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ABSTRACT .

A comprehensive mathematical model - (Dual Drainage Simul-
tanéous-Roqting Mbdel - DDSRM) has been developed. for ;ﬁe
des@gn/analysiS'of urban storm drainage systems considering
infrequent as well as frequent storms. fhe model is?based
on the dual drainége principle (major-minor sygtems). Sur-

face runoff is routed simultaneously in the two intercon-

nected networks formed by the storm sever system and the

streets. Special arrangeménts proposed for the design of

the dual drainage system, and considered in DDSRM, incIude

limitation of flow access into -the sewers (inlet control)
for the purpése of-limitingiséwer sh{charge, and separate
stofagé facilities fbr.the %inor and the major systems (dual
storage). - DDSRM has several options which allow -the flexi-
Biliﬁf to hanéie a variety of design-conditions. Flow

charts for various sub-programs and a user's manual. have

been provided. ‘ ) o

.

The ‘application of DDSRM for the design .of dual drainage/

storage systems 1is demodst?ated through -an éxample for a

residential subdivision.’ Input data and computer putput for

the numerical example are explained. The model has also

-

been utilized tc investigate the role of inlet efficilency

-

AN



-

énd gpécing. in the design and operation of dual 5xainage
systems and recommendations for the practical implementation
of inlet control have been derived. DDSRM is also suigable
for application im master drainage studies. -

Another aspect of this study 1is the.development of im-
' proved routing methods for unsteady flpw under both free
suréace and pressurized (surchdxged) éonditions. For free
surface flow, a ngmericai solution scheme for a specilally-
~weighted finite dffferencg‘ﬂormulation of the kinematic wave
model, with discharge-dependent wave celerities, has been
developed for flow'roﬁflng in the sewer and street networks.
‘Sewer surcharge simulaéion is . based on é modi%ied Hardy-
Cross method, incorporated into an existing dynamic routing
model for sewer networks.

The :validity -of the routing: sub-models of DDSRM has been
investigated through-séveral'numerical éxperiments: In all
-the experiments c&nducted {(with slopés'greaper -than 0.1%);
the simplifiéd routing'methoé forrfree su;face flow has been
found to give results (time-variation of flows, peék flows,
timé—toneak ahd‘mass ébmse:bqtionf thch are not signifi-
cantly different from those obtained by the complete solu-
tions of the Saint Venant equétiohs for-.unsfeady gradually
varied flow. The method for the simulation of sewer surc- -

_harge has' been verified under transient. and steady surc-

harged conditions. It has been found to predict surcharge

D



levels and duratiofis, and sewer flows with reasonable accu-$\\
racy for practicél purposes, |
~DDSRM, 1like other urban drainage moaels, does not. simu-
léte ehergy losses at the sewer junctions,- égpucan'it simu-
late hydraulic jumps. The kinematic wave routing and design

—

sub-model cannot simulate backwater effects. © Héwever, the
surcharge sub-model is capable. of'representing.backwater in
the sewer .network. The moéel also assumes a continuous ma-
Jor system and cannot simulate systems with low points where

water ponding may occur.
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Chapter -1
INTRODUCTION AND RESEARCH QBJECTIVES.

1.1 URBAN HYDROLOGY.

In 1800 oﬁly71£ of the world's population lived in cit-
1es of 10,000 and more. This proportion has increased to 20%
in 1960 (Lazaro, 1979). The trend towards urbanization is
‘continuing %?.mgny countries throughout the world. In Cana-
da tfe urban population which comprised just over one half
of the total population in 18950, is at present over 80% (On-
tario Ministry of the Environment, 1977). . Urbaﬁization has

resulted in increasingly difficult problems in various areas

of urban water management, such as water supply, waste water

management, urban drainage; flood control and wéter—;elated
_recreational activities, etc. |

Hydrological problems associated with urban growth can-
nof be solved without a.scientific approach to urban wateé
fesources management . In the Llast decade, hydrologic re-
search traditionally concerned with rural and large wat-
- ersheds has increasingly been concerned with smaller urban-
ized watersheds. Urban hydrology has emerged’as a distinct

branch of nvdroloav. Some areas of urban Thvdrologic re-



2
1. éﬁplication of advanced hydrologic modelling princi-
ples for flow simulation in urban drainage systems;

-

and

2. development of new techniques for mitigation of storm

water _effects and eventual beneficial use. - This
aspect 1is knoyn, . in North America, as STORM WAfER
MANA'GEMENT (SWM) . )

Despite the recent progress in urban hydrology and the
use of sophisticated urban drainage models in design, wide-
spread flooding of basements and roadways in urban aréa; oc-
curs on 'a regular basis all over. North America and oéher
parts:of the world. The cost of damage due to basemént
flooding may range from several hundred to several thousand
dollars per household. However, the cost of relief sewers
for relatively new subdivisions is very high. Recent exam-
ples from the City of Ottawa - showed that the cost of relief
se;érs amounted to over one million dollars per subdivision
(McNeely, Ltd., 1981i. In some cases basement fiooding is
also accompanied by structural damage. The pictures in
Figs. 1.1 and 1.2 show two examples of basement damage and
street flooding in urbén areas:

Wwhile the causes ¢of these problems may differ from one
location to another, they can be traced back to the inade-
guacy of the general design and modelling practices current-
lv usedéd. The present research stems Irom the ﬁ:gent'need to

-

-

-
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‘explore means of avoiding these floodiﬁg problems, which
should have national priorities. _

AN

1.2  DUAL DRAINAGE -SYSTEM

-

A physical reality of urban storm drainage systems is
‘the existence of two separate and distinct systems: (a) a

"minor" (or "convenience") system, and (b) a "major" system.

¥
The minor system, formed in most cities by underground con-

- \\Hﬁgts (storm sewers), is intended to provide traffic conven-

ience. It requi;es sufficient capacity to collect and
transport runcoff from a storm that might belexpected to oc-
cur once in 2 2 to 10 year period. Runcff from storms with.
return pé;iods of, say, 25 to 100 years is conveyed by the
major system, which is formed by: (a), streets which carry
‘overland flow in excess of the minor system capacity, and
(b) various ‘creeks, artificial and natural channels. |

Traditional design of urban storm drainage systems has,
in general, _considefed only the minor system. Flooding
ﬁhich might occur during severe storms has- been accepted as
"unavoidable or an "act of God".

The inclusion ¢of both the "minor" and “maior“ systems
(dual drainage concept) in the design of urban storm drain-~
age iélapparently described for the first time in the drain-
age criteria manual for the city of Denver (Wright-McLaﬁgh-
lin, 198&8). The objective is to :increase the level of



protection against local (basement and street) flooding,” by
incorporating, in the design, rare storm events which were

previously considered only in flood-plain management. In

"this manual, however, recommendations for the implementation

of the major system in design are limited to providing prop-
er street grading for the conveyance of street overland flow

and Trestrictions regarding the maximum flow depth (or

. spread) on the streets. The, same general recommendations

can also be found in other recent publications (Theil, 1978;
American Iron and Steel Institute, 1980).

The .inclusion of the major-minor systems in urban
drainagg design is now reguired by some Canadian regulatory

agencies such as Ontario Ministry of the Environment (1977).

"A detailed anialysis of the dual drainage s§stem is reguired

by several Canadian municipalities {Town of Markham, 1978;
Town of Oakville, 1979; Borough of Scarborough, 1980).

' .- . e ' r
Failure to provide proper conveyance of street overland

' flow has resulted in frequent occurrences of basement flood-

ing'in many locations including\BaltiQore City (John Hopkins
University, 1956), Metropolitan Toroato (Theil, 1I878), the
city of Nepean (Kostuch, Ltd., i981)i Gloucester (MéNeely,
Ltd., 198l1), the city of Edmonton (Ahmad, 1%880), and many "
others. In many of these cases, basement flooéing is caused
by the accumulation of street overland flow at low points

resulting in localized high inflow, via the inlets, into the



-

-sewer system. - This, ia turn, ' generates backwater effects,
sewer surcharge and eventual flpoding by back-up through the

foundation drains or other house connections.

1.3 URBAN STORM DRAINAGE MODELS | ;

‘There‘is " a wide-spectrum' of technigques available for
the design and evaluation of urban storm drainage systems.
They'rénge_ from the simple traditional Rational metﬁod to
complex computer modglé. A review of'tﬂe staté-of-the-art
of these models (Brandstetter, 1976)‘ shows "a tremendous
diQe:sity in scope and.pUrpose, mathematical detail, system
elements gnd hydrological phenoména being mo?éled, size of

.system that can be handled, etc. This diversity, of course,
is a result of the varying conditions Snd objéctives which
govern the design and evaluation of individual sewerage sys-
:Eems". ’ | ’

Urban dfainage models . may be divided into three broad
categories: 'planning, analysis/design, and operations.
They méy,also " be classified as single event and continuous
simulation, distributed and lumped. Analysis/design models
which are by nécessity of the aistributed‘type are the most
sophisticated of\ the urban drainage models since they re-

quire the detailed anaiysis of discrete elements of the

drainage system such as sub-catchments, sewers, etc.



] o

An example of the main components of a complex "dis-
tributed" urban storm drainage -model is shown schematically
in Fig. 1.3. Aside from some features included in some of
the models gych'és water quality simulation or storage éom-

pq}ation, trban drainage models are usually structured to

simulate two main phenomena: (a) catchment runoff and (b}-
flow-fouting in the sewer system. “The models in this cat-

"egory have been reviewed elsewheré: MacLaren (1975), Colyer
and Pethick (1976), Brandstetter (1576), Yen et al (1976),
Yen (1978a), McPherson (1875, 1979), énd others. Some of
the mddels which are fregquently used in Canada, U.S., and
Eu;ope are: EPA - Storm Water Management Model - SWMM (Met-
.calfe & ;ddy, Inc. et al, 1971); 1Illiinois Urban Drainage
Area Simulator - ILLUDAS (Terstriep and Stall, 1974) and Hy-
drograph Volume Method - HVM (Klym, et al 1972):

Distributed urban storm drainage models differ. in capa-
"bilities, ma;hemat;cal formulation,fet;. Nevertheless:, the
procedures‘used for their validation have, in genéral, ‘been
carried out in a similar manner. Model developers usually
compare observed with simulated hydrographs for a recorded
rainfall event. This process always involves "calibration”
'of model parameters {(mainly hydrologic parameters) .in order
éo obtain the “b?st fit". A criticism of tﬁbsé‘procedures is
the objectivity used in the c‘ ibration process (McPhefson,

19791}, Perhaps the most critical remark on this preocess of

i
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model validation is that given by.Desboraes {1981} D § 4
would not be surprising, due to tﬁe present mathematical de-~
velopment, that one may correctly reproduce an hydrograph
recorded in London, from rainfall recorded in New York, wus-
ing a Japanese catchment”. A '

Moreover, almost afi-séwer.application.mode;:validation
has been for the total catchment ;esponse, at the outfalls.
That is, "under contemporary conditions, a distributed sys-
tem model deteriorates into a lumped system model for all
practical purposes” (McPherson, 1979). It has also been not-
ed that "...until each. internal sub-model of the overall
model «can be independently Qerified, thé.model remains
strictly a hypotiresis with resbéct‘to its internal locations

and transformations..." (Gburek, 1971).

1.2  SCOPE AND OBJECTIVES OF RESEARCH

Incréasing the level of prbgection against local flood-
ing in urban areas is one'of the main objectives of applying
the dual principle in the design of drainage systems. How~-
ever; the implementation of the dual drainage concept is not
a simple street grading problem as suggested in some publi-
cations (section 1.2). &n independent analysis conducted at
the initié& phase of the present study (Wésner and Kassem,

] .

1980a) shows that the design should also consider, among

other things:



1. inlet efficiency and spacing;

2. the limitation of flow access into the sewers during

infrequent storms; _
3. the minimization of the inconvenience associated with

the occurrence of streét overland flow during infre-

-

guent rainfalls; and

4. design of storage facilities for the purpose of ru-’
-, : .-

noff control.

The ultimate objective ;s'to provide drainage systems

for new subdivisions which are free from basement flooding
by considering rare storm events ;n the design, and to ex-
tend rumoff ;ontrol to include infregquent, as well as %re-
quent, Storms. N

A tacit éssumppion in all existing urbanxftorm drainage

models is that all the catchment runoff 1is transferred di-

rectly (through "hypothetical™ inlets) 1into the underground

sewers. This simplistic conceptual approach considers only

one component (minor system) of what, in reality, is a "dual .

drainage” system. The-validity of this assumption will de-

pend on several factors, the most important of which is the

4

storm severity (design storm freguency). Existing models

have been mainly applied in conjunction with storms of re-
turn frequencies of 2 to 10 years. I1f the dual drainage
principle is to be applied, the design should[considér rare

. storm events, such as the one in one-hundred vears as well,
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Under these circumstances the'-assumption of total intercep-
tion of runoff by the storm inlets is no longer applicable.
Existing urban storm drainage models are, therefore, not
suitable for the design of dual drainage systems. A realis-
tic model for these conditions should be based on the simul-
taneous analysis of the two interconnected networks formed
by the storm sewers and the streets. Under these circum-
stances (a) the inclusion of the hydraulic efficiency of
storm imlets in the model may be a key consideration; (b}
éimulation of sewer surcharge may be necessary; and (c) de-
tention storage E;cilities, if any, should be designed/ana-
lyied in accordance with the major-minor systems. =

Thereforé, one of the main objectives of the present
research is to devglop a- mathematical m&éel for the design/
analysis of urban drainage systems .and the associated stor-
age facilities, based on the dual drainagé principle. The
groposed model will be <called "Dual Drainage Simultaneous
Routing Model - DDSRM", .

The proposed model would deal primarily with:

1. the computation of rainfall—%unoff transformation;
7 2. flow routing in the street and sewer networks; and
3. flow routing through storage facilities.
Iﬁ'the present research, the methodology for the compu-

tation of rainfall-funoff transformation will be borrowed

from an existing medel which has been adeqguately tested.
!
d '

\
A

AN

-~
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P ﬁh#le the techniqdé"uéedéin the r _off block of the EPA-
Storm Water Management Model (Huber et al, 1980) will be
- adopted- here, the proposed model can accommodate other tech-
niques-as well._

The mathematical formulation of DDSRM will therefore
focus on the correct representation of flows in the drainage-
networks rather than the deter;ination of the ruﬁoff hydro-
graphs. The two flow condigions considered in DDSRM are:

1. Free surface flow in the major system and in the sew-
ers, in connection with design, In this case, the
routing technigue should be capable of aﬁcurately
representing wave attenuatiop and trangiation proper-
ties as well as conservation of;mass. This aspect is
also critical for sizing storages. |

2. Surcharged flow in. the sewer§: in this case, the

‘ 'routipg technigue should brovide the following infor-

mation as accurately as possible: (a) -the increased
carrying. capacity of the sewers under pressurized
conditions, aﬁé (b) surcharge levels and durations at
the sewer junctions.

It is considered in the present research that the storm
sewers are designed on the basis of frge surface flow, for
the minor system design storm runoff. 'Surcharge flow condi-

tions would be considered for less frequent storm events

such as the major system design storm.
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 Routing Sub-Modelleor DDSRM:

//'The development of the unstéady flow routing sub-models
of DDSRM for both free surface and surcharéed flow condi-
tions will be <carried out after an extensive literature
search. The use of dynamic routing models for free surface.
flow conditions will be avoided mainly becéuse they are too
expensive in terms of computer time. It will be attempted,
however, to have a2 reliable and simplified routing technigque
which, for ﬁrban drainage conditions, can provide results
not significantly different from those obtained by exact
(complete) solutions of the wunsteady gradually-varied flow
eguations.

For the “simulation of sewer .surcharge, a lﬁterature
search will be made for an available method in an existing

sewer network model. The selected method will then be ana-

lyzed and further improvements made, if necessary.

Validation:

The procedures usually used for the validation of urban
storm drainage models, by comparisons with ‘measurements,
have been criticized as indicated in section 1.2. On the
other hand, the application of DDSRM will involve rare storm

events, and there are no measurements avallable 1in urban

areas under these conditions. Yen'(l981f has also suggested

that "...In storm drainage, the overland surface part and

,

-



N

sewer part are two separate subsystems.

tion should " be made separately despite the fact

simulation models contain both".

be

In the present research, the

carried out by verifying the

validation of DDSRM will

accuracy of the

Hence their evalua-

that most

routing

techniques, for both free surface and surcharged flow condi-

tions, without further evaluation

transformation part.

Considerations will

of the rainfall-runoff

model verification in network situations.

1.5

—

SUMMARY OF RESEARCH OBJECTIVES

algso be given to

. The principal objectives of the present research are:

(a)

desi

to re-examine the reguirements for safe and efficient

gn of dual drainage systems fo

r new subdivisions,

in-

cluding the design of storage facilities; and (b} to devel-

op, verify, and apply a comprehensive mathematical model for

the analysis of the system so devised.

L1

The detailed research objectives are as follows:

.age system that can accomm
such as the one in one-hund

the following-features:

odate rare storm

. L . .
To examine the requirements for an urban duval drain-

events

red years, and which has

a) limitation of sewer surcharge with the objective

of reducing the risk of
tems which have direct

sewers;

basement flooding in sys-

house connections

Lo

the
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b) limitation of flow depth on the streets with the

" minimum feésible inconvenience to traffic?;aﬁd

¢) runoff control extended~for infreguent as well as

freguent storms.

To develop a mathematical model (Dual Drainage Simul--

taneous Routing Model - DDSRM) for the design/analy-

sis of urban dual drainage'systems wiih the following
capabilities:

a) simultaneous routing of unsteady flow inet rain-
fall) 1in the two networks formed by the streets
and storm seﬁers; |

b) modelling of the interconnection (storm inlets)
between the two networks;

c) design/analysis of storage facilities, With con-
sideration to ‘' both minor and major/ rainfall
events; and

d) simulation of sewer surcharge.

To develop and incorporate in the proposed model a

numerical scheme for free surface flow routing in the

sewer and street networks, simplér than dynamic rout-
ing but with comﬁgifble accuracy for opractical pur-
poses;

To select, review and, 1if necessary,‘ improve an ex-

isting methodology for sewer surcharge simulation,

and to incorporate it in the proposed model;
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To validate the model by".veaification of the routing
technigues, rather than only by comparisons of outlet
hydrographs;

To have the model §perational and to 1illustrate its

applications in practical design of dual drainage/

storage systems for new subdivisions;
To apply the model to the investigation of some of
the aspects related to the practical design of dual

drainage systems.



Chapter II

AN IMPROVED URBAN DRAINAGE SYSTEM

2.1 INTRODUCTION

The implementgtion of the dﬁal drainage principlé in
the design of urban storm drainage s&stems reguires a new,
approach with regard to some of the elements of the drainage
system. -

In this'chapter, special arrangements proposed for the
design of storm inlets, major.syétem, and detention storage
facilities will be discussed. The advantages of the new
scheme and the inadequacy of available models for its analy-
sis. will be pointed out. The main features of a new mathe-
matical model for the deéign of the propesed dual system
will also be discussed. '

-

2.2 SYSTEM COMPONENTS AND MAIN OBJECTIVES

The urban (dual} drainage system considered- here is
visualized as being composed of:
1. subcatchments, consisting of roofs, driveways, lawns,
& étc;‘
2. storm inlets;

3. storm Sewere (minor svstem); -

- 18 -
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4. roadways (major systemi; and

5. in addition,  the system may also include detgntion
storage faciiities, for the purﬁose of runoff con-
trol. . 5

These components of the drainage sys%em are illustrated
in Fig. 2.1. The basic floﬁ process on an urban catchment
is illusﬁrgted in Fig.'2.2.ﬂ In this system, the stre@} in-
lets represent the main link betweeqfthe major and thé minor
systems. Following a storm évent, the net rainfall runs off
the catchment surface-as lateral inflow into the streets.
The storm sewers collect and transport runoff which is in-
tercepted by the storm iniets. Runoff which exceeds the ca-
pacities of the storm inlets is carried by the street net-
work. Proper street grading should therefore be ﬁrovided
for flow conveyance without ponding.

