to te defined. The variable
LP is defined in cases that the design flow hydrograph
- is desired at section ITH. If KP and KR sre defined res-
pectively as I and M; variables other than ITH and JTH
need not to be defined. If KP and KR are defined respec-
tively as B and P; AREA and NODJ should be defined in
addition to ITH and JTH., o

If a card contains KP defined as B then a set of cardg
described in data set’d are placed between this particular
card and the following one.

Data Set d

This data set must be provided inside the data set ¢
each time a card in data set c has KP defined as B. The
set d is placed after the related card. The number of cardg
in this data set can be computed by truncating the result

of (NODJ/8+l); and contains the following inputs.
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Varisble Name Type of Variable Columns

HYD(I,1) ' Real 1-10
EYD(I,2) Real 11-20
EYD(I,3) Real 21-30
sessense Real secsne
sesscans Real cecoe

BYD(I,NODJ) Real EEEE

I is a varisble defined by the model and not related
to input data.
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B.6. INPUT DATA DECK
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