The design' of this dual drainagé system éequires the
specification of_two- storm frequencies, one for the minor
system and the other for the major system. The former may
range from 2 to 10 years, while 25 to 100 years might be
considered for the latter. .

" The folloﬁing broad objectives will be considered in

the design of the aﬁél drainage system:
1. for the minor system . design freguency, the sewers
should be utilized at or near capacity, with as lit-

tle flow a2s possible on the streets;

.
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2. for more severe storms:

a) the minor system flow should not exceed the sewer

capacities or at least surcharge levels should be

- controlled. As shown in Fig. 2.1b surcharge lev-
els above basement elevation may result in base-
ment.flooding, caused by back-up through the foun-
dation drains (or direct house connections}, if
they persist'fof a sufficiegf duration.

b) the major system should be designed such that in-
convenience to traffic and pedestrians is ﬁini—
mized.

3. runoff contéo% provided for both minor and major
rainfall events (that is, for both pipe flow and
street overland flow).

-

2.3 PROPCSED FEATURES

In order to achieve the main system objectives de-
scribed above, there are three design aspects of the @rain-
age system wﬁich reqﬁire special consideration. These three
aspects are: (a) inlet control, {(b) major system discharge,
and {(¢) separate storage facilities for the minor and major

systems.
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2.3.1 Inlet Control

The hydraulic analysis of storm inlets requires the de-
termination of inlet capacity, that is the hydrauiié capture
under a given set of conditions. The efficiency of an inlet
(see Fig. 2.2) 1is defined as the ratio of dischérge inter-
cepted by. the inlet (Q,) to the approach street (gutter)
flow (QS). The éischarge that by-passes the inlet is termed -
"carry-over" (Qc).

There are basically three types of storm inlets: {a}
grate inlets, (b) curb opening inlets, and (c) combination
inlets. A large number of ‘inlet®*onfigurations in the three
classes have been investigéted in hydraulic labo}atory stud-
ie$ (John Hopkins University, 1956; Guillou, 1959; Brune et
al, 1975; FHWA, 1977, 1978; U.S. Dept. of Transpoftation,
1979; and Marsalek, 1980). In highway and road. design, in-
let type and spacing are selected-~in order to_{f;lt the flow
spread for the minor system design frequency (Ministry of
Tra%sportation and Communications, 1931). - An upper limit
fo; inlet spacing 1is usually set by the local municipality
or regulatory agency in order to achieve this objective.
Considerations -are also given to road freezing problems in
winter. Previous studies on the hydraulic performance of
inlets have therefore been concerned with 1increasing their

capture efficiency.



Regqulations for spacing of inlets differ considerably
from one iocation to another. The average distance between
inlets may range from 150 to 250 ft (45 to 75 mi (MacLaren,
1575). Nevertheless, .it is always assumed in urban storm
drainage models that the storm inlets will caﬁture 100% of
the runoff for the minor system design frequency and hence
their hyéraulic performahcé is excluded from the computa-
tion. It also seemslthat the only drainage practices which
include 1inlet hydraulics are those c¢onducted for highway

drainage.

Some investigatofs {Jens, 1975; 1U.S. -béparthent of
Transportation, 1979), however, have rgferred to the need
fér including the hydraulic performance\of gtorm inlets in
the design of sewvwerage systeﬁs based - on the grounds that
"many costly storm drains flow at less than design capacit§
because the storm runoff cannot-get into the drains”.

The inclusion of  inlet capture in the design of storm
drainage systems may be debatable for minor storm events.
The degfee of discrepancy from the assumption of total in-
terception of runoff by the storm inlets will be governed by
several factors such as inlet type and configuration, spac-
ing between inlets, catchment imperviousness and design'fré-
guencies, in addition to street longitudinal slope, cross

slope and gutter slope and configuration. _However, if the

dual drainage concept is to be implemented, <the inlet effi-
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ciency becomes an important parameter that cannot be exclﬁq—
ed. |

For-thé-groposed ALal drainage system it is considered
that an optimum design. of inlets should satisfy two con-
flicting requirements (Fig. 2.3):

1. for frequent storms up to the degign frequency of the
minor system, the inleté should capture as much ru-
noff as possible with 2 minimum of inconvenience to
traffic (usually the inlets are spaced such that the
flow spread does not exceed a maximum value for the
design storm runoff), and

2. for rare storm events, these inlets shﬁuld work as a
buffer to prevent overloading of the storm sewers, by
restrﬁcting'the captured flows. This latter feature
was not considered previously in urban dréinage de-
sign. It will be further referred to as "inlet con-
érol". Inlet control may be achieved either by the
gratings themselves or special £flow constricting de-
vices. |

Available data on inlet hydraulics are mainly related
to pdint (1) above, and thus are not adequate for the imple-
mentation of the dﬁal drainage concept. Conseguently a.full

scale hydraulic model study® was generated at the University

N

* This 4tudy was carried out in 2 separate effor: under the
cirection oif Profi. R. Townsend, neac oI the h¥draulics

laboratory at the ‘University of QOtrtawa.
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,of Ottawa (Townsend et al, 1980). Unlike other studies, this
research focussed on "inlet control™ from the viewpoint of
the duval principle. The main objecti;e of the investigation
was twofold: (a) to explore the hydraulic performance of
several types and configurations.of catchbasin covers used
in Canadian practices, which‘havé not been studied previous-
ly"; and (b) to examine various alternatives for constrict-
ing the inlet capture, including.observationé on clogging by
debris, &étc. and other maintenance problems. |

It was found out that a diamond-shaped orifice plate
mounted at the entrance of the pipe connecting the catchba-
§in and the sewer could provide a reliable £1ow cdnstricting
device with a minimum of maintenance requirements,

Integration of these results, and of other studies on
inlet hydraulics, in the design of "dual" drainage systems
in new subdivisions can be used to investigate the basic in-
let control alternatives, namely: (a) selection of type and
spacing of inlets, ({b) inlet constriction, and (c) a combi-

nation of the above, as will be discussed in Chapter VII.

2.3.2 Discharge of Major System Flow

Inlet control (including inlet constrictién) may be
utilized in order to have free surface flow in the sewers
for all storm freguencies up to (say) 100 years. However,

limited sewer surcharge may be allowed during severe storm
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eégnts., The objective in this case is threefold: (a) to
ugilize the 1increased Earrying capaé&ty of surcharged sew-
ers, .(b) to limit the amqunt and-number of inlet constric-
tions, and (c) to limit the flow on the streets, that is,
minimize inconvenience. In this case, surcharge levels and

. durations must be carefully analysed in order to avoid base-

ment flooding which may result from surcharge levels exceed-

~

ing the basement elevation7// !

The depth of.flowjég the s%reets during major storms
will also be governed by the cobfiguration of the street
network (Wisner and Kassem, 1980aj. The increased inconven-
ience may’result from flow accumnlatlon from tributary are-
as. If this inconvenience is tg be minimized, consideration
should be glven to prov1d1ng ;\\v lently located outlets
for the major system. This can be done at crossings of
creeks by ﬁrovision of swales, etc. Another viable alterna-
tive is to dischargé the major system flow into "depressed”

park areas, which can be utilized for temporary detention of

runoff, .as discussed below.

2.3.3 Dual Storage For Runoff Control

Runoff control from new developments by means of Storm
Water Management (SWM) measures has become increasingly ac-
cepted in North America. Its role is to minimize the ef-

fects of hydrolagic changes such as downstream flooding,
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erosion, and impairment of water quality. Whenever possi-
ble, it 1is atﬁempted to defive_penefits for recreation, 1ir-
rigation, etc. (Tourbier and Westmacott, 1974). Many regu-
lations assume that it is possible to achieve these objec-
tives by means of simple rules based on zero runoff
increase”: above pre-aevelopment leyels, applied for design
storms with one or several recurrence intervals (Fig. 2.4a).

The most common approaéh for the control of urban ru-
noff is by means of detention or retention storage facili-
ties (Poertner, 1974). Storage facilities provided for mi-
nor floods are usually associated with the objectives of
protection against erosion (Leopold, 1968), for example in
Montéomery County, U.S. (Davis, 1974), or the inadequate ca-
pacity of the downstream sewers (MacLaren, 1878a). Dry and
wet ponds are usually used in this case.  However, in areas
where land 1is expensive, underground storage 1s preferréd
{MacLaren, 1978b).

On the other hand, when runoff control is reguired for
both minor and major £loods (i.e. for both pipe flow and
street overland flow), storage facilities usually consist of
a single large storage (dry or- wet ponds), ideally with mul-
tiple outlets (Wisner and Kassem, 1979).

Two main criticiéﬁs qf the 1large, dry and wet, ponds
for the control of major system flow are:

Maintenance: From the municipalities' viewpoint

]

Lané Reguirements: From the developers' viewpoint
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One of the main features of the proposed dual drainage
scheme is that runoff storage in new. developments can be ac-
commodated, for both the mino; and major systems, in two
separate-;nits (Fig. 2.5): (a) storage for minor system
-fléw, consistiﬂg of, for example, o§ersized pipe (super-
pipe) “and (b) temporéry storage of stree£ overland flow
from the major system, which can be accommodated, 1in this
case, 1in depressed park areas. This storage scheme can
therefore be designated as "dual storage" (Wisner and Kas-
sem, 1980b).
2.3.3.1 Park Storage

The implementation of park stérage in new developments
is closely related to the dual drainage principle. The ma-
jor system should be dgsigneé with street low points at.lo-
cations where flows can be directed to the park(s) by shal-
low open channels., One advantage of utilizing park area for
runoff detention 1is that the depth of flow on the streets
can be lihihed‘ even if discha;ge into creeks or cther open
channels is not possible, This, howevef, requires estab-
lishing the location(s) of park(s) at early stages of plan-
ning of a subdivision.

"Park flooding is temporary and rare. It occurs only
‘when the capacity of the minor system {(or more appropriately

the capacity of storm inlets) is exceeded. For the approval
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o% park utilization for runoff detention, safety reguire-
ments are also important: They have to be compatiblé with
activities of children, locations of schools and play-
grounds. The parks have to be landscaped to accommodate the
required detention wveolume for the major storm de§ign fre-
guency. Examples of the-implementation of the propésed éa?k
storage are given in Fig. 2.6. Playgrounds in the depressed
park can be located at a higher elevation in order to reduce
the freguency of flooding for these relatively .more expen-
sive facilities, from (say) oné in 5 years, to one in 10 or
15 years (Fig. 2.6b). Arrangements should be made for tﬁe
runoff, which is temporarily stored in the park area, to be
released at slow rate, for example,  through the sewer sys-

tem, after the terminatiom of the storm (see Fig. 2.5).

'2.3.3.2 Dual Storage

The dual storageusystem shown schematically in Fig. 2.5
is proposed if runoff controi is required for both minor and
major stbrms. It operates as follows:

During freguent storms, the undergrou;d storage facili-
ty will operate and réduce the peak outflow QZnQeyed by the
minor system while the park remains dry. During less fre-
guent storms, both park and_uhdérground storage will be uti-

lized and the peak outflows from the major and minor systems

will be reduced correspondingly. -~ The peak inflow intc the
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(a) Landscaping of (Depressed)} Park Area
for Runoff Detention

(b) Park Storage With Recrearional Facilities

Fig. 2.6 Examples of the Implementation of
Park Storage +«in New Subdivisions

34
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] ?gtorm.sewers will be controlled by the inlet grates or with

special”flow congtrictiﬂg devices as discussed. in section
2.3.1. - h |

. While inlet céﬁf:ol can be 2a very effective method for
controlling the ﬁeak inflow admitted 1intu the stofm sewers,
this is not true for the runoff volume. Due to the pro-

longed duration of peak inflow, via the inlets,  the volume

of water admitted will increase significantly, to as much as .

2.5 times in some situations (Wisner and Kassem; 1978}. 1In-
‘creasing the étorage capacity will not be economical, and im
order to relieve the minor system, overflow faéilities are
requireé.' They can be located and connected in such a way
as to discharge the excess volume into the park. The park

will now have to accommodate flows from the major system and

v

overflows from the underground storage during rare storms.
The operation of this dual storage system is illustrated in
Fig. 2.5, in which it is assumed that the minor and major
system storages are designed to accommodate the 2 and
25-year flows, respectively. -

<2.3.4 Advantages of The Proposed Dual Drainage/Storage
Scheme ) ’

The implementation of the, dual drainage/dual storage
system, with the proposed features, in the design of new

subdivisions has significant advantages:

-
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protection against basement flooding during rare
storm events;

disconnection of foundation drains is not required;
economic benefits: potential for reduction in pipe
sizes. The design freguency of storm sewers would be
selectedWiQr convenience of traffic and not for pro-
tection against'basement flooding.

The inconvenience associated with major storm events
is temporary 'and would occur anyway. In the proposed
scheme this inconvenience 1is controlled and mini-
mized, particularly if park storage is implgmented.'
Surface detention in the parks does not require any
additional land. Since park flooding is rare and
temporary, maintenance problems are negligible. The
utilization of park storage also has significant ad-
bantagés when compared to other storage alternatives
such as wet and dry ponds as indicated in table 2.1.
Implementation of dual storage may be utilized for
flow reduction for major storms, to less than pre-de-
velopment levels. This overcontrol (Fig. 2.4b) may
be desirable to alleviate flooding problems in exist-
ing developments built downstream 1in the same wat-

ershed. -

Overcontr?ig?j-runoff has potential benefits for ap-

plication as a flood control alternative with the ob-
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jectivé of long term reduction in flood- levels in ov-

L

J
ertaxed streams.

e implementation of the proposed

* B. The extra ¢
system is negligible>™ The only -price to be paid is a
more sophistjicated design.
AV
Table 2.1 Compariscn of Park Stofage with Dry and Wet Ponds
/ Wet Pond 'er Pond Park Storage
Storage continuous frequent rare ‘
Aesthetics very imp. very. imp. . less imp.
Maintenance high moderate very low
Accident prob. moderate: . low very low
Facility cost moderate moderate low
Land cost ~high high none
Landscaping cost high medium ,, medium
Planning very imp. very imp. very imp.
Experience adequate adequate limited
Modelling medium medium complex
* imp. = important
L
2.3;5 Implementation

The proposed drainage concept has developed in parallel

with new regulations by Canadian municipalities requiring an

increased level of

drainage systems tc¢

protection in the design of urban storm

include storms up to +the 100-year fre-
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guency. The proposed features presented above, némely iniet
control, park and dual storage, and considerations regarding
an efficient utilization of streets for draipage, have been
- presented in several papers in the last years (Wisner and
KasSbm, 1979, 1980a, 1980b, 1981). Some -of the proposed
features have also been adopted 1in updated drainage_ménualé
(Town of. Oakville, 1979; Borough of Scarborough, 1980).

] Two examples of recent applications of dual drainage/
storage in practical design of new subdivisions are present-
ed in ?igs. 2.7 and 2.8.

1. Fig. 2.7 presents one of the first applications. In
thissggample the minor and major systems are intended
for the 5 and 25-year storm freguencies, respective-
ly. The downstream.devéiopment has also experienced
frequent basement flooding problems. ‘Consequently
overcontrol of runcff from the new development is de-
sirable. This could be achieved by applying a dual

‘ storage system as fﬁ&{sgped in Fig. 2.7. Proper
street grading is provided with low points which are
connected to two parks for temporary detention of ru-
noff during major storms. .Noté that, in spite of the
complexity involved in the détailed design, approval
of the. project by the downstream jurisdiction is a

simple matter since the flow release is controlled by

the size of the outlet from the new subdivision.
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=  Major System

—=we Slorm Sewers

_~SSecial Parnatte
Qotantion irea

Fig. 2.7 A Subdivision With Dual Drainage and Dual Storage

Fig. 2.8 A Subdivision With Park Storage for Major System Flow
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2. Another example is presented in Fig. 2.8 in which ru-
noff control is required only for thé"major system.
In this application the minor and maior drainage sys-
tems age intended for the 5 and 100-year storm fre-
'-quenciés, regpective£y. The storm sewers are dis-
charged, without control, into an open channel which
hasrsuffiéient"'capacity to convey the . 5-year post-
development flow. The major system is therefore in--
tended to convey flows from the less frequent storms,

to two separate parks. -
Despite the.implementa;ion of the dual‘drainage concept
in recent design of.the drainage systems for new subdivi-
sions, the design methods utilized have been based on rather

crude assumptions as demonstrated below. / .

2.4 ATTEMPTS AT MODELLING DUAL SYSTEMS

Several attempts have been made for modell%ng dual
drainage. Two directions. have been folio&éd in these ef-
forts: {a) the use of simplffied hand computation methods,
and (b) ad hoc procedires using existing computer models.

Hand computation methods.are described in the drainage
criteria manual for the city Bf Denver (Wright-McLau§hlin,
1968); using the Rational method. “The séme_procedures have
also been applied (Ontario Miﬂistry of the Environment,

1977; Theil, 1978) using the Rational method for the minor

-

}\
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system and the SCS-TR55 (U.S. Department of Agriculture,
1975) fof the major system. Recently modelling of a ficfi-
tious major system has been considered in the "Penn State
Urban Runoff Modei" (Aron et al, 1979). |

In general, all modélling efforts of dual systems have,
more or less, . followed the Denvér procedures where the
sizes of storm sewers are first determined as in traditional
design by using the Rational method (or a hydrograph meth-
od). The major system is next analyzed as follows:

1. compute peak flows for the selected major system de-
sign frequeﬁ;y, in conjunction with an "imaginary”
major -system {usually assuming a wide rectangular
channel}; |

2. subtract flows corresponding to the pipe capacities,
in different.segments of the drainage network, to ob-
tain the major system flows;

3. compute flow depth, and hence determine the minimum
elévations at which the-buildings should be set.

Although these procedures do not explicitly consider
inlet con%rol, they include a tacit assumption that the ac-
cummulated capture by the inlets is equal to the sewer ca-
pacities. Ob;iously this approach is rather simplistié and
does not reflect thé‘ actual operation of the major-minor
systems. The inadequacy of these procedures has been demon-

strated through systematic analysis (using ad hoc proce-

<
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dures, without flow routing ,but including inlet capture) on
several subdivisions (Wisner and Kassem, 1980a). An example
is presented in Fig. 2.9.

This example rshows that the actbal {(accumulated) .inlet
capture 1s substantially greater than the aviilable capacity
of the minor system. Under these circumstances the sewers
éill.surcharge which may result in occurrence of basement
flooding. On the other hand, due to the increased carrying
capacity of surcharged sewers, the major system flows may be
highly overestimated.

If the samé procedures are extended for the purpose of
sizing storages the conseguences are: (a) storage for the
major system (e.g; park storage) will not operate as intend-
.ed, and (b) underground storagel iflanyf’ may be seriously
overloaded. . | .

Moreover, the Denver method has beeg.mainly applied in
conjunction with drainage systems where there 1s no concern
regarding sewer.surcharge. Ié'should not be used when the
foundation drains are conneéted to the storm sewers (a prac-
tice mostly used at present and assumed 1in they p}esent
study) or in the case of combined systems. Furthermore, the
method cannot be extended for the des;gn of storage facili-

ties.
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2.5 COMPONENTS AND MAIN FEATURES OF THE PROPOSED MODEL FOR
) DUAL SYSTEMS

The development of a comprehensive mathematical model
(DDSRM) Eor the design/analysis of dual drainage/storage
systems is one of the- pr;me objectives of the present re-
search, The main components of the proposed model are il-
lustrated in Fig. 2.10, which follows the system devised in
e : ‘ .

this chapter. Fig. 2.10 also shows possible flow transfers
émong various sub-systems. A comparison with Fig. 1.3 shows
the‘differenceh\; in the logical arrangements, - between Ehe
propo;ed model and existing urban storm drainage models.

The following are éome of the features which will™be
considered in DDSRM: ]

1. the street and sewer networks need not be parallel or
fléw in éhe same direction;

2. it should apply.for the design/amalysis of new (dual)
drainage syséems (subdivisions) considering frequenf
as wgll aé infrequent rainfall events. For design,
the model should determine sewer sizes (based on free
surface flow for thejminbr system design storm ru-
noff), storage volumes, etc. For less freqguent
storms, the model should have the capability of simu-
lating sewer surcharge; .

3. storage facilities should be modelled separately for

the minor and for the major system;
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4. the model should be written in ag\qenergl a form as
possible and have the flexibility to handle various
design conditions;

5. it should det®ermine iﬁlet constriction requirements,
if any;

6. it should be computationally efficient and at the
same time retain reasonable accuracy; and

7. computer output should provide sufficient information
regarding all parameters pertinent to practical de- ~
sign.

A ae;ailed éescriptioh of the new model, together with

its main assumptions, will be given in chapter VI,



_ Chapter III
REVIEW OF STORM DRAINAGE ROUTING MODELS

3.1 INTRODUCTION

A primary réqu%rement in the mathematical formulatién
of the proposed "Dual Drainage Simultanecus Routing Model-
DDSRM™ 1s the developmen; of sub-models for flow routing ¥n
the street and sewer netmﬁfks, routing through storage fa-
cilities, and simulatioq of sewer surcharge.

This chapter preéenté‘a review of the routing theory
for unsteady, 4graduvally-varied, free surface flow, numerical
techniques for the' solution of the complete eguations, and
various levels of approximafe solutions. The applications
of flow routing models in storm “drainage systems will be
discussed together with a réview of khe state of the art of
existing sewer network models. ' B

. c o - /
This review will set the base for the development and

validation of the routing sub-models for DDSRM.

- 47 = » 7



3.2 ROUTING THEORY N

' Flood routing mayﬁ be defined as a matheﬁatical method
(model)- for the description of water movement through a
channel/conduit or a rééervoir. During this pfocéss the
Elpod wave is usually attenuated, that is, its peak is low-
ered and its base extended. ItVE;-the task of floodirouting
methods to mathematically reproduce these effects.

| The channel/conduit flow is usually unsteady and non-u-
niform. The governing equations-consist of thé'equationsmof

conservation of mass and conseﬁvation of momentum which are
known as Saint Venant equations. = The derivation of these
equations is described in several textbooks (Chow, 1959:

Henderson,_1966):’

—
Continulty Eguation:
. ny . » :
Q. 34 ' 3.1

or

oV 3y oy
— —-—+ = - .
Aax + vB o B oY 4 3.2

Ty



Momentum Equation:

19702 , 130 ,a3 _ o _gy.._va 3.3
A EE{A )t Ese T ax 880 -8 m -
or
S VN A JUE RN 71 S
'vax+3t+gax g(Sq - S¢) 2 3.4
) :

'In EqQs. 3.1 through 3.4, the.two ﬁnknown variables are Ehe
flow rate  Q (or velocity v) and the flow cross sectional
.area A (?r flow depth y); x 1is the sﬁéce céofdinate; t is
the time coordinate; B is the surface width; g is the later-
al inflow per unit. length o¢f channel; So and S, are the
channel slope and friction slope, regbectlvely, and g is the
acceleration due to grav1ty. These non-linear differential
equations are hyperbolic and ;heir‘ solution is subject to
f#o boundary conditions (one ‘upstream and -one downstream),

angd in%tial state at time t=toi o ‘
The terms on the left hand side of ‘the cortinuity egua-

-t

‘tion (Eg. 3.2) repfesent prism storage, wedge storage, and

»

rate of rise respectively. The terms on the left hand side
of the momentum eguation (Eq. 3.4) represent convective ac-
celeration, local' acceleration, pressure force, gravity

force and friction force respectively.

T

'

. - T
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The flow resistance can be approximated from normal
(steady) flow eguations. Thus the friction slope S <can be
expressed in terms of Manning's n, Chezy}s C or Darcy-Weis-
bach's f. When the channel geometry is known, the only pa-
. rameter involved in the solution of the Saint Venant equa-

[N

tions is the roughness coefficient.

-

.3.3 ROUTING TECHNIQUES

The objective of any flood routing method 1is to trace
the wave modification along a channel/conduit, that 1is to
determine the follbwiﬁg functions which are both time and

space variant (Figi 3.1):

flow rate 0= 0{x,t) v
flow depth y = y(x;t)
flow velocity = wv = vi(x,t)

-’
Flood routing techniques can be broadly classified into

three categories (Fig. 3.2): (1) hydraulic'routing,.(Z) hy-
drologic routing, and (3) routing meghods based on purely
empirical or steady flow relations. Hy lic routing meth-
ods can aléz be divided into (a) complef% (dynamic) models,
which are based on solutions of the full Saint Venant equa-
tions, and (b) approximate hydraulic routing models based on
conservation of mass and simplified forms of the momenéum
equation. Simplifications of the momehtum eguation are usu-

ally obtained by_-omitting or linearizing some of the terms

o
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Fig. 3.1 1Illustration of Wave Modification Along
- A Channel
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in Eg. 3.3 (or Eg. 3.4). The most well known of the approx-
imate hydraulic routing models are the kinematic .and diffu-

sion wave models.

3.3.1 Hydraulic Routing.

3.3.1.1 Dynamic Wave Models -

_

X™Xg Initial Condition X=Xy tL

——tes X

Upstream Boundary

Downstream Boundatry

-

Fig. 3.3 _.x=t Plane for Numerical Solutions of
- Saint Venant Equatiens
Routing methods which are based on the full equations
of continuity and momentum aré usually referred to as com-
piete (or dynamic) .wave models. Since there is no direct
mathematical solution for these eguations, - they have to be
solved numericaily by replécing the differential eguations

with approximating difference eguations. The solutiecn is
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-therefore obtained at a set of discrete points in the space
and time domains (x-t grid)-see Fig. 3.3. The finite-dif-
ference solution ‘technigques can bé broadly classified into
three categories: . '

1. The method of characteristics which is based upon
transforming the two partial differential equations
of continuity and momentum:into four ordinary differ-
ential equations. Neglecting the lateral inflow, the
characteristics eguations can be expresséd by:

dv

’ dv dy _ - - '
, Y+ /gAls T - g(s, - Sp) = 0 . 3.5

i}-

which applies  along the positive characteristic

curve, defined by

dx ' |

T - v+ BB < | 3.6
ind . - o //

d d )

- VRAIB E - 8(So - 55) = 0 3.7/

which applies aleng the negative characteristic

curve, defined by .
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89X . o~ 'm v - /3ATE : 3.8

There are basically two numerical technigques for

solving the charactefistics eqguations:

al Finite-difference.s;heme that solves the charac-
teristics equations for the two dependent par;me-
ters Q (or v). and-A (or y) at x—g points defined
by the intersection points of the (curvilinear)
characteristics grid (Fig. 3.4): Amein (1966),
Liggett and Woolhiser (1967), Baltzer andq Lai -
£1968), Wylie (1969), Strelkoff (1970), Abbott and
Verwey (1970), Wylie (1970), and Sivaloganathan
(1978); o |

b} Eiplicit finite-differencing of the characteris-
tics equations wusing a rectangular x-t grid(Fig.
3.5): Streeter and Wylie (i967), Baltzer and Lai
(1968), Mozayeny and Song (1969), Yevjevich and
Barnes {l970a), W}lie {1870), Jolly and Yevjevich
(1974), - Rassem ° (1976) and Sivaloganathan

(1974,78,79); |

explicit 'finiterdiffe;ence schéﬁeé of the -original

eguations using a rectangular x-t grid: Liggett'and

Woolhiser. (1967), Dronkers (1963), Garrison et al

(1968), Strelkoff (1970), Yevjevich and Barnes

\ .

o

{1

\D
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o -.Interpolated
X Unknown .
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Fig. 3.5 Fixed Grid for Solution By the Method of
Characteristics .
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3. implicit finite-difference schemes of the original
} . egquations using a rectangular x-t grid: Abbotf and
Ionescu (1967), Baltzer and Lai (1968), Dronkers -
(1969)-, ; Strelkoff (1970), Amein and Fang (1970),
Fread (1974), Amein and Chu (1975), Ponce et ak

(1978a).
c A
Ax
j+l — x *
oMt At
37 -— * —1— ¢
i=l *— ——— * ?
- - X
i-1 i i+1

Tig. 3.6 Computational Grid of the Four-Point
: Implicit Scheme

Among the implicit schemes, the four-point scheme has
received particular attention by several investigators:

Amein and Fang (1970), Fread (1574), Price (1974), Amein and

/

2
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. L e
Chu (1975), and Ponce et al (1978a) have all reported the
advantages of the four-point implicit scheme over other
schemes.

In the four-point implicit difference scheme the time

-derivatives are approximated by a forward difference opera-
tor centered between the ith and i+l points along the x-axis

?Fié. 3.6):

j+l j+l i o
an _ il ) - (nyyy + 0y

3.9
2t 2 At .

where n represents the variable. The space derivatives are
approximated by a forward .difference operator positioned be-

tween the jth and j+1 points according to a weighting factor

>

j+l j+l j h|

' n n
on e N Y + (1-8)¢ _ji__i) _ 3.10
Ax Lx.

The average value of the function n is represented by

i ~

1, 34 ) i, .3 ; ]
N ST ' 3.1l

n=28 (—3—3——$:£) + 0-6)(-—1r———-) ‘ .
Note that & = l/é vields a centered four-point implicit

scheme.
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The four point implicit finite difference formulation
of the continuity and momentum equations of Saint Venant re-
sults in a system of .two‘nonlinéar algebraic equations in
four Gkknowns. Two unknowns are common at any two contigu-
ous rectangul&r grids. Combination of all rectangular grids
provides 2(N-1} eguations in 2N unknowns. Two additional
' equations are thérefore reguired, which are represented by
the- upstream and dpwnstream boundary conditions.

The characteristics and explicit schemes are relatively-_
simple when compared to the implicit schemes. However, a
restriction is imposed on the size of the computational time

step. For numerical stability of explicit schemes

-

At ¢ h¥m ' 3.12 -

Vm T YgAnR/Bm

known as the Courant Stability Criterion'(Strelkofﬁ, 1970},
where By and Ay are the width of water surface and cross-

sectional area of flow in the m®D

cross section, and axy is
“the mth finite-difference distance 1interval. Explicit
schemes also require the use of equal distance intervals,
'and consequently small time steps.

" In contrast to explicit gchemes, the implicit schemes
are stable and independent Qf the size of the time and dis-

tance intervals (Fread, 1974), and thus permit numerical so-

lution over large time steps. However, they require the so-
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.lution of large sets of equations -simultaneouély at- each
time.step. |

A solution of the completé equations of continuity and
momenfu; is expgsféd to produce the most accurate and relia-
ble results. Good agreements between routed “hydrographs us-
ing complete (dynamic) models, computed by the method of
characteristics {Amein and Fang, 1970; Baltzer and Lai,
1968), implicit finite- difference schemes (Amein and Chu
1975, Baltzer and Lai, 1968), and explfcif‘finite—difference
schemes_(Amein and Fang, 1970) are obtained in studies con-
ducted in natural channels. However, due to the complexity
inherent in the numerical solution of the complete- equa-.
tions, Eimplified routing methods have been developed and
have received particular interest among hydrologists espe-

cially in connection with rainfall-runoff models.

3.3.1.2 Approiimate.Hydraulic Routing Mocdels
' The kinematic and diffusion wave models are two well
known approximate solutions of the Saint Venant eqﬁatfons.
The basic principle behind these models and siﬁilar approxi-
["mate models can - be demonstrated by following Henderson‘g
¥//¢/y (1966) approach of normalizing the momentﬁm equation with a
’ steady uniform discharge. After negiegting the lateral-in-
flow and rearrangeﬁeht .of the normalized form of Eg. 3.4,

the following equation is obtained.
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- 3
' - -2 & T L :
= [ 1-5 Gz~ %o g_at)] 3-13

Kinematic Wave l ;
Diffusiorn Wave

Complete Dynamic Wave

where Qg is the normal flow discharge. Equation 3.13 repre-
sents a géneral expression for a iratiﬁg curve duriﬁg the
passage of a £lood as shown in Fig. 3.7. Note that the rat-
ing.curve 1is not  6n1y a function of channel  geometry but
also depends on the wave characteristics. The.;;ooped"_;at-

ing curve is caused by the secondary "dynamic”.terms in the

: - .o b
momentum equation: pressure force ( 3y / 3x), convect;ve.ai;////

celeration (3v / 3x )}, and local acceleration ( 3v/ B{F).

These terms are illustrated in Fig.  3.7. The width of the

loop and hence the reliability of the simplified-model will

depend on the relative importance of the dynamic terms, as

compared to the channel slope S,. ' .

A. Kinematic Wave Model

If the dynamic tétms:in, the moﬁentum eguation are suf-
ficiently small as compared to the gravity force (S,), fhe
momentum equation can be approximated by the steady uniform

flow egquation

Q=0 = a-sf | I 3.14

el
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y ﬂ
r—- single-value stage-
v discharge relationship
x = constant , (kinematic wave)
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Fig. 3.7 Tllustration of.the Dynmamic Terms in the
Momentum Equation - Single and Double
Valued Rating Curves
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that
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-

where a and g are the model parameters whose values depend

on the the shape and roughness of the channel. This implies
. , | r

5. = 8§ T 3.15

\

-

.which is the basis fo: the kinematic wave models. Assuming

a wide channel, a kinem del would describe unsteady

flow conditions for which the discharge can be expressed as

‘a sihgle—valggﬁ function of flow depth as illustrated in

Fig. 3.7. - : o4

1

Assuming no lateral inflow (g=0), Eq./'~3.l4 together

with the continuity eqﬁation (Bgq. 3.1) can be combined

(Lighthill and Whitham, 1955) to give a general expression

for a kinematic'qué model Y
1:3.'@. | ) - o
30 a : .
cat a0 ' ' 3.16

. T~ .

- . ]

c is the wave celerity or kinematic wave speed which can be
. ~ .,

evaluated from the Kleitz-Seddon law:

.4 . l4gQ S
¢ B%i B dy] - - 3.17 .



Eq. 3.16 is non linear since c is also "a function of
disch;rge {Q). I1f ¢ is considered as a constant this con-
stitutes a linear kinematic model. ‘ |

The same techniques described previously for the solu—
tion of the full equatiéns can still be used for the numeri-
cal solution of the kinematic model. The stability criteri-
on'.for explicit-schemes of the .kipematic vave 1s also

reduced to

At ¢ Ax y 3.18
o4

. A kinematic wave has only one chara;teriétic curve
(forward characteriétic). While this resuits_in simplifying
the solution by omitting the need for a downstream boundary
condition, a kinematic model cannot produce upstream propa-
gation of the wave (backwatér effect). \

Tﬁghgésic thecoretical work on kinematic wave is attrib-
uted to Lighthill and Whitham (1955). Much of the theory
and finite difference solution techniqueé'have been given by
| Kibler and Woolhiser (1970), Smith and Woolhiser (1971},
~ Schaake (1971), Woolhiser et al (19713, Overton (1972),
Overton and Meadows (1976), Resource Analysis, Inc. (1975},

Huang (1978), Ponce et al (1978b), and others.

3 - | ' .
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Theoretically an ekact‘folution of the kinematic wave .
equation does not allow any wave attenuation to be present,
since, by definition, a kinematic model only describes the

translation phenomenon of the wave without distortion. The

-wave attenuation observed in finite-difference formulations

of the kinematic wave is caused by numerical diffusion, the
amount of which is directly proportional to the size of the

Computational grid (Ponce and Yabusaki, 1879).

B. Diffusion Wave Model
The diffusion model (or diffusive kinematic wave) of-
fers some improvements over the (non-diffusive) kinematic
model by including the pressure terﬁ in the momentum eéua-_
tion. -~ Thus for no lateral inflow, . the momentum eqﬁdﬁion

A4

(Eq. 3.4) is approximated by

N us -3 < 3.19

which when combined with the continuity equation gives the

diffusion wave eqguation

2 ) .
S N 32Q ,
I il . 3.20
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where ¢ is the celerity of discharge Q, and € is the diffu-

sion coefficient, which is evaluated from

3.21

Fas
M
]
O‘o

‘\\\;,fThe diffusion wave is kinematic in nature since i;‘ﬁoes
not include the inertia tefms. - However, unlike the non-gif-
fusive kinematic wave it has a glechanism for wave attenua-

[ tion embodied in the diffusion coefficient. ‘ 3 ~

N

: 3.3.2 Hydroloéi; Routing

Hydrologic routing methods are all £founded upon the
storage balance eguation
H % - Qx,t) - Qlx + Ax,r) . 3.22
in which AdS/dt is the rate of change of water volume S in a
S o ) .
reach Ax length due to Ghe difference 1in the volumetric

fluxes into and out of it: Q(x,t) and Q(x + ax,t ), respec-

tively. Kﬁz
Routing'methbds which are based on . storage consfdera~-
tions whén éﬁplied te régﬁlar channels coincige with the
kinematic appfoach since‘they too neglecﬁ the dynamic ef-
fects.(Silvic; 1869). For instance the fﬁnear storage func-

X
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tion (Eg. 3.22) can be considered as a linear approximation

of the continuity equation.and from a hydraulic viewpoint
’ - -~

routing methods using this approach can be termed as "linear

kinematic models" (Yen et él,.1976). .

There are several routing techniézzgﬁgﬁyeg on storage

h 4 .
conPiderations. Many of these models include coefficients

to apprbximate the complex’ relation between orage in a
reach and flow characteristics sucﬂ‘-as inflox, outflow,
stage, or water surface slope and are known c lectiveiy as
the coefficient méthody. Several of the coeff;iiegt methods
have been‘presented y Miller and Cunge (1975). ¢

It is important o pote here that' one can distinguish

/////’;;twqen hydrologic models and hydraulic models 'based on- the

N

s

method utilized in determining the model parameters “(Wein-

mann and ;7prenson, 1979). When these parameters are deter-

mined fro hydrblégic observations, the ‘method can be con-

siderdd es a "hydrologic model”.  On the other hand, if the
parametérs are relaéed to the.prsical and. hydraulic charac-{
teristics of the channel the rogting method can be referred
to as a "hydraulic model”. L

One of the best-knownabnd'most widely used of the hy-
drologic routing models is the Muskingum method. The method

is ‘baseg—en 2 one-to-one relationship between storage S and

a combination of inflow, Q(x,t) and outflow, Q(x + ax,t):

ﬁ‘-. -

S = X [8Q(x,t) - (1-8) Q(x + &x,t)] 3.23

;\/ *
- -

-,
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and Ax is the reach

where K and 68 are the model parameters,
/.&

length (space interval).
b The Muskingum model is usuglly expressed in _the well

N
3.24

known form:
+1 _ 3 J+1 .
Gt Tl T %1 ~
- K8 + At/2 .
- 3.24
€1 T K(1-6) + at/2 . 2
3.24b

K8 + At/2

cz'/xu-e) T 6t/2 .
3.24¢

R(1-8) £ Ax/2

©3 7 KQ1-8) f 8t/2

ey + ¢, te,m 1 / 3.24d
3.245 subscripts i and i+l refer to the begin-
respectively; super-

In Eg.
reach, 4x length,

/\_- ;ning and end of the
; scripts.j and-j+l refer to time t and t+4 t, respectively.
The modgl parameters K and ¢ are a;sumed constants. 1In
practice théy are usually determined from past flood re-
cords,'ﬁsing a trial and error proce@ure, and utilizing the
linear relation between storage and flows (Eq: 3.23?.‘
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3.3.3 Some Special Approximate Routing Models

From the analysis of a finite difference formulation of.

the kinematic wave equations, (1969) obtained a solu-
tion which can be expressed in a form which is identical to
the coefficients equation of the Muskingum model (Eg. 3.24).
By taking ‘'K and é as constants Cunge further showed that.if

“"the parameter~s is evaluated from

Ke - o 3.25

where ¢ is thé diffusion coefficient, defibed from Eq. 3.21,
his solution and hence the Muskingum model can be considered
as an approximate soluticn of ' the diffusion waviii?del (Eq.

3.20). He also indicated that the wave attenuation in this

case closely approximates the Saint Venant equations. The -

expression for é (Eq. 3.25) was obtained from a Taylor se-

ries expansion of‘ng t,x} in. the finite difference solu-

i i
tion of BEg. 3.16. .

The analogy between the Muskingum model and the diffu-
sion wave model was also demonstrated by Koussis (1578), who
"combined Eqgs. 3.22 and 3.23 into one equation of the diffu-

sion=-convection type:

A ]

Q) |jar :
xl o

39, bx 3Q | l.(ﬁx)z 3.26
o X - I - - + &N
5t T K 3% [ax(i-8)c = 53 5 ] ,

mﬂ ) . T

‘--’ - -
3
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By taking K as
" Ax

K ow == .

, ¢ .
and ;omparing Eg. 3.26 with the*i?ffusion wave equation (Eq.
'3.20) it can bf seen that the pafémeter g wil® be dgﬁiqﬁg,by

+ Eq. 3.25. i ._

K can be interpreted as the propagation time of dis-

charge. Ehe weighting factor @ is now related to the hyj
lic and physical characteristics of 'the channel. In order
for the wave to attenuate, the diffﬁsicn céefficieng has to
Be positive. = Therefore it follows from Eq. 3.25 that eg
0.5. The physical concept behind Eg. 3.23 also réquires
that e 0. Thus ’ '

0 <8 ¢0.5 3.27.

A more exact solution of Eg. 3.16 was proposed by Kous-
sis (1976), which can be - éxpressed by a coeffictent equa-

tion of the Muskingum type (Eq. 3.24), with the model param-

eters calculated from - . o .
At o AL
_ K ,_TK@-8), Y K{I-¢)
Sy (1-e } - e 3.28a
__ac
K K(1-5)
s 1 it (1-e ) 3.28b
e
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- At
‘ ¢, = e K(l_e). 3.28¢
3
eyt ey Tyl 3,28d

Koussis {(1976) also demonstrated that this model is a -second

-

order approximation of the diffusion wave model if & 1is es-

timated from

3.29

A= BS cix
o

‘ ’ ’ ‘

~ The difference between this model and thi"qf Cunge is
the expressions used for the <calculation of the routing

coefficients C1r €y and Cq and the parameter g. . The value

£ g estimated from Eg. 3.25, however, differs only slightly‘

.~

from the value calculated from Eg. 3.29 (Weinmann and Lau--

renson, 1975), since Eg. '3.29 can be approximated by

-arl
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- 1 . _
& =3 (1-0 B S 3.30

which is identical to Eg. 3.25 if we substitute for ¢ from

Eg. 3.21., Thus the simpler expression for by Eq. 3.25 1is
adequate. ' '

Note that BEgs. 3.28a through 3.28d reduce to the model
proposed Sf Ralinin and Miljukov (Miller and Cunge, -i975);

with ¢ =0 and
T=K=—/ 3.31
Tt is assumed constant and represents the time of propagation

of dischérge.' The Kalinin-Miljukov model reguires the use

of a specific reach length ax =L , associated with g =0.

The use of & =0 eliminates the physical diffusion from the

model. It can be shown (Cunge,.1969) that 8=0 will corre-
spond to fully concentrated or reservoir type acéion, that
is maximum.attenuation.

The Cunge model has récently received pérticular atten-
tion in the literature. It has been favourably reported in
studies conducted in natural channels-k&%ussis, -1975,1973}
Ponce, 1979;. Ponce and fevjeyich, 19?8)) Although ‘the model
parameters have bgen derived under the assumption of ‘conr
stant parameters it can be applied with variable parameters.
Applications of. Cunge model, to date,. whether with constanﬁ

-

R LY .
or variable parameters have aimed at reproducing a measure

ﬂflow event {(Koussis, 1578; Ponce, 157S!.

Tyl -

-
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The Cpngé model appears -to have significant advantagés
over direct soiuﬁions of the kinematic and diffusion equa-
tions?® (1) it allows for khe attenuation éffects that the.
kinematic model cannot include, and (2) unlike the diffusion
wave m@dq} it does not require ‘the specification of a down-
Stream boundary conditioh and thus the computational efforts
are substantially reduced.

The Cunge model 1is best suited for applications along

~well defined channels where the model parameters can be eas-

ily estimated (Price, 1979). The accuracy of the numerical

solutions of the Cunge model with those of the £full Saint

- i .
Venant eguations remains to be compared (Price, 1980). RN

3.4 APPL&CABILITY or KINEMATIC.AND DIFFUSIdN MODELS

| As indicated above, all the approximafe hydraulic egd
hydrclogic rou£ing methods are essentially variations of gﬁe
kinematic'and diffusion-wave analogies: The approximate
methods neglect the inertia effects. Their accuracy will
therefore depend on the relative importance of the inertia
terms in the momentum eguation.

Miller and Cunge (1975) presented a review of. several

criteria io:~£ﬁg applicability of.the kinematic flow theory:

' Using a dimensionless form’of the kinematic equations (Wool-

hiser and Liggett, 1967), two parfameters appear which have
significance in_determining when the kinematic flow theory

is valid. These parameters are the Froude number

~




Fo = . . 3.32a"

3

k = 3 R - ' ] . 3.32b-

where 66 is the steady normal velocity at thg, end of sonie
plane or channel length L_, Hof is the corresponding normal
depth, and S is the plane or channel slope. It was found
that (Liggett and Woolhiser, 1967) when flows are supercri-
tical or when the kinematic flow number is large, the Chezy
kinematic model is an accurate model. Another crite;ibn for .
the wvalidity of the kinematic model which involves the
Froude number was obtained by Lighthill and Whitham (1955).
By setting the kinematic and dynamic wave velocities equal,
the Froude number will be ééual to B/é-or- 2; depending o;
whether the Manning'é formula or Chezy's formula are used
for the resistance. These Froude numbers determine the con-
ditions at wvhich dynamic and kinematic waves are of equal
importance;’ ?

Henderson (Miller and Cunge, 1975, pp. 198} used'fhe,
-bottomxglope as the criterion for the applicaﬁility of ‘kine-

Lmatic; diffusior and dynamic wave models. He classified the .

e et

R
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slopes as geetle, intermediate and steep. According &o'Hen-L\
derson. classification, kinematic models apply to steep
slopee, dynamic models to gehtle siopeg, and diffusion moa-
els are applicable to intermediate slepes. -

A criterion for the applicability of\kinenm nd dif-

fusion wave models ac¢counting for the wave period as we
the channel slope was recently obtained by Ponce et al
(1978). - The range of e@plieeeiliﬁy of these appfoximate
models was analysed theoretically using a linearized form of
the Saiet Venant equations.,-The propagation characteristics
of sinusoidal perturbations to the steady.uniform Flow for
the klnematlc, diffusion end dynamic meEels were compared.

An 1neaua11ty crlterlon was determined for the applicability

of kinematic and diffusion wave models, as follows:

3.33

vhere T  1is the wave period;ﬂyb . is the uniform flow.depth;

Vo, Fg . and'S " are as defined‘earlier. It was deter-

. mined that the klnematlc and d1ffu51on wave models should be

applzcable where £-eguals 171 and 30, respectlvely

Eq 3.33 1ndlcate5 that the wave perlod (that 4s hydro-
graph durat1on) and bed slope” are the 1mportant phy51cal pa~
rameters for the applicability' .of the approximate routing
models.  The diffusion wave model als; has a wider'renge ef

applications than the kinematic wave model.
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. - j hd -
It should be noted that the criterion of Eg. 3.33 was
obtained from an aaalytical ~solution. The limitiaé valqes
of & were based on 5% error in peak flow after one period of

propagation. The ap of the kinematic and diffusion

wave models may, however, 1n olve numerlcal errors rntro-

duced by the approx1mat1ng diffenence equatlons.

3.5 FLOW ROUTING AND SEWER NETWORKS: .

The selection of the most suitable flood. routing tech-

nique is a key aspect im building an efficient and reliable

sewer network model. The reviéw presented above dealt with

the state of the art oeroutigg'techniqﬁes for free-surface,
gradually vanied and unsteady flow . in open -channels. In
this section we will dikscuss applicatiqqs of flow routing
teehniqges in sewer-het;orks,- o - |

-

3.5.1 Baszc Con51derat10ns

The follow1ng remarks should be considered for the ‘se-

lection or development -of routing models for sewer networks

" systems:
1. Most storm sewer networks are dendrltzc (tree type)
in pattern. However, they may also form closed- loop
-+ networks. In the latter fEase the routlﬁg model
bshould account for the mutual dynamlc effects of all
sewers at .every .time step in the calculation. Under
. R ‘....'o-' ‘ - . b . ’g'
- . s A - Y oo

Lot ewa -

Fad
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‘these circumstancés, a representative sewer network
model should be based on'dénamic routing sinée sim-
‘plified routing methods can be applied only in a se-
guential maéner.

2. A sewer'netwgfk model is usually developed with one

of two objectives: '(a) design of new systems, or (b)

analysis/ evaluation of existing systems. In the

case of design, the main objectives of the model are -

2ok
usually to determine sewer sizes, storage volumes,

T ete. The common approach in .sizing storm sewers is
to select the smallest commercial pipe diameter which

can carry the design flow without surcharge. It is

therefore desirable that the roduting method provides

accurate predietion”of the peak flows, which is re- *©

-

flected by the model capability of representing wave
attenuation and traﬁslation properties. ‘Conservation
of mass is important for the design of storage facil-
' ifies. The design of storm sewers is usually based
(}q on the asé&yption'of straight water surfaces. . Where
-thé sizes of cpnduits are sufficiently large or other
needs for a higher degree of accuracy exist, -backwa-
"7 ter 6r drawdown curves shoﬁld rbe calﬁblatéd (Wright-

| McLaughlin, 1969). -

én. I1f a sewer network model is developed for the.evalua-

tion of existing systems, a different problem arises,

£
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that is;. the possibility thét'the seﬁer capacities
are exceeded. . Under these circumstances, the model
should have a capability of simulating surcharged
{pressurized) flow conditions. Because sewer surc-
harge usually occurs only in a part of the system,
this may have an effect on flow conditions in the up-
stream sewers. Therefore modelling of surcharged
flow conditions should be- considered in conjunction
with a dynamic routing model.

fn the case of sewerr design models, dynamic routing
is‘'not appropriate since this would require the spéc-
ification of a downstream boundary conditien, and
hence a prior knowledge of sewer sizes. The use of
dynamic routing in this case can be carried out only
in the frame of a trial and error procedure which is
expectea to be extremely expensive in terms of compu-
tational time. An example of confputer time reguired
for sewer design utilizing dynamic models has been
reported in an application of the Illinois Storm Sew-
er Syétem Simulation "ISS" model, which uses Fhe
method of characteristics (Yen, -1973). In this ap-
plication a conservative estimate of the computer -

time reqguired for the design of a sewer system com-

posed of 54 pipes was one hour!
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. .
The analysis of sewer network systems involves, be-
sides flow rduting, a number of special'problems‘such
as energy losses at the junctions (for both free sur-
face and surcharged flow conditions), " and -the possi-
bility of tﬂe occurrence of backwater caused by the

4

conditions at the junctions, or in the case of the

" existence of tidal conditions at the outlet from the

sewer system, and similar situations. Under design
conditions, Ehe pipe sizes are usually selectgd such
that they <c¢arry the design flows at, or close to,
their full flow capacities. Conseguently, backwater
effects, if any, would, most probably, result in the
occurrence of, pressurized (éurcharged) flow condi-
tiong: Under these circumstances, backwater effects
are:ﬁ%t‘expected to have a significant effect on the
{iows, : since the remaining storage 1in the pipes,
which is.the main reason for vave attenuation, would
be insignificant. If a sewer network system is de-
signed, neglecting the backwater effects (e.g. using
a kinematic wave routing model), ggese effects can be
analysed by using a dynamic routing model, which,
however, should have the capability of simulating

surcharged flow conditions.

r
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3.5.2 State of the Art of Sewer Network Models

Table 3.I-pr;$ents s;me of the currently available sew-
er network models ahd the routing technigue used in each.
An inspection of the table shows that a wide variety of
routing methods has been utilized. The simplest of all
routihg techniques used in storm sewer design is the steady
. state time-lag methods, such as: (1) hydrograph shifting By
the flow time without distortion, used in the University of
Cincinnati Urban Runcoff Model - UCURM (Papadakis and Preul
1972), and in the Queen's University Urban Runoff Model -
QUURM (Watt, 1975); and (2) moving average time-lag method
(Harris, 1970). The use of such simplistic assumptions is
usually justified by the uncertainty in the eéstimation of
surface runoff.a '

AE the other extreme, some of fhe'models apply sophis-
ticated routi;g techniques based on solutions of the full
dynamic equations (see table 3.1).  This isg uSuélly justi-
fied by: (1) the recent improvement in runoff prediction
techniques (Yevjevich,, 19675); (2) ‘the-development in the
size and capacity of com@uters which makes such solutioné.
possible (Yen, 1973) and (¢) the desjre to improve the de-
sign, in light of the billions of dollars spent annually in
storm drainage sSystems.

It is well known, according to the present state of the

. ) ) -7 ..
art, that dynamic routing models cannot simulate Supercriti-
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cai flow coﬁditioqs,'-unless‘sﬁecial”aﬁd inefficiént numeri-.
cal solution prbcedu:?s are followed. (Fread, - 1981). This-
limitation is known in existing sewer network models such as
the Igs model {(Yen, 1973) and the‘Germgn HVM qoael'(Wichman,
1980). .In sewer network systems; where.supercritical flow

is expected to occur, this fact represegts a severe limita-

tion of the use of dynamic routing models in practical ap~

plications. It should be noted, lyowever, that the EXTRAN
model, described briefly in Chapter V, does not suffer froﬁ
numerical instabiiity‘problems'ih the case of supercritical
fiowi' ‘ .

‘ There haﬁe_been some studies comparing various numeri-
cal methods for flow routing along a pipe ﬁYevjevich and.

Barnés, 1970a; Yen, 1973 and Bettess and Price, 1976).

These studies compare numerical solutions of the complete

equations, kinematic and diffusion wave models.  The only
experimental study for the evaluation of flow routing along.

a .pipe seems to be the one conducted by Yevjevich and Barnes

‘(1970p) on ‘a prototype pipe 822 ft long, 8.0 ft diametgr,'

The}-sho#ed that a numerical solution of the chara;teristics‘
equétions could describe the wave propagation aloné a pipe
fo? a wide variety of flow conditions with reasonable accu-
racy. ,Noﬁeuoffthe available studies were conducted, how--

ever, on.sewer network systems.

—
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. Nevertheless, in “most existlng urban storm drainage
model;, it seems-that the merits of using a particular rout-
s ing méthod' have not been analyzéé since model validations
‘ have almost always been based on comparing the outlet hydro-

: . .
'graphs with measurements. This process mainly involves cal-
ibration of the hydrologic parameters and excludes the ef-
fé%t of the routing technique. It seems probable therefore
that complex routing methods have been utilized without jus-
tifying the increased computational cost by, for example,
Emprovements in the design. On the othef hand, many of the
approxlmate routlng methods have  been used wzthout adequate
analy51s of their limitations.

. &

3.5.3 Sewer Surchargé )

Flood routing theory has been _developed to deal with
unsteady flow probleﬁs wvhere the flow always has free sur-
face (open channels). in sewer network systems, however,
) pfessﬁrized'(surcharged) flow can occur if the sewer capaci-
tiegvare éxceeded. Most ex15t1ng sewer network models such
as ILLUDAS (Terstriep and Stall, 1974); SWMM " (Metcalfe &

Eddy, Inc., 1971) and ISS (Yen, 1973} avoid the calculatiop

of sewer surcharge, by means of ad hoc assumptions. In many

Yo .
cases, however,” sewer surcharge is a reality that should be

analyzed.

i
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/

At the present time the only sewer network models which
are known to have a capability of simulating surcharged con-
@itions are: (1) EKTRAﬁ model (Kibler et al, 1974), (2) the
German HVM model (Klym et al, 1972) and<the French CAREDAS
model (Sogreah, 1973). The last two models are proprietory,
and the methodologies they use for simulating surcharge are
not known. 'Recently, simulétion of sewer surcharge has re-
ceived interest .by several investigators (Sjoberg, 13981;
def—Clausen,'iQBI; Martin and King, 1931; Price, 1981; Pan-
sic and Yen, 1981 and Toyokuni, 1981).

-The .simulation of free surface/surcharged flow in storm
sewers systems is a complex problem which reguires special
techniques.* It should also be notedlthaﬁ there have been no
studies on the evaluation of mgthodologiesffor the simula-.
tion of surcharge in sewer systems. ‘

The transitién from free surface to surcharged fla;,
and vice versa, may be aécompanied by a transient pressure

(hydrauli; instability) similar to water hammer waves in
forcemains {(Hamam and McCorqudale, 1980). The occurrence of
.2 hydraulic jump 1is another source of hydraulic (physical)
instability. The problem of hydraulic instabilities of

‘storm sewer flows is disussed elsewhere (Yen, i978b) and is

beyond the scope of the present study.

—
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3.5ﬁ57' Energy Losses at Sewer Junctions

In sewer network syétems, junction manholes are typi-
cally placed where two or more pipes join together, or where
the pipe grade, size or , aligament change. The design of
sewers is based on the equations:of mass conservation and
energy consefation. " In netﬁdfk systems, the energy conser-
vation’ yould'rgqu;re cbnsidération of- not only the skin

friction losses, but also the "minor"” losses occurimng at the

junctions, bends, etc.
‘ Energy losses ‘at the junctions is a phenomenon that in-
volves numerous variables, such as the n;mber of adﬁo%ning
pipes, . the angles of intersection, the shape and slope of
the conduits/pipes, the direction and discharges of flow,

the rounding of the corners at the junctions, etc. {Chow,

1959). . - | -

“The usual method ~of expressimg energy losses at sewer
junctions, h, is in terms of a constant, K, times the ve-

locity head of .the conduit in question
2, |
’ne =K (v /2g) : 3.34

o+

A difficulty in design is the determination of the value of
K.

Chow (1959) discussed energy losses at open channel

‘junctions on the basis of works by Taylor (1924) and Bowers
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{(1950). . He concluded that the flow through a junction was
such a complicated problem- that its generalization was not
possible and thé best solution would be found through a mod-
el sgudy. ) |

A number of studies dealing with energy losges.at sewer
junctions have been reported in the likerature. _A recerit
review of these studies (Masalek, 1981) indieates that ex-
perimental energy losses were reported only for a few se-
lected Jjunction geometries and that tﬁe majérity of the
studies were conducted for'junctions flowing under surc-
harge. It seems that-the most extensiQe tests of energy
losses at surcharged Junctions are those Eonducted by San-
gester et al (1959). Other studies on junction ehergy loss-
es ié;luagrthose 'by Acker (1959), Yevjevich and Barnes
(1970c¢), Tgwnsend and Prins {19785 and Acker et al (1978).

The drainage criteria manual for the City of Denver
(Wright-McLaughlin, 1969} 1includes a set of design charts,
cémpileq from various sources, for the estimation of energy
losses at seWer junctions. | The Eharts apply only to surc-
harged flow conditions. %he manual also presents an exampie
$f the computation of the maximum hydraulic grade line in a
sewer systém, using hand computation and 'assuming-steady
flow conditions. v

Mérsalek (1981)‘ founa that energy losses at:straight-

flow-through junctions, in the case of free surface flow



conditions, are faigly small and ¢an befneglected in ptacﬁi—
cal ‘calculations. -ﬁowever, 'energy losses under surchargea
conditiqns are significantly larger than for free surface
flow conditions. _Energy losses at junctions with laterals
wiillbé higher than in tﬁe case of straight-flow-through
junctions. Arrgngemeﬁts can be made, however, to¢ minimize
‘these‘IOSSes ( e.qg. WrigﬁtchLaughlin, 1969; Towﬁsend and
Prins;'1978}. Exces;ive losses at the junctions in a sewer
system may leéd to: {a) if the design is for free surface

-flow, the minor iosse%@at the junctions may result iﬁ the
sewer system becoming surchérggd, and (b) 1if the degié; is
for surcharged conditions,. these losSses may résult 1in hy-
draulic gradellines whicﬁ are higher than anticipated with
the risk of the occurrence of basement flooding. Energy
losses at the sewer junctions will mainl; affect the'hfdrau-
lic grade line calculation and should not significaﬁtly af-
fect the flows, which are bésed on continuity considera-
tions.

The difficulties “involved in simulﬁting enerqgy losses
at the junctions' in sewer network r0u£ing models are obvi-
ous. The fact that none of the existing models can simulate
these losses reflects_thgse difficulties. It may pe possi-
ble, however, to somewhat compensate for these losses.by an
increase in the roughness coefficient and by providing addi-

- -

tional drops in the pipe inverts. Some "rules of thumb" in



.

this regard c¢an be found in the literature (Wright-McLaugh- ..

lin, 1969).

3.6  SUMMARY

There 1s a host. of usable routing techniques_avéflable
in —the literatore with Qarious levels of sophistitafionu
The development ©f ro%ﬁjng models has been mainly related to

flood propagation problems‘in rivers, , with few studies con-

ducted on sewer systems. Dynamic routing models have been

extensively tested and are found to givé reliable Tesults

kel

They are, however, the

-

for most flood routing applications. .

most demaqging in terms ~of computer time'and are usually
e -

subject to numerical stability ‘constraints. Moreover they

» . )
cannot simulate supercritical flow conditions unless special

technigues are used.

Applications of flow routing techniques in existinhg ur-

ban storm drainage models have utilized very complex as well

as very simplistic methods, often without adeqguate justifi-

cation of the selected method. Dynamic models are the only

acceptable ones 1if representation of backwater effects is
»

important. Also, if surcharge simulation is considered in a

- sewer network system, the routing technigue should be based

on dynamic models.
The approximate model proposed by Cunge (section 3.3.3)

does seem to be well suited for (free-surface) Zflow routing

S
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1

in urban drainage applications. Nevertheless,’ it seems that

this,modél has not been applied in any of the éxisting urban

5;', - .
storm drainage models., A numerical solution scheme of the

‘Cunge model, wvhich is appropriate for urban drainage systems
needs to be investigated.

Last, but not least, a conscious process for the vali-

dation of approximate routing models should be based not

only on comparisons against measuremeénts or dynamic models’

for specific conditions, but should also ihcludé investiga-

" tion of the effect of channel 'slope as well as the whvé -

perioé (hydrograph~sﬁape) on the validity of model results.

The limitations for model applications can thus be estab-

lished. Present practices do not follow these procedures

for model validations.

&
3.7 ROUTING SUB-MODELS FOR DDSRM

The routing methods for the proposed "Dual Drainage Si-
multaneous,Routing Model - DDSRM" will be presented in chap-
ters IV and V for free surface and surcharged flow condi-
tions, . respectively. The' free surface ;flow routing
sﬁbfmoael is intended mainly for deéign purposes. The surc-
hafge sub-model, based.on dynamic routiwg, cénlalsd'simulate
backwater effects in the sewer networks. It can; thé}éfofe,

be utilizgd for the analysis of a sewer network system for

storm runcff which is larger than the desigﬁ flows. S

~n
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Chapter 1V

AN IMPROVED KINEMATIC MODEL FOR URBAN DRAINAGE
SYSTEMS \

LY .

4.1 INTRODUCTION

Two main objg;tives‘wil{ be considered in the unsteady
flow rbd%ing techﬁique of DDSRM, namely, efficiencyldf the
computation and reasonable accuracy. It is.also desirable
to use the same routing technique -for the analysis of the
sewer and street networks. Dynamic models will bé_avoided
.not only‘because they are too demanding on computer time but
alqo betause free sﬁrface flow in DDSRM involves sizing of

,thgfgéRErs which, as discussed in section 3.5.1, makes the
use of dynamic models inappropriate. X |

While existing urban storm drainage models use, in gen-
eral, “either too simplistic or ¢too complex routing techni-
gues, it 1is attempted in the present research to have an in-
termediate’level of sophistication. The developﬁent of the
flow routing sub-models for DDSRM will Le undertaken in con-

Sunction with two basic assumptions for the netﬁbrisf (1)

there is no significant backwater effect, and (2) the net-

works are dendritic.and converge towards the downstream out-

let.
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It follows from section 3.3.3 that a sglution based on
the Cunge model is most suitable for DDSRM. In spite of the
apparent advantages of this solution, over other apprq;imate
routing methods, it ééé&é that it has not been utilizea in
any of the existing urban storm drainage models. As indi-
cated in section 3.3.3, the Cunge model has been developed
under the assumption of constant parameters. However, be-
cause of the type of (peaky) design storms usually used in
urban drainage studies, this assumption is no ionger appro-

. < .- _
priate. Tﬁerwave celerity will be strongly variable which
hecessitgtes the variation of the model parameters with dis-
charge. The use of a variable wave ceierity, ¢ =c(Q) =
c{t), has been recently reférred to as "crucial” for routing
accuracy (Koussis, 1978). \ i

Inr this chaéfer a numerical solution scheme of the
kinematic wave model” is described whereby the model parame-
ters (calculated according to tﬁe’ Cunge model) will be al-
lowed to vary with time. The réuting procedures and calcu-
latioh of modei pérameters will be described, with speéial
refereﬁce to the channel géometries represented by circular
pipes and stfeet sections.

“a thorough investigation of the model validity will be
conducted in comparison ;ith, previously verified, dynamic
modelsqthrough several numerical experiments, including ver-

ification in a sewer network situation. The effect of two



key parameters, namely channel slope and wave period, on the
validity of the model results will 2lso besinvestigated and

the model limitations will thus be established.-

~

4.2 MAIN EQUATICONS
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Fig. 4.T Computational Grid for DDSRM

The kinematic wave model can be expressed by Eg. 3.16;

which for no lateral inflow gives
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whefe c(Q) is the wave celerity or kinematic wave speed,
Q(x,t) is the discharge, and x and t are the space and time
coordinates, respectively. -

With reference to Fig.‘4;1, Eg. 4.1 can be expressed in

finite-difference form as

j+l :
- o3 —ayeodTL - ol
c At
: ~
j+1 +1 .3 a3
vl - @ + aw@, - o
+ - = 4.2
4x :
in which 6 and ¥ are weighting factors. Taking v = 1/2,
and substituting
g = 5% ) ' | 6.3

the finite-difference équation (Eg. 4.2) can be written in a

form which is identical to the classical form of the Muskin-

: . @
gum model . . .
~ - . )
RS S IRt i ,
Ger =S & e~ *F o3 Oy s _ 4.4

where



¢ = K8 OAT/2 . K8 +at/2 _ K(1-8) - at/2
"1 K(1-8) + 4t/2 ° “2 T K(1-8) * 6t/2 ° ©3 T R(1-8) + At/2

In_tbé above scheme the wave celerity ¢ is assumed constant.

Ax is the reach length and X represents the travel time of

discharge, which -is also assumed constant. Y = l)g wiii‘

guarantee the stability of - the finite difference scheme

(Cungé, 1969i. : . . .
s -

‘As indicated in section 3.2.2, if '8 is calculated from

Eg. 3.23, or alterhatively

o
A
[e]
A

0.5 : ’ 4.3

- . b
where B 1s the surface width of flow , the specially weight-

ed finite difference scheme of the kinematic model (Eq. 4.2)
can be considered as a second order approximation of the
diffusion wave model.

Now if we write

¢-__O;._ : ) 4.5
BS cax N .
o
and
Y. : . — :
ahc—a:c—t _ - ) . 4.7



95

Eg. 4.2 can be expressed as
+1 l+a—¢>*’\-—l+’a+¢ 41 . 1 - a + @ 5 4_8'
ey " T ers 1"'/1+<;+¢Qi *iTere G+

@ représen;s a type of céll Reynoids number; that is, the
ratic- of physical to cell diffusivity. ¢ is the Courant num-
bgr, representing the ratio of wave celerity to cell celeri-
ty (Ponce, 1979).

The advantage of the above scheme is that the solution
is carried out using an algebraic equation rather than a
differential equation. Furthermore the model paramétgrs can
~be related to the physical and hydraulic characteristics of

the channel under consideration.

4.3 MODEL PARAMETERS AND STABILITY CRITERIA

-

There are two basic parameters involved in the above
-médel, namely the grid Reynolds number, ¢, and the Courént
number, «, as defined by Egs. 4.6 and 4.7. As indicated in
Eq. 4.5, the value of g is rest}icted between 0 g 9 £ 0.5.

Thus it fellows that:
0.0 ¢ < 1.0 : ' 4.9
Note that the physical concept behind Eq. 4.2 requires

i - - \
that € > 0. (thai is® < 1.). On the other hand, ¢ < 0.0 (that
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_is 8 > 0.5) will result in numerical instability, causing the

wave 'to amplify, that is the distharge increasing from o;e
. point to the hext (Cunge,; 1969). .  Therefore EQ. 4.9 will
satisfy the stability requirements with respect to ¢.

: ' Given the space interval, Ax, the theoretical upper
limit for ar is given by the stability cggdi%&on of the
kimematic model, Eg. 3.18. Weinmann and Léurehsqn (1979)
have reported, however, that, in practical aéblications,
values of AE. sé%erél times larger than the vaiue givéd by
Eqg. 3.lé‘h$€é been‘useg witpout any apparent stability prob-

lems.  In..the present research, the comservative upper limit

for at given by Eq. 3.18 will be used, that is -

-

It should be recailed that .the model parameters have.
been derived assuming constant celerity, which implies slow
rising\flood and hence small changes in discharge. This as-
sumption is not adequate for urban drainage systems (DDSRM)
since the wave celerity or ‘kinematic wave speed, lc, gs
strongly variable. Therefore the numerical écheme adopted
in the present research utilizes wave celé}ities which-vary
with diséharge E:j:é§ and Yevijevich, 1879). The numerical

. . . (Y
solution and-routing procedures are presented below.
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4.4 NUMERICAL SOLUTION AND ROUTING PROCEDURES

- -

An inflow hydrograph into a sewer/channel'cah be routed
along-a'.reééh &x length according-to .Eq. ‘4.8 wusing the
four-point grid shown in Fig. 4.1. For a'given discharge
the éepth of flow and hence other hydraglic\propérties‘can -
be calculated from the stpady-flow.rating curve for the giv- ‘
oo en channel. Tﬁé wave celerity c_can'Be caléulated at every

[

‘timé step from Eq.L3.17 (c = dQ/da).

Let us assume that the inflow hydrograph is specified
‘at timé increments of st , for example from the surface ru-
noff sub-model. In the case of a pipe (or street) network
such as the case at hand the space interval, - ax, will be
taken a@s the total pipe (ér stréet segment) length.

An inflow hydroéraph_into a'channel/sewerQspeéifigd at
'time intervals of At is thus routed to the downstream end as.
follows:

A computational time step ar, , is first calculated

which satisfies the condition e<l.0.  Given the reach

length, ax, Atl is qalculated from

where € ax is the maximum celerity of the inflow, computed
according to Eg. 3.17. The inflow hvdrograph, specified at

-time increments of At is thus interpolated at the time in-

tervals sty before routing. i



The calculation starts at time t and proceeds in incre-
k|

ments of Aﬁl. The inflow and outflow at time t: Qi } and

Qi&ll , respectively are known from the initial conditions

"(base flow) or from the previous time step. Now in order to
, 41

3+]1. -
calculate the ocutflow Qi+1-‘corresponding‘to-the inflow'Qi

. at time t + Atl, the celerity ¢ and top width B are calcu-

lated based on the flow conditions at the grid poﬁnts (i,3),
(i+1,5), and (i,3+1).

A three-point average of ¢ and « can be calculated as

(Ponce and Yevjevich, 1978):

¢j+l + @3 A) /3 . : 4.10

e ]
o= (03 + 9y 1+1

- (qd +L 3 4.11
o (ai +a; _ + °i+1) /3 . . .
4
3+1

The outflow Qi+l is thus calculated using Eg. 4.8 with
¢ and «a estimated from Egs. 4.10 and:4.11. Replacing.
] +1 . : L
Qiﬂ by Qi+l this process is repeated, advancing in time in
crements of at, until the entire hydrograph 1is routed.
The routing procedures for a single channel/sewer are illus-

trated in Fig. 4.2. The outflow hydrograph 'is then interpo-

lated back'to At time intervals.
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Select time and space
intervals, A:iand' Ax

Read inflow hydrograph
Qo) po=d, ¥

vhere N iz the number of
points oz hydrograph

Set initial conditions
at time t =0,

' i
t =0.0

1

Use steady flow relation
and channel gecmetry:

S
o —=8), ¢ (. 3.7

+1 4+L {41
Qi —-5'1 , c‘l 1Eq. ?.17)

' i 3
o, —8l,,. ¢4y (Ea- 3.17)

Y
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e KNOWN

X, UNKNOWN

1

s-- LHAL

Caleulate: o3, ¢3*1 o3 = (gq. 4.6)

A S 3

LR L

O B s O (Eq. 4.7
!

Restrict ¢ between

0.5 % g 1.0

I

Calculate average values of
¢ and a (Eqs. 4.10 and 4.11)

—

!

Caoleulate cutflow

+1
gﬂ (Eq. 6.8)

Ead

TDE = ¢

. +1
w b
. .

4.2 Flow Chart of the Unsteady Flow Ropting

Model of DDERM
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A computer program based on the above scheme is written
for unsteady flow routiﬁg in thé two channel geometries rep-
resented by: (a) a circular pipe, ana (b} a street section.
The program will be utili;ed as a sub-model of“thew\guai
Drainage Simultaneous Routing Model - DDSRM (Chaptér VI{T

In DDSRM the sewer and street systems form dendritic
netwo;ks.n' The calculation is thérefore performed starting
from th; uppermoéﬁ éegments and proceeds downsfream in a se-
quential manner. For each segment the entire hydrograph is
routed before prdceeding downstreaml The conditions at the

w.n_juncti.ons are.:eﬁrgsented by the continuity equation

oy

where ¢ «%Tt. is the algebraic sum of all flows entering
and leaving the junction at time t. The inflow into a sewer
is codbé%ed of the.inlet flow plus the qytfloﬁ froﬁ the im-
mediate upstream pipe(s). Tﬁe inflow into‘a street segment
."is composed of direct runoff .from the éubcatchment (assumed
concentrated at the upstream end of the street segment) plus
~any carry-over flow from the immediéte upstream street seg-
ment(s}. More details on the network model will be given in

-

chapter VI.
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4.5 RATING CURVE

In the above scheme the wave celerity, c, is considered
vari;ble'with depth (nonlinearity). However it.is calculated
as a }unctfon of depth only. This implies a single valued
s;age-dischafge relationship. The attenuation effects are
obtained by adopting a value of ¢ > 0 (that is @ < 0.5). in
the present study Manning's formula is utilized for depth-
discharge conveﬁsion and, hence, for the calcula;ion of wave

celerity.

'4.5.1 Considerations Por Circular Pipes

The Manning's relationship between depth and discharge
in a circular ¢onduit indicates that fhé maximuﬁ capacity is
greater than the full flow capacity and will occur somewhere
before the pipe is completely full. This is illustrated in
Fig. 4.3 (curve 1}. The associated abrupt decrease in the
hydraulic '‘capacity near the crown of tgé pipe will be accom-
panied by hydraulic instébility, that is a transient pres-
.sureiih the system (Hamem and McCorglodale, 1980). These
transient effects will be neélected here.

In graer to avoid numerical instability caused by the
existence of two values of depth-for a given discharge (near

the pipe crown) appropriate assumptions’ must be made.

-

Schaake (1971) assumes a linear relationShip-”between the

cross sectional area and discharge (curve 3 in Fig. 4.3a).
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In the pkesent studxrit will be aésumeé that the maximum ca-
pécity is equal to the full flow capacity. Accordiqgly, the
rating curve should be adjusteé ‘as suggested in Fig. 4:3
(curve 4). This relatiqn\is based on the assumption thaé
Manning's coefficient is constant. It has been found.out;
_however, that Manning'g coefficieht *will change with the
flow depth (ASCE and WPCF, 1970), as indicated in Fig. 4.3b.
The associated rating curve is given in Fig. 4.3 (éurve 2).
- In the computer program the relationship between depth
and disché}ge for circular pipes is input directly-in dimen-
sionless form (as block data). This ?ill allow for includ- .

-~

ing the effect of va;yiﬁg .Manning‘s coefficient (curve 5 in
Fig.’ﬁ.B)L buringf;he calculation forrény given discharge,
the associated depth 1is computedrgf a parabolic interpola-:
tion from the given depth-discharge relsgioﬁship. Other pa-
raméters such as sﬁrface width and cross sectional area are
computed from the éewer geometry. “The wéve'c;lerity, ¢, is
calculated accordingly from Eg. 3.17.

k]

4.5.2 Stréet Section -

Some previous ~studies (Larson, 1948: Tholin et al,
1960) indicate that Manning's relation cannot be wused for
the calculation of flow in a street section without modifi-
cation since thg;hydraulic radiys cannot adequately describe

the cross section in this case. Therefore Manning's formula

-
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is first used to calculate the flow, dQ, ' for an incremental
area, depth h, and width dx (Fig. 4.4). By integrating from
where the depth is zero at the edge of the surface to y at

the curb,  the total flow Q(cfs) 1is given by (Tholin et al,

p N
1960): - _
G) ¥ < Yer < Yeur
¢ Road GD Yer <_y € Yeur
| | ¥ > Yeur > Yer

* <
@ w
; |
x
=
< - poer L
- ‘Longitudina'l Slopé = So >
Fig._d.ﬁ Cross Section of a Road Drainage Channel
)
’ l P
) 8/3 : ,
. 0.557 81/2 Z v / 4.13
Q=" ) .
. x

\
ipgre

hx = Manniggis coefficient |[for the pavement;

&3
\ . o
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M

S, = longitudinal slope;
Z_ = reciprocal of the pavement cross slope:‘
y = depth at curb, invft. .

‘ Eg. 4.13 1is developed for low flows where the depth
does not exceed the road crown, and is usually referred to
as "gutter” flow. This eguation has:been used for the cali~-
bration of the roughness coefficf;nt in ‘the hydraulic model

. study on inlet control (Townsend, 1979).
With reference to Fig. 4.4, Eg. 4.13 can be extepded to
compuﬁe the street carrying capacity for higher stages of

. flow as‘follows:

For YCI’ A ycur
1.114  1/2

a, o ’x - -y )

8/3, 414

where
a

Yer height of road crown, measured from the edge of the

.curh:

y height of curb.
+ Cur
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For y '> ycur> yCI’

. Z : .z
.8 %
Q= 1A s 23l oy 583 4 8/3) 4.1

% cr n_s— & - ycur_)

" where

n
S

Z
s -

‘Manning's coefficient for the shoulder;

reciprocal of the shoulder cross slope. '
- Egs. 4.14.and .15 compute the carrying capacity of the
whole-street section, whiie Eg. 4.13 computes the flow in
half the section. .In SI units the constants 0.557 (in Eqg.
4.13) and 1.114 (}nJFqs. 4.14 and 4.15) should be replaced
by 0.375 and 0:75, respectively for Q in m>/sec. and y in
meters. o
Egs. 4.13-through 4,15 can be used to develop.a stage-
discharge relationship for a given street section. At the
same time a similar relationship between dischargé and cel-
erity can be obtained, using Eq. 3.17.  This relatfon;hip
can thus'be used to compute ¢, 4, and ¢ in a street sec-

tion for any inflow conditions.

An inspection of Fig. 4.5, which represents an ex-
<> -
" ample of -a rating curve for a street section, shows that a

small change in dgﬁth will correspond to a substantial in-

6feéée in hydraulic capacity.
R
4 :
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4.6 MODEL VALIDATION

The validation of the model” presented above, for the
purpose of the present study, should be based on its capa-

bility of representing the attenuation and "translation prop-

.
1y L

i"erties of the wave, 'as well as conservation.of mass (the

wave being represented by the inflow hydrograph). This task
Qill be undertaken in three steps: ) | )
1. wvalidation of the numerical solution scheme for con-
ditions corresponding to urban drainage systems;
2. investigatién of the range of model applicability, bi
) evaluating the effeét of channel slope and wave peri-
od on the validity of results;- and - '
3. 'model validation in a network situation.

As indicated in section 3.6, dynamic models have been
extensivéiy tested and are found to provide the most accu-
ré;e results. Therefore the validation of the routing sub-
model of DDSRM will be based on cbmparisons with completes
dynamic models. | |

4.6.1 Validation of Numerical Solution

The validation of the numerical solution scheme pre-
sented above is conductéd on hypothetical triangular énd
trapezoidal hydrographs 1in conjunction with hypothetical
pipe systems. The routed hydrographs using the proposed

model are compared at selected locations with those obtained
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by means of dynamic models. Two dynamic models are used for
this purpose: (1) an explicit finite-difference scheme of
the characteristics eguations using a rectangular x-t grid

(Yevjevich and Barnes, 1970a), and (2) a centered four-point

implicit scheme (Klym et al,, 1972). The first model has

beeﬁ'previously verified in a hydraulic model study on a

prototype pipe (822 ft long, 3 ft diameter coverjng various

—

slopes).
" The results of five numerical experiments (referred to
as Schemes 4.1 through 4.@4 are,presented in Figures 4.7

through 4.9.° Description of the pipe systems and test ar-

rangements 1is given in table 4.1. Reference‘should also be .

made to Fig. 4.6 which shows the ‘configuréfion of inflow.
The pipe slope in all the tests is 0.001. The results ob-

tained by the proposed model are referred to as "DDSRM".

Fig. 4.7 compares the modification of a triangular hy-

. drograph obtained by DDSRM with those obtained by means of
ihé ﬁethbd ?f characteristics (Scheme 4.1). The comparison
is made at a distance of 5,000; 18,0600 and 30,q00 ft_(l,525:
5,480 and 9,150 m)_down the pipe: This test is identical to
the one used to Gerify the sewer flow routing techniqpe of
the transport block of the EPA-SWM;model (Metcalfe. & Eddy,
fnc., 1971). Fig. 4.8 pfegents a similar comparison between
DDSRM and. the four-point implicit 'scheme (Schemes 4.2 énd

4.3). The comparison is made at a distance of 3000 and 6000

v
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Table 4.1 Va“_dgtion of the Unsteady Flow Rouring Model
"~ of UDSRM - Description of Test &rrangements

and Inflows : %
inflow ﬂyd:ograph(') Pipa Syscam Tigurs
Schene So.
Base Flow| ° Q'} Q. 0, o, 33 o, . D
ctt(33/l) ctsi{m”/x) c!s(n:‘/s) ain. ain. ain. ain, 2 (@) £z (=)
PUCAL I [T PO e o fao.2e) | o | s a ¢ | 300000ss0| scr.a3y | o4
AL o 28(0.79) |168(3.06) { 15 0 3 30 | %0000:830)| 6¢1.83) | & 3a
2.2t 9 28(0.79) |108(3.26} [ s 40 0 a0 s000¢18203 | s¢2.31 | ..3p
3.5(1.0M)
L) PR . axis00  [s.scian|
PR 0 5.6(0.26)] 23.6¢0.53% 15 <0 0 80 (4x657.5) |5.0@.52)] %8
"~ |5.5¢2.68) §
1.5¢1.07)
4x1300  4.5¢1.3%)
‘.S(C) q . 5.5(0.16){ 18.6(0.53 LS «Q -0 80 (4x675.5) [5.0(1.52) 4.9%
5.5(1.68)

fa) rtefer o Tigure 4.4 for the configuration of inflow

(%) inflow ac upscress end of pipe -

z pipes are in 2aries - idencical inflows at the upstTreanm end of each pive

2
.

DISCHARGI

Base Flow

L v

TIME

| J

Fig. 4.6 _ Validation of the Unsteady Flow Routing Model
of DDSRM - Configurarion of Inflow Hvdrograph
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Comparison With Dynamic Routing By a Centered Four-Point

Implicit Solution - Schemes 4.4 and 4.5
[
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Fig. 4.9 Validation of the Unsteady Flow Routing Model of DDSRM -
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ft (915 and 1830 m}. 1In Figs. 4.Bé and 4.8b the iﬁflowé are
of triangular and trapezoidal shapes, respectively and are
input at the upstream end of the pipe. Fig. 4.9 shows a
comparison with the ‘four-point implicit scheme in the case
of several inflows at different 1dcations along the pipe
(Scheme 4.4 and 4.5). In Scheme 4;4 all inflow ﬂydrographé
are of triangular shape, while in Scheme 4.5 they are trape-
zoidal. '

Inspection of figures 4.7 through 4.9 -indicates that
the results obtained by DﬁSRM are in close agreement with
the dynamic models even for the extreme case presented by
the rather iong pipe (Scheme 4.1). The simplified routing
method of DDSRM conserves mass and appears to present the
translation_and attenﬁatiqn properties of the wave with rea-

I

sonable accracy.

4.6.2 General Validity of the Model

"The above experiments ﬁave beén'conducted for-one slo@e
(0.001} and one general shape of inflow hydrograph. It will
be attempted next to check the model validity for é wider
range of conditions.? As indicated in section 3.4 there are
two significant parameters which are ¢riticél for the appli-

cability of approximate routing models, namely channel slope

and wave period- (hydrograph duration).
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Let us consider two hypothetical circular channels,

<

8000.0 ft (2440 m) 1long and 8.0 ft (2.44 m) diameter each,
with two different siopes, namely 0.002 and 0.0005. A sinu-

soidal hydrog}aph is input into each channel (see Fig.

4.10). The flow is given by

DISCHARGE (CFS)

Fig. 4.10 Sinusoidal-Wave Used for the Investigatiom of
the General Validity of the Routing Technigue

of DDSRM
4
. Q '
I(t)=Qb+§P-(l-c0_5%'I£);0<:sro ™\

© 4.16

I{t) = Qb; t > To

where I(t) is the inflow, Qg 1s the base flow, @ is the .
P

peak of the inflow hvdrographk, £ is the time in minutes, and

1
To 1s the duration of inflow in minutes.
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Taking Q"= 20 cfs (0.57 m3/s), and Q'p = 100 cfs (2.83

.m3/s), the inflow at any time t will be given by

I(t) =70 - 30 cos (%EED : D0<egT
. ’ o

° for I{t} in cfs 4.17a
I(t) =20 e; .t > To ) ’
I(e) =1.985 - 1.415 cos 325 5 0 <t < T,
T o ° _ for 1€t) in m°fs 4.17b
I(t) =0.57 ; t>T7T -

Three different durations (Tb) of the inflow - are assumed,
‘namely 20, 40 and 100 minutes. The corresponding inflow for
ééch duration is thus routed in each of the two channels by
means of: (2) DDSRM, and ‘(b) the EXTRAM model, an explicit
aynamic routing model, which has been previously verified
(Késsem and Wisner, 1980)- see section 5.3 for examples of
the verification tests of EXTRAN. _

Fig. 4.11 compares the routed hydrographs at a distance
of x/D = 625 .for the channel slope of 0.002 and for the
three different hydrograph durations. Fig. 4.12 is 2 simi-
lar plot for the channel slope- of 0.0005. Fig. 4.13‘com-
pares the peak attenuation along'each channel ;yéghe'dyﬁémic

and approximate models for the different conditions tested.

-

-
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Discussion of hesults

e results of the above experiments show that:

For the steeper slope (S° = 0.00Qi:'

a) tﬂe reéults obtained by DDSR&' are in very close

. agreement with the dynamic model. The peak flow

simulated by DDSRM ig élightly higher - than that
obtained by the dynamic model in the case of the
sharp rising hydrograph (T, = 20 minutes). The
difference, however, is very small. The diffef-
ence in éeak flow approaches zero as the duration
of hydrograph increases. The time to péak is pre-
dicted perfectly for all hydrograph durations.

b) for ail hydrograph durations, the error in conti-
nuity is very small for practical purposes.

For the milder slope (S, = 0.0005) the agreement be-

tween DDSRM and the dynamic model is not good. The

maximum deviation in flows (DDSRM predicts larger

flows) 1is obtdined when the mild slope is comhined
with a sharp rising hydrograph. This deviation, how-
ever, 1is reduced as the hydrograph duration increas-

es. A similar trend can also be observed with re-

“spect to the time to peak.

It appears from the above results that the channel
slope is a more.éignificant parameter than the wave
period where the applicability of DDSRM _is concerned.

E
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These ‘results are substantiated by- and

the dynamic
_kinematic wave theories.
Based on

the above experiments, the validity -of the.

simplified routing method will be discussed in terms of the

minimum pipe slopes used in urban storm drainage systems.

TABLE 4.2  Slopes for:Full-Pipe Velocity of 2 fps (0.6 m/s) and
3 fps (0.9 m/s)

" Pipe Diam. Approximate Pipe Slope - Per ?gousand
v = 2 fps (0.6 m/s) v = 3 fps (0.9 m/s)
in o n=,.0131{ n=,014 n=,015 n=,013| a=~.0l4} n=,015
12 | 300 1.9- | 2.2 2.6 4.4 5.1 5.8 '
18 | 450 1.1 1.3 1.5 2.55 3.0 3.4
26 | 600 .. 0.8 0.9. 1.0 1.7 2.0 | 2.3
36 800 0.45 0.5 0.6 1.0 1.2 1.4
48 |1200 0.3 0.35 0.4 0.7 0.8 | 0.9
60 |1500 0.2 0.25 0.30 0.5 0.6 0.7
In storm sewer systems, the pipe slopes are limited by
"two factors: {(a) mfnimum velocity to prevent deposition,

and (b) maximum velocity to prevent erosion. Commenly, the
minimum slopemis calculated such that, when flowirg full,

the velocity is 2 fps {0.6 m/s) (Wright-McLaughlin,;1969) to
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3 fps (0.9 m/s) (WPCF and ASCE, 1970). The slopes required
for minimum veloéity'wiiljdepend on the shape and roughness
of the conduit. Table 4.2 gives the .pipe slopes required
for full-flow velocities of 2 fps (0.6 m/s) and 3 fps-{0.9
m/s), for a range of pipe diameters, based on Manning's for-
mula with n values of 0.013, 0.014 and 0.015. Steeper
slopes may be 'required to obtain the desired velocities in
the upper . reaches of. lateral sewers which will flow only
partly full even - fd; the wultimate design flow (WPCF and
ASCE, 1970}. Steeper slopes may also be required to‘bbtain
self cleaning velocities for flows smaller than the design
flows. *

Table 4.2 shows'that, . theoretically speaking, slopes
much smaller than the 0.2%, for whiéh good agreement between
the simplified aad dynamic models was found (Fig. 4.11), are
possible. However, in practical design of .storm sewérs,
Steep élopes will always be desirable. By increasing the
slopes, smaller pipe sizes can be selecéed to cafry the de-
sign flow, with the result of saving in the cost of the sew-
ers. The maximum slopes will be governed by the maximum al-
lowable velocity. In storm sewer systems} the maximum
velocity can be gquite high without causing erosion problems
(WPCF and ASCE; 1970} since the maximum flows, by their na-
ture, occur infreqguently. However, slopes greater than the

critical slope will increase the likelihood of the occur-
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rence of hydraulic jumps. Steep slopes with flows which.
have Froude numbers greater than 2 may result in the occur-
rence of roll waves.

The Borough of Scarborough (1879) has put a limit on
the maximum slope "that all future sewer desigﬁs be set at
slopés less than critical slope”. The Borough also implied
“that slopes less than 0.2% shall not be used. It is not
known to the wéiﬁer, howeverf if other Canadian municipali-
ties have similér rggulations., Several new subdivisi?ns in
Ontario have been examined and it was found that the pipe
slopes were much greater than the minimum slopes. In fact,
no slopes less.than 0.2% were found in the sewer systems ex-
amined. ‘

It can, therefore, be stataed that, for normal deéign
’cgnditions, the model will give reason&ﬁly accurate results.-
In the case of very mild slopes (say less than 0.1%), which
may be used in flat areas, one should expect a conservative
design. . )

Note that the above experiments have been conducted for
only one pipe size (a rather large, 8 ft (2.44 m) diameter),
and the comparisons of the discharge -hydrographs are made at
a féirly long distance of 5000 ft (1525 m) down the pipe.
In practical applications,e %here the pipes are much shorter,
-the results should improve. Also, for smaller pipe diame-

ters the accuracy will improve (NWS, 1981).
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"4.6.3 Vvalidation in a Sewer Network

\

It is shown above that the free surface flow routing
technigue of DDSRM 1is capable of accurately representing
wave propagation along a channel/sewer for the conditions
usually encountered in urban drainage problems. However, it
is important to verify the model performance in a network
situation. This can be based on comparisons with a dynamic
model for sewer networks which has been previously verified.
An improved version of fhe EXTRAN model ( Kassem and Roes-—
ner, 1979a; Roesner, kassem and ﬁisner, 1980} 1is selected
for thi; purpose. The boundary condition at the junétions
in EXTRAN is éssentiallx the same as in DDSRM, that i1s, con-
tinuity considerations, neglecting the energy losses at the
junctions.

A hypothetical test scheme [(Testville 4.1) indicated in
Fig. 4.14 is used for the comparison. Testville 4.1 is ée;
rived from an existing storm sewer system. In this scheme
the sewer network is dendritic and converging towards the
downstream outlet. The test is conducted by first generat-
ing surface runoff from the subwatersheds using a ©S-year
"Chicage" storm distribution as simulated by.the runoff
block of SWM moé%l. These flows are then admitted directly
(unrestricted) in;o the sewer network at the sewer junc-
tions, -as Ehown in Fig. 4.14, and routed in the sewer net-

work using the two models. The sewer sizes are chosen such

that free surface flow prevails all through the pipe system.
Ve
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The ‘time history of sewer ’floﬁ obtained by the two
models is compared, at two locaéions, in Fig. #.15. It can
be seen that the results obtained by DDSRM are in very good
agreement with the dynamic model with respect to both ééak
flow and time to peak. Similar agreements have also been
obtained throughout‘the network. Since the two models are
tested under identical conditions and have similar assump-
tions for the network, fhe comparisons given in Fig. 4.15
reflect the effect of routing. These results should, fﬁeré-
fore, provide a proéﬁ of the accuracy of the network routing

sub-model of DDSRM.

4.7 ADVANTAGES AND LIMITATIONS

The numerical experiments presented in section 4.6 show
that, for the <c¢onditions expected in urban storm drainage
systems, the routing model preseﬁled in this chapter will
give results which are very close té those obtained by dy-

| . . . .
**The solution is carrilied out by using an alge-

namic models.
braic egquation réther than differential eguations. The mod-
el is therefore computationally fast. For ‘example, the
execution time for the simulation carried out for Testville
4,1-(Fig. 4.414), on the IBM 360/370 machine, is less than 14

seconds, as compared to more than cne minute required for

the dynamic model.
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The proposed model.allows the wave attenuation to be
represented which cannot be done by direct solutions of the
Eihematic wave equations. The solution séheme is as si@ple
as the-ﬁuskingum method, while its parameters are relatea to
the physical and hydraulic characteristics of the channel.
Furthermore an advantage of the numerical solution 1is that
it allows fhe model parameters (in particular the wave cel-
erity) to vary with discharge. Although the model has been
tested only for circular channels, the results should be
equally valid for other channel geometries. '

It has been recently recognized- that storms of short
duyration are critigal\iginégnhan drainage studies (Wisner,
Gubté andTKassem, 1980). It follows from section 4.6aé-that
the associated runoff may undergo significant attenuation.
This observation may be utilized to justify the use of dy-
namic rquting models for wurban drainage applications. Due
to the substantially higher computational cost of dynamic
models, a more appropriate alternative is the model proposed
here. It should also be noted that oversimplification in
the routing models, such as the use of time-lag methods in-
corporated in some of the existing models will, most proba-
bly, overestimate the flows.

) The utilization of this improved routing method 1in
DDS?H will also make the model suitable for applicétions in

master drainage plahs where the effect of routing may be
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very significant, due to .the increased size of tﬁe drainage
system. | | |

| Although the proposed  model hast been addressed here
mainiy for applications in urban storm drainage systems, it
should have significant adﬁantages for "other applications,
provided that ~the combination.of channel slope - and hydro-
graph shape are not critical. Additional analysis of the
model may also attempt to combine the channel slope and hy-
drograph duration into a single parameter similar to that of
Egq. 3.32. Specific criteria for model applicability can
then be established.

The model, however, cannot simulate backwater effects
nor can it simulate energy losses at the junctions in a net-
work system. 1f backwater effects are considered signifi-
cant, the dynamic routing sub-modei presented in the next
chaﬁfer can be utilized' (only for the sewer system), which

also has the capability of simulating sewer surcharge.



Chapter V
-DYNAHIC FLOW ROUTING IN SURCHARGED SEWERS

5.1 INTRODUCTION

One o¢f the requirements of the present research is a
methodology for simulating sewer surcharge. As discussed in
section 3.5.1, surcharge simulation should be undertaken in
‘conjunction with a dynamic éouting model. Rather than de-
veloping a wholly new model for these conditions, it is con-
'sidered that this goal can be achieved by improvements of an
existing model. | _ | ‘

* 7 The EXTRAN model (Kibler et al, 1974)- is chosen for

this purpose for three basic reasons: '
%f' being the only accessible operational and non-pro-
L {prietory dynamic routing -model for sewer networks (at

., the time of cqmmencing-fhis study);

2. possibility of obtaining assistance from one of the
model aﬁthors,’ if reguired; and .

3. possibility of easy implementation of eventual im-

provements because of familiarity by engineers with

its principles in Canada.

* Dr., Larry A. Roesner from Camp Dresser and McKee, Inc.,
Springfield, VA. o :
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Experience with EXTRAN in Canada and U.S. shows that
one of its main drawbacks is the occurrence of numerical in-
.stability problems._ Yen (;97?) has referred to the model as
"notoriously known for its numerical instability"”.

A research proéram for improvemeﬁt of EKTﬁAN is there-
fore undertaken. The obBjective of this research is.twofqld:
(1)  to gstablisb'the sources of numerical instab%lity: (2)
to revise some aspects of the model such that an improved,
numerically stable and verified version of the model can be

produced.

»

A series of systematic numerical experiﬁents with
EXTRAN showed that numerical instability occurred mainly {(a)
in the case of surcharge, (b) with flow diversions by orif-
ices and weirs and (c)‘ih the case of thé existence of large -
drops. This research also discovered that the Iexisting
methodology in EXTRAN for the simulation of sewer surcharge

is inadequate and may in many cases produce misleading re-

sults, as will be discussed beiow.

- [+]

5.2  SCOPE ‘OF PRESENT, INVESTIGATION

5.2.1 Background and Basic Principles

- The EXTﬁAN model was developed for thé .analysis of com-
plex sewer network systems including looped sewers, flow
diversions by weirs, orifices, and pumps, and backwater ef-

fects. The original version was developed by CDM/Water Re-

L
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sources Engineers (Kibler et al, 1974} under the name “San

Francisco Urban Storm Water Modﬁi". ﬁurihg subsequent years'

L 4

revisions were made by'fhe modél dévelopers and:by other or-
ganizations. ~The main objectives of these efforts-focdssed
on improvements aﬁd' additions to the model capabil%tigs of
simu;ating‘specific conditions or particular systems. At
the present time there are several versions of the model un~
der a variety of names. The basic'technidug in all these
model versions, however, remains the same.

A conceptual representation of EXTRAN model is shown in

Fig. 5.1. .The model is based on a link-node description of.

the sewer system. Links represent pipes and ‘fiéw diver=
sions. The nodes corresponq to manholes or pipe jhnctions
in the physical system. Sewé; flow routiné'is based on "the
Saint Venant eéuations of momentum and continuity. The nu-
merical solution scheme for unsteady flow routﬁng by EXTRAN

is given in Appendix B.

5.2.2  Surcharge Simulation in Previous Versions of EXTRAN

All versions of EXTRAN simulated sewer surcharge based

”

on an analogy with a surge tank. The surcharged sewer junc- .

tion (node) was therefore considered as’a storage element
- . ~

which had relatively large storage volume.’ While all previ-
ous versions of the model-apblied the same concept for sewer -

_surcharge calculation, each assumed different configuration

-

bi-

[HENTP I P
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of the "artificial" storage node geometry. Exampies. of
storage node assumptions are presented in Fig.’ S.Zi ?low
routing under surcﬁarge was carried out in exactly the same
mann;r as for free surface flow conditions. The artificial
storage node was used to obtain some "junction surface areat-
to be used in the numericai solution scheme developed for -
free surface flow (Appendix B).

The above scheme is based on unrealistic assumptions
which have no physica} or theoretical basis. Notabiy the
geometry of the "storage node" was related to the gréund el-
evation (Fig.‘5.2 ). On the other hand, it appears that the.
m;in objectivBs of the various attempts at altgring' the
shape of storage node aimed mainly-ap avoiding_éume:ical in-
stabiiity rather than accuracy. Not'surprisingly, itfol-
lowed that various versions of the model predicted differept

surcharge levels when tested under identical conditions

(Kassem and Roesner, 1979b), as can be seen in Fig. 5.3.°

5.2.3 53 Improved Version of EXTRAN

The preseﬁt research resulted in a neﬁ improved version
of EXTRAN (Roesner, Kassem and Wisner, 1980). The main fea-
tures of the improved model are: (1) a new algorithm for
the simulation of sewer surcharge, including a ﬁethodology
for the simulation of the- transition from free surface to

pressurized conditions; and (2) new algorithms for the simu-
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lation of flow‘diversions by orifices and weirs. The possi-
. ’ ’, . .
bility of- ythe occurrence of numerical instability 1is also

considerably reduced. In addition, users’' oriented error

messages and improved print-out have also been incorporated

into the model

In the context of the present study, tgé improved ver-
sion of »EXTRAN will be referred to as "IMPSWM’> -EXTRAN".
IMPSWM-EXTRAN will be used as a "sunchérge" sub-model manip-
ulated by the main program of DDSRM (see chapter VI).

For the purpose of the present study the emphasis will
be'givén to the new methodology . for the simulation of sewer
surcharge, together with a serieS'éf numerital experiments
for its validéiion. However, it is important first to vali-
date the basic routing technigue of BXTRAN.

5.3 VALIDATION OF ROUTING TECHNIQUE

Validation of the link-node solution for the sewer flow
routing technique of' EXTRAN model (Appendlx B) - is carried

out for ‘free surface flow_ conditions. Several tests are

_conduéted on hypothefical'pibe systems and hypothetical in-

flow hydrographs. The routed hydrographs obtained by means

of IMPSWM-EXTRAN are compared at selected locations down the .
. . Pl -

3 IMPSWM is a research program for ‘the "Implementation of
Storm Water Management Models", organized at the Universi-

.,tor in the program which started early in 1979. IMPSWM is
supported by a group of governmenta1 agencies, mun1c1pa11-
.ties and consultants.

o jgg' ty of. Ottawa. The writer acted as an assistant coordina-

-
S~
- ! L
- f
- &

£ow
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pipe with other dynamic routing models.

Fig. 5.4a presents a comparison against a solution by
the method of characteristics (Yevjivich and Barnes, 1970).
In this application the pipe is a 6.0 £t (1.83 m) diameter,

30,000.0 £t (9150 m) long on a slope of 0.001 and Manning's

n of 0.012. The test arrangements are identical to Scheme

4.1 used for the validation of the approximate flow routing
model of DDSRM - Section 4.6.1. The pipe'is divided into 30
reaches, 1000.0 ft (300 m) each. Fig. ©5.4a compares the
routed hyérographs at a disténce of 5,000.0, 18,000.0, and
30,000.0 £t (1,525, 5,490‘and 9,150tm) down the pipe, which
indicate an excellent agreement. Similar agreements have
also been obta?ned in comparison with a four-peoint implicit
scﬁeme.

" The model is further tested for more critical condition

" by routing a hypothetical sinusoidal wave through a 8000 ft

' (2440 m), 6 ft (1.83 m) diameter pipe on a small slope of

0.0006. The inflow hydrograph has ' a small duration and.is

represented by

Sy

I(€t) = 50 - 30 cos- (0.314 ¢) ; 0 <t g 20
I(t) =20 ; t» 20

.
-

I(t) = 1.416 - 0.85 cos (0.3%4 t) ; 0<t g 20

-

Y for 1(e) tnwd/s  5.1b
S 1lt) =0.566 ; t > 20 . N .

L

for 'I(t) in cfs 5.1a
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where I(t) ‘is the- inflow in cfs and t is the time in min-
utes. Fig. 5.4b compares the routed.hydrograph obtained by
%MPSWM~EXTRAN with that obta%ned by the method of chafacter—
istics (Yen, 1973) at a dis\tanqe of 6400 £t (1950 m) down
the pipe. ‘ o~ .

These tests provide a proof of the accuracy of the

routing technigque of EXTRAN model for free surface flow con-

ditions.

5.4 METHODOLOGY FOR SEWER FLOW ROUTING UNDER SURCHARGE

A new methodology for extending the freg surface floﬁ
routing technique of EXTRAN to account for surcharged condi-
tions 1is devéloped to replace the unrealistic storage node
assumptions adopted In previous generaﬁions of the model
(section 5.2.2). The new solution scheme }s based on a mod-
ified Mardy-Cross method. The basic methodology was first
suggested by Roesner (1979). 'Sﬁgnificant effort was, how-
ever, ‘required for its incorporation 1into the model. The
new méthod is presented below_prior to the description of a
series of numerical éxperiments for its validation.

In the new scheme a junction is assumed to be surc-
harged when the nodal water level exceeds the crown eleva-
tion of the highest ﬁipe entering or leaving the junction.

Energy losses at the Jjunction and othler minor 1losses are
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~negle€€éé€’ The junction water level is therefore represent-
ed by the pie;omeﬁri; head, which, in turn, is assumed to
represent the piezoﬁetric heag of all pipes at the junction
{Fig. 5.5).

During surcharge, the continuity equation for node j at

time t is

IQ (£) = 0 . K 5.2

where £ Q{(t) is the algebraic sum of all inflows into and
ouflows from the node (see Figqg. 5.5);_

Since .the momentum and continuity equations are not
.solved siﬁultaneously (Appéndix B}, the flows computed in

the links connected to node j may not satisfy Eg, 5.2. How-

-

ever, by computing 3q/3=m for each link connected to node
i, a head adjustment can be obtained such that the continu-
ity eguation- is satisfied. Rewriting Eg. 5.2 in terms of

the adjusted head gives:

11Qee) + 228 am (ey] =0 ' 5.3
ch ] '
which éan_bé solved for AHj as ]
EROR ROV S N
- 3

~ . -

r
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This adjustmént is made by half-steps during surcharge so
that the half-step correction is given as: ’

>

aty _ e A |
. . ' B (e + 39 () + aE, (e +\7§9 5.5

-

where AHJ (£ + %F ) is given by Eq. 5.4, while the full-step

head is computed as:

At~
Hj(t + At) = Hj(t + ?f° + AHj(t) . 5.6

where oE, (t) is described by Eq. 5.4.

For a conduit connected to a node, 3Q/3E is computed as:

-

3Q(r) _ _32.2 A(c)
S, Ix(y ot G0 ) 3.7
where
2 , ' . .
x(e) = e 2220 (o) - 5.8
2.208 R

I1f the surcharge level at a junction reaches the ground
elevation, the nodal water depth is set'at this level. In-
flows in excess of the pipe capacity under these conditions

will be lost and will not be recovered.

.’l
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5.4.1 Transition From Gravity to Surcharge Flow

-

The above schefe - does not account for flow transition

from gravity to pressure flow, that is, the dynamic process -

whereby the fioi condition in a given pipe reverts between

. open channel and éurcharge flow. This process will be ac-

companied by ﬁ}drodynamic instability ( surges) as discussed
élsewhere (Haﬁam ‘and McCorquodale, 1980). These effects .
will be neglected here. ' )

In order to avoid the105currenée o} numerical instabil-
ity at the beéinning of sewer surcharge, a smooth transition.

from free surface to:surcharge computations has been assumed

(Roesner, Kassem and Wisner, 1980). The transition function

is given by £
AHj(t) =‘EQ§%; 5.9
where & is given by )
' -15(y.-D.)
. . | ;J i
| ) A ‘ 3 .
=g 2Ut) s p200t), - .10 -
‘5 Iag —* (¢ Zaaj De - 5:10

and
. ’ p '3‘.'
A, = the nodal surface area at 0.96 full depth
Dj = pibe diameter
y. = water depth. :
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The exponéntial function causes equatzon 5.9 to converge
within 2 percent of Eq.‘=5\4 by the time the water depth is
1.25 times the full flow depth

With reference to Fig. 5. 6 the computat:on of junction

depth is performed.u51ng Eg. 5.9 from the time the junction

fzrst.surcharges “until surcharge level reaches 1.25 times

the“full flow depth. For higher surcharge 1e§eié, the head

computation is carried out using Egs.. 5.5 and 5.6.

It is interesting to note here that, very recently,

other researchers (Sjoberg, '1§81; and Hoff-Clausen, 1981)

have adopted (1ndependently, in-'cbnjunction with different

routing models) ' a similar transition function to si@ulate
the fiow transztlon from free surface to surcharge condi-
tlons and vice versa, 'in order to av01d numerical 1n§89b111-
ty. |

5.5 VALIDATION OF SEWER SURCHARGE SIMULATION

The difficulty in verifying sewer surcharge simu%i;;f:>

is obvious since there ate no measurements available u

these conditions.  There are, however, two basic considera-

tions in"E:Eﬁrcharged sewer systeh:
l.. the~outflow from a (surcharged) p1pe should be equal
to. the inflow 1nto the pipe, Wlth the response almost

instantaneous, that is "no time lag"; and

N
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2. at any instance, the flow along a (surcharged) pipe

-

should correspond to the instaﬁtaneous slo;e of the
hydraulic grade line, which in turn is governed by
tpe instan;aneous surcharge levels.  at the ﬁpstream
and dowﬁstream junctions.

Flow routing in sewer networks, under surcharge, also
inciudes transition_from free surface flow to surcharge con-
ditions,_ and vice versa. It 1is alsé‘important to predict

the durat¥on of surcharge, that is the time-history of junc-
tion water level. '

It is therefore considered in the present study that
the assessment of the scheme outlined above for dynamic flow
routing of free surface{sgrcharged flow in sewers can be-ob-
tained through a combinégion-of the following:

1. comparisons/with :another éewef network model which
has a cépability éf simulating sewer surcharge. The
"proprjietory”™ HVM %odgl (Klym et al, 1972) was ac-
qguired for this purposé through an agreeheﬁt with the
Dorsch Consult in West Germany and the City of Toron-
to;

2. careful design " of numerical experiments in order to
enable a quantitative inspection of the performance
of the two models. . In this {egard, the inclpéion_of
-steady inflow conditions makes comparisons ;ith hand
computations'of the maximum hydréulic grade line pos-

sible; and
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-
-

3. testing of various -boundary conditions 1in a surc-

harged sewer system.

5.5.1 ﬁescription of Numerical Experiments

The validation tests of surcharge simulation are con-

ducted on the hypothefical pipe systems indicated 1in Fig.

5.7. Four situatfﬁn%;S;e_gonsidered, which will be referred

to as Scﬁémes 5.1 thropgh 5.4.

-
-~

Scheme 5.1 (Fig. 5.7 a): presents a situation where inflows

,are greater than the free flow capacities of the pipes.

Scheme 5.2 (Fig. 5.7 b): presents a situation where sewer
surcharge is forced by a constriction near the outlet of the

pipe system.

Schemes 5.3 and 5.4 (Figs.-élﬁ ¢ and 53: sewer Surcharge is
causea by .a c§ﬁstriction in the pipe system created down-
stream of a 32.8 ft (10.0 m) drop. The size 6f the con-
striction is chosen such that: (a) only the pipe system

downstream of the dfop i1s surcharged (Scheme 5.3), and (b)

the pipes both upstream and downstream of the drop are surc-

‘harged (Scheme 5.4).

These arrangements should cover most situations 1in

[y

which sewer surcharge would occur. ' In all experiments the
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"dutlet of ;he'pipe éystem is free, that is, surcharge caused

b& submergence of the outlet is not considered. _

Threée different configurations of the inflow hydro-

P . - - B [ e

graphs are used for testing each scheme: 'TRGl; vfﬁéz, and

. TRG3 as indicated 1in fig. 5.8. The peak _infiow.used for

testing each scheme 1is given zn table 5.1. For tﬁe‘loca—
tion(s) of inflqws, reierencé.should be made to Fig. 5.7.
TRG2 and TRG3 include steady flow conditions so that éoﬁpar—
isons with hand computations of the maximum (steady—stgie)

hydraulic grade lines can be made.

3

5.5.2 Discussion Qi Results

‘The resulés of the above numefical experiments are pre-
sented in Figs. 5.9 through 5.12 fo; two shapes of {nflow:
TRGl-and.TRGZ. The results for TRG3 are given in Appendix
C. For each scﬁeme a comparison is made between the simula-
tion results obtained by (1) the scheme outlined in section
5.4 (referred to in‘%igs. 5.9 through 5.12 as "DDSRM"), and’
(2) HVM model. These«compariséns are given for (a) Hfge
history of junction waterlievel. at selected junctions, and
(b) time history of pipe flow at selected pipes. Reference
shoﬁld be made to Fig. 5.7 for the- locations of junctions
and pipes.‘

* -~

The results of these experiments show that:
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Table 5.1 Validation of Sewer Surcharge Simulation'by IMPSWM-EXTRAN
(DDSRM) - Specification of Inflows

-

Inflow;(a)’ . o
” Scheme
. ‘ %, | %,

cfs (@ /s) cfs (m Ls)

5.1 14 (0.4) © 54 (1.53) '
5.2 28 (0.8) 108 (3.06) .
5.3 28 (0.8) 108 (3.06)
) 5.4 28 (0.8) - | 108 (3.06)

1. -
(a) refer to Fig. 5.7 for the location(s) of inflow

. >
t
A -  §
TRG2 ' TRG3
E D B e RCY)
s - | 1 " |
w I | 1 !
2 | 1 | ! ~
S i ! ! \
=] 1 ! .
= ! 1 | !
] I 1 | |
| ) | |
! ! 1 ) I
0, | , % . | Y o A
. 1 1 . 1 1 [ ! N -
15 55 135 o 15 55 9”5 177 13 )
- TIME (HMIN.Y TIME (MTX.Y e th AT PH |
k| :
. rig. 5.8 Configuration of Inflow Hydrographs Used For the

Validation of Sewer Surcharge Simulation
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in all the téests the agreement between the simulated

flows by the two models 1is excellent. Note that in
Scheme 5.2 (Fig. §5.10), the comparison also includes

a plot of outflow hydrographs without the cdnstric-

. -

‘tion.

in the case of TRG2 and TRG3 (which include steady.

flow ‘conditions), * the slope of the maximum hydraulic
grade line predicted by the two models is the same as
would have been predicted by hand computation. Note

that/&n both models the friction slope 1is expressed

‘by Manning's egquation. Thus for £fully pressurized

flows
n2 2
e m—BQ 5.1a.
£ L2145 Dls/3

‘using imperial units (D :in £t and Q in cfs), or

2.2
n

“E g7 D183

5.11b

-

SI®nits (D in m and Q in m3/s)

h the exception of Scheme 5.1, the time history of
-4

junction water elevations and maximum surcharge lev-

els predicted by . IMPSWM-EXTRAN are in very good

agreemenf with the results obtdined by HVM model.
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Note that in storm sewer systems, damage caused by
surcharge will occur if, and only if, two conditions
are satisfiedr (ay surcharge levels are above base-

ment elevation, énd (b) these levels are sustained

‘for a sufficient duration.

In Scheme 5.1 (Fig. 5.9) where the sewers have dif-.

ferent sizes, flows, and velocities, a difference in

the hydraulic gradeline predicted by the two models

can be observed. The discrepancy in Tesults is due

to the different assumptions at the junctions made in
each model. 1In HVM the computation distinguisheg be-
tween the total energy line and the hydraulic grade
lin;. In IMPSWM-EXTRAN, on the other hand, the ﬁ&f-
ference in kinetic energy is neglected. The maximum,
error to be introduced in the simulation of surcharge
levels (between two points in a sewer netwofk) by
IMPSWM-EXTRAN due to this assumption will be equal to
the absolute value of the difference in the velocity
heads. This difference should be small for practicai

purposes, ' :
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5.6 CONCLUSIONS

It can be‘concluded from the above numerical experi-:
ments that the scheme outlined_ in section 5;4- is adequate
for the simulafion of sewer surcharge, including transition
from free surface to pressurized conditions; The new scheme

erforms as well aS'thé-proprietory HVM model. It is numer-

ically stable provided that the time increment, at, satis-

fies the Courant criterion. .
The improved model (IMPSWM-EXTRAN} will be used as a

"surcharge" sub-model of DDSRM- - chapter VI. It is, how-

ever, considerably more.expensive in terms of computer time

than the free surface flow routing model .of DDSRM presented
in the previous chapter. Therefore' it should Se used-only
Qhen %t is necessary to caiculate gewer surcharge.
IMPSWM-EXTRAN neglects the difference between the hy-
?raulic gradient and the tota1'energx lines. Further im-
provements of the model méy congider accounting for this

difference. There are also two basic'limitatibns of the

.model: (1) the friction slope is calculated based on con-

~

stant roughness coefficient (Manning's n), and (2) the ener-
gy losses at the junctioﬁs‘ are neglected.' Eutﬁre improve-
ments of\ the model may therefore consider varying the

roughness coefficient. As regards the ‘losses at the junc-

tion, their inclusion in the Todel is a more difficult task.

No attempts are made- herein to investigate this aspect.
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6.2- ASSUMPTIONS = ; - '~ .

- DDSRM can be summarized as folloys: - -

t . ~

'Chapter VI

' .DEVELOPMENT OF THE DUAL DRAINAGE SIMULTANEOUS
. ROUTING MODEL (DDSRM) - :
- ' . /

-

6.1 1 N’TRGDUCTI ON .

Thls chapter preseﬁts a detalle ~ descrlptxon of the

”Dual Draznage similtaneous . Routlng Mod 1 - ‘DSRM"' . . The’

basic ‘principles, the _main assumpt1ons of 'the model and _the -

various sﬁb~models" will be discussed. . The input data to

'DDSRM and -the computer output | will also be expleined. ?Si\\j/ .

L~
flow routlng sub- models for free surface and surcharged con--

'-d1t1ons are presented in chapterSfIV and’ v, respectlvely.

* The 1zst1ng-of ‘the computer program is given in AppendiﬁfF

- .
;
L2 |
. .
\ —_—

v b

Lt : R . _
- . The basic assumptions underlying the development of
. . - . : ; . -

- (S - o - * L

. ?'1, the ﬁ%jor system is formed by the streets;

- ) :\

v and converges to a downstream outlet.‘ The .minor sys-

L Ak
.

, tem.s on the other hand can be elther dendr1t1C— or

? ‘1OQPEd; .‘... . - J L.

A

'zu the major system network follows a dendrztlc pattern.

PR 1
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3. the sewer ne;pofk_and the street network are not nec-

: ~ essarily pér&llel or flow in the same Eirebtion;

. ji:;—gbedmajO} 5y$te€;§pould be continuous, without water

- ponding occurring on the streaté.‘ Changes in the

= street grades aéé small such that flow transitions

and possible backwater effects can be neglected;

5. storm inlets are connected to sewer junctions., If an
inlet is connected directly to a pipe, the captured
flows will be assigned to’'the upstream junction;

6.' the iayout and _@he_slopes of the ' streets and sewers
are known a priori;’ |

- 7. the characteristics of sub-areas’on both sides of a
§tree£ are similar resulting in. the same runoff.Pn
each‘side. _

The dssﬁmpt{on-of dendritic sewer system is aépiicable
fof free §urfaé§_f;ow in ‘connection with new désigns; A
looped sewer systémvfg‘co?sidered for erEharged conditiens,
in connection with. the evaluation of an existing sewer sys-
tem. \

The only flow . access into the sewers- is assumed to be
through the std}m inlets. If the roofs are directly, con-
nected to “the éewers (a practice which 1is seldom used at-
p;es;nt), 'théi can; still be simulated séparaﬁely for direct
(unre;iriEteﬁ) access into the connecting sewers. Flows
froﬁ baéﬁlgt catchbasins can also -be handled in a similar
i manner if their hydraﬁlfc p?rformgnce-és known.

s
;
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6.3 MODEL OVERVIEW _ . ‘

An overview of the Dual Drainage S}mu%taneods Routing
Model "DDSRM" is shown schematically in Fig. 6.1. The model
is composed of jgour main-sub-models:

1. sufface runoff sub-ﬁbdél, which calculates the catch-
‘ment supply rate by deducting rainfall abstractions
(depression storage and  infil;ration losses), and
then routes the rainfall excess on the-catchment sur-
face to the drainage channels;

2. inlet sub-model, which calculates runéff capthred bf
'the storm iniéts, that ié, inflow into the sewers,
and the by-pass flow (carry-ove%), which represents
the major system flow. Considerations are also given
to the restriction of the  capture capacity of the in-
lets;

3. minor'system'sub—model, which routes the inlet‘floés
through the sewer network; and ‘ |

4. major system sub-model, which routes‘the' flows ex-
ceeding the'qapacity-of the storm inlets through the
street network. ' ’

" In ‘addition, sub-models for the deSign/anélysié of

'storage facilities have been provided for the minor and ma-

~jor systems flows. Existing urban storm drainage models, in

13

contrast to DDSRM,;considef only items (1) and (3) above.

—
o

\a
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" As 'a design tool, the mathematical and logical formula-
tion oﬁ DDSRM provides, among other things,‘ the following
information: : é//H**—/\
l. - sewer sizes; : . T _ |
2. maximum flowvdepth (or spread) on the streetsa
3. the locations of storm inlets which may ‘neeé addi-
tional constrictions; and o
4.. sxoragés for thé,minbr and major system flows for the
éiven.outlet conditions.
Several options are " provided im DDSRM for the evalua-

tion of existing urban storm drainjge systems, igqﬂuding the

simulation sewer surcharge. \

’” A new parameter is also introduced in DDSRM.  This pa-
rame%er is thé‘density«of inlets, which can be expressed in
terms of the ﬁhmber of ifllets per unit area, or more appro-

tpriately the number of/inlets per unit of impervious crea.
The new parameter‘ wodld.reflect the spacing of the inlets.
It can be utilized at the initia} phase of new designs, and

Al

an optimum spacing between the inlets can then be deter-
";hined. - "

DDSRM, however, has a number of limitatioﬁs, in additian to the
-basic assumptions mén&ione¢~i3:5ection 6.2: (a) it neglects the .
energy losses at the sewer junctions, (b) it cannot simulate hydraulic
jumps, and (¢) iéécannot simulate roll waves which may occur for flows

with large (zfude numbers (approximately greater than 2}.

| i \/ | T
P . : g

A

PR
B



ne

\ B 165
. . S
6.4 MODEL STRUCTURE _ .

A master floqwfhart of DDSRM is’ presented in Fig. 6.2,
which shows the overall structure of the model. The program
is .divided into sub-programs, each of which serves the pur-
pose indicated in Fig.' 6.2. Some of the sub-programs call

other auxiliary routines which perform certain specific com-

. putations. This increases the flexibility of the progrém by

allowing additional features to be added with .minimum effort

and withouf the need to change other parts of the program.

6.4.1 Input Data and Organizétion

- The program execution is.csntrolled through the input
data supplied via subroutiné "DATA". Subroutine T"DATA™
seryes the following purposes:

1. selection of the appro?zféte routines to be calded by
the main program based on the ‘problem under consider-
ation and the objectives of the simulation;

2. conversion of units and the basic calculatién of son-
stants, parameterJ etc; i<

3. calculation of rating curyes for the major system and’
the sorting of inlet capture characteristics; o

4. provisi?% of conmectivity matrices for

A
subareas - major system segments
major system network
inlets - storm sewers

.minor system network
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Inirialize all variables
Subroutine (INIT)

!

Read input data and set up
counectivity matrices
. Sub=areas - street segmencs
. Major system
. Inlets - pipes
. Minor system
. Storages
Subroutine (DATA)

1
Set-up ordering arrays for|
computation for major and

ninor systems
- Subroutine (ORDER

.. | ; -

Compute supply rate {runoff
hydrographs) for all subwatersheda
Subroutine {SUPPLY)

Major system flow routing
and inlet control - start from
UPPEIDOSC ISTTEer segments

1

. Route surface runoff plus any carry-

¢ver from upstream system along streec

segment. Compute depth on streecs, etc.
Subroutine (MAJOR)

Compute and save cApture by inlets.
- Limit capture if applicable.
Compute carry-over

Subroutine (INLET) ‘

v

StTreet Bseg~
ments and inlets
considered

7.

Proceed to ‘next
L—{dowmatrean
segment

Fig. 6.2 Master Flow Chart of DDSRM -
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Sewer
Surcharge

Cllcu%ated

Save capture by inlers on a2
Yes|disk File for furure analysis
using surcharge oodel

Subroutine (SURCH)

ScaTt from uppermost Jewars

and pggceed dowmstreaz ino a
cascadizg manner .

1

Determine sewer size based on peak
inflow (capture + outflow from up-
stream pipe), or compute cxess flow Lif
| saewer capacity is exceeded - Route in-

. i flow hydrograph to downstream end of .
TTa sewer Subroutine (MINOR)
Proceed to next| No pipes
downstreans pipe considered
k

Calculate storage for mindr sys~
tem flow, or overflows if the
given storage volume is exceeded;
if required. Subroutine (MNRS)

Calculate storage for major
asystem flow; if required

Subroutine (MJIRS)

=

R Print detailed siou-
: lation results
. Subroutine (DPRNT)
Y Print summary of
sinulation results
Subroutine (SIMPRT)

, , Fig. 6.2 Cont'd

.
S : -t

4
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major system-; sunface‘stor?ge(s)
ﬁinor system - underground storage(s)
'Subroutine "ORDER" sorts out the connectivity matrices
for the major and for the minor system (only if sewer surc-
harge calculation is not required) networks and re-arranges
them inéo an order which is converging towards the down-
streah-outlet. These "ordered" arrays are used by the rout-

ing sub-programs. *

" an exception is the case of the evaluation of an exist-
ing sewer network system which requires the simulation of
surchd?@e. In this case, the sewer data are supplied di-

rectly to the surcharge sub-model. Subroutine "DATA" in

{\/;his case will only allocate the inlet flows into the sewver

. §
network. The ordering of the sewer system 1n a sequential
manner is no longer applicable since the calculat1on is per-
formed for all sewers at every tzme step.

Fig. 6.3 shows the main card groups for thé input data’

6.4.2 Surface Runcff Sub-Model

to DDSRM.

".The surface runoftf éﬁb-model S%ovidés the basic input
té DDSRM, that s; catchment supply rate.. The problem of
selection or development of a new relation for the hy§r010~
gical transformation of rainféll into runoff is not consid-

ered in the present study, as discussed earlier. . Rather,

N N7
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the calculation of catchment supply ‘rate is borrowed from a
revised version of EPA-SWM Model ( Huber et al, 1980).
Catchment runoff  is considered as an inflow into the street
network. - | '

DDSRM will also accept surface runoff hydrographs input
directly (e,é. as calculated by another model). In this
case, staon card group 1B (Appendix,D) should be set equal
to an 1nteger other than zero (aﬁy number- between 1 and
99999). The surface runoff hydrographs must then be input

on card group 9C for all sub-areas in the same order as they

)
appear on card group 9B.

6.4.3 Major System Sub-Model

B

Fig. 6.4 is a flow chart of the major systeﬁ sub-model.
Its primary purpose is -to route the major system flow

through the street network. It 1is assumeq'that the street
network isr dendritic and'converging towards the downstream
L outlet. The calgulation starts from the uppermost street
segments and proceeds dowﬁstream. The sorting of the net-
work in this order #s done in subroutine "ORDER". For each’
segment the entire hydrograph is routed before proceeding to

the next downstream segment(—/fhe inflow into a mgjor system
- -

segment is composed of: (a} direct runoff from theysub-

catchment; and (b) flows which by-pass the inlets (carry- .

over} from the immediate upstream _segment(s). 1f a2 major .
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system segment is connected to a storage'unif the outflow

hydrograph is assignéd to that storage location and saved

-
o

for future routing through storage. Up to five major system'
ﬁegments can be connécted to each storage location. ’ _ '
The input data for the maﬁor system is supplied ;:\:éﬁi,,;;/<r\
group 7. Every major system segment is giveﬁ;an idep@ifica- .
. tion number (any integer between, 1 and 99999).  The data
also includes the number of .storm inlets within the major
system segment, the identification number for the inlet type

and an identifigation saumber for the storm sewer receiving

the inlet flow.

4

If a. major system segment is’ connected to a storage
hnit, NSTS(ZI) on card group 7 must be assigned a number cor-
reéponding to IDSTS (identification number of‘s;orage unit)
on card group é. Otherwise it should;be left blank. If
printing anaqplotting<of the time ‘history of £l6w and depth
for a major . sydtem segment is reduired, IPRTS(I) must be

qiven'dn integér between 1 and 99999 or left. blank.

hN

~

6.4.4 1n1e£'59b4uodei' ,
?ig; 6.5‘15 a flow chart of the inlet sub-model, which .
serves thé ﬁollo#ing.purposés: ' (a)lcﬁmpgtgs flows captufed'
by the storm inlets, and hence the by—pass'flow (carry-
-over),' and ¢b) establzshes inlet restr1ct1on requlrements,;

if any.* Data represent1ng the hyaraullc performance of: the
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;inlets-are-supplied to the model (in terms of approach flow

versus inlet flow) by subroutine "DATA"™ - .card group 6. Up

to 10 different jnlet typeé can be used in a single simulaj
tion. .-9 ' .

' If inlet restrictibn ié'consideredl > the desired limit-
%ng capture should be supplied to the modél'(QLIMIT-on card
group 1B). An option is, however, provided to assign dif-
ferent limiting captures for individual inlets. This can be
done by specifying the desired inlet restriction on each ma-
jor system segment (QLIM(I)} on card group 7), which will ov-
erride the value spé&&fied on card group 1B (QLIMIT). If
QLIM(I) for any segment is left blank, the value assigned to
QLIMIT will be assumed by the model.

The model can determine the‘locations of storm inlets
whi;h may require flow constricting devices. Another optioﬂ
for determining inlet restriction requirements is to limit
the inlet floy’iﬁ*g?aer to satisfy the criterion that free-
Qhrface ‘flow prevails throughout the sewver system. This so-
lution is carried out Ey the minor system sub-model.

Note that DDSRM can also be applied in the saﬁe way as
existing urban storm drainage models by assuming 100% inter-
ception of runcff by the storm inlets. This can be done by
specifying a one-to-one relationship between approach flow
and captured flow on card group 6. In this case, IRTS on
card grpup 1B ﬁbst be assigned a number other than zero (any

integef between 1 and 99999).

~
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6.4.5 Minor System Sub-Model

Fig. 6.6 is a flow chart of the minor system sub-model.
There are two basic flow conaitions in the sewers considered
here: (a) free surface flow, and (b) surcharge flow.“% -

For the case of free surface flow the sewer system it
assumed to be dendritic ‘and converging towards the down-
Stream outiet- The computatlons start ~at the “ugpermost
pipes and proceed downstream. The softing of the sewers in
‘this order is also done in sibroutine "ORDER". For each
sewer the entire hydrograph is rodted before proceeding to
the next downstream sewer. The 1nflow into a sewer is com—
posed of: (a) flows captured by the connecting inlets, angd
(b) outflows from the immediate upstream pipe(s). For the

jtase of combined sewers the dry-weather flow should be cal-
culated separately and is supplied as a base flow (QB(I) on
card group 3B).

If the simulation is for a new design, IEVAL on card
group 1B must be set equal to zero. The model will then de-
termine the smallest commeré}al sizes of the se;gts for free

- surface flow, based on the peak inflow into the sewer. Sew-
ers slopes and roughness coefficients must be known a
prioti.

Three options have been provided regarding the evalua-

tion of an existing sewer network system:
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Fig. 6.6 Flow Chart of the Minor System Sub-Model
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The first option iS'tonetermipe any additional iplet
céhstric}ions such that free surface flow- pte%ails
throﬁghout the sewer system. In this péseﬂ IEVAL on.
card group 1B must be set equal to 2, and the model
wiil limit the captured flows such that the pipe ca-
pacities are not exceeded. The" extess flow in;this
case will not, however, be ad@ed to.thé major éyétem
and additional simulations may be reﬁuired before
ach{éving thejgénql design. ) .

By spegifying fEVA§?f;1 on card group-lB, the model
will re-size the pipés; if reguired, in order to have
free surfaéérflow conditions. This option is useful
in new designs ot dual ‘systems. For example, if a
specified minimum inlet restriction 1is found .to be
inadequate to limit the inlet flows to the available
capacities of tﬁe minor system, minor iﬁcreases in
the pipe sizes may proiﬁde a reliable protecfion_dur-
ing the major system design storm freguency, as will

be illustrated in section 7.2.

In the case that sewer surcharge needs to be simulat-

ed, I1EVAL on card group 1B must be set equal to 3.

No data will be required on card group 3B. Inlet
flows will then be stored on a disk file for future
analysis by means of the surcharge sub-model (Chapter

V). In this case, looped sewer systems are allowed.

;
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-If é.sewer_is connectéd to a‘storage unit,_ the,éutfqu
hydrograph is assigned to that storage location and saved
for rPuting through §tqrage. Up to five sewers can be coﬁ;
nected-fo‘iach storage location.

The input data for-the- storm-sewer_network is supplied
in card grouﬁ' 3B. Every sewer is ‘given an identification
number (any integer between 1 and 99999). The data also in-
clude‘sewer length, slope, @ry weéther flow, 1if any, and
pipe diameter {only for the case of evaluating an existing
system) . ‘ s .

I1f a storm sewer is conneétgd' to a storage unit,
NPPS{(I) on card group 3B _must be assigned a ﬁumber corre-
sponding to IDSTP kidentification nﬁmber for storage unit)
on card group 4 or left blank. If printing and plotting of
;he time  history of flows for a storm sewer ié required,

IPRTP(I) must be assigned an integer between 1 and 99999 or
left blank.

6.4.6 Dual Storage

Storage of runoff is modelled separately for the major
and the minor systems. This dual storage system is de-

scribed in section 2.3.3.2 - also refer to Fig. 2.5. The

41"

storage of the minor system flow is accommodated, for exam- -

~

ple, in an oversized pipe (superpipe), while surface storage

(e.g. utilizing park areas) is considered for the major sys-
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tem. Up to five_storage locations of each type can be spec-
ified. AS many as_five storm sewers can be connected to
each underground storége and five street segments can be
connected to each surface storage unit. | v

1f storage compuéétipn for the minor system flow is re-
q@ired, JPP on card gfoup 1B must be set equal to an integer
between 1 and 999§9,.otherwise it shbuld be left blank. The
same is true for JSS on card group 1B in the case of storage
'computation for the major system flow. Every storage unit
for the minofhsystém will be given an identification number
(card group 4B, 4C or 4D). Similarly every storage unit for
the major system will bé given an identification number
{card group 8).

Fig. G.f is a flow chart of the minor system storage
routine. If IOéTSP(I) on card group 4A 1s set equal to 1,
the model will determine the:required storagéuvolume(s)\ for
a given maximum release rate(s).., O the othér‘hand,‘if the-
storage volume is specifiéd, flows will 5e routed through
the storage unit(s). | - ] |

If the storagg:gppflow 'rélatiodébip is"not known,
I0PTSP on card ‘group 4A.§hould b%T set-equal to 2. In this

- . . e
case, a constant outflow rate eanl to the maximum a&lowable

will be assumed b§ the modeil If the storage-outflow-:ela—

tionship is known, IOPTSP should be set equal to 3,” and the

storage—outflbw relationship must be input on card group
» ' w»
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Fig. 6.7 Flow Chart of the Minor System Storage Routine
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_Flow routing through storage in this case is based on the
storage indication method (Gray and Wigham, 1970). Once the
given storage volume is exceeded, -overflows will be calcu-
lated (IOPTSP = 2 or 3).

Modelling of the major system storage ié carrieé out in

basically the same manner as for the minor system, ‘except

that overfldéws afe_not considered. The main output from the
major system storage routine is the regquired surface storage
volume. 1f an overflow from an underground.- storage is dis-
. Surface storage unit (Fig. 2.5b), the total
volume is obtained by adding the overflow
volume/ to the contribution from the major system. -
~ The modei will also handle situations in ;hich a sinélg
torage unit is considered for both the major and minor sys-

tem flows. ‘ ~

6.5 COMPUTER OUTPUT

The basic éomputer output of DDSRM provides the follow-
'ing information:

: 1. a print-out of the input data as well as a summary
statistics of the watershed: number of subareas,
sewers, storage units, total drainaée area, etc.,
density of inlets (nuhber of inlets per wunit area}l,

average distance. between inlets, etc;
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required SizéS'of sewers. for free surface flow conai—
tions;

iniet control reqﬁirements, that is locations of in-
lets which maf need flow constricting devices, and
limiting Eapacities if the latter is not specified;
detailed simulation” fesults for specified elements,
in printed and piotted forms: '

a) time history of suféace runoff

b) time history of major system flows and depths

c) time history of inlet flows

d) time history of sewer flows

a summary of simulation- results including maximum

flows and depths at various locations as reguested;

storages:
a) required surface- storage volume for major system

flow

b) required storage volume for minor system flow, or

volume of overflow if a given storage volume is
exceeded -

c) inflow, outflow, and overflow hydrographs for
storaées, in printed and plotted forms )

d) total storage volume‘required for the given outlet
conditions -

in addition, if the surcharge sub-model is util;zed

for sewer flow routing the following information is

obtained: .
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. a) print-out summary for junctions, which shows:

i)

ii)

iv)

iii)

maximum computed depth and time of occﬁr—
;ence |
maximum cémputed surcharge

minimum depth below ground elevation

duration of surcharge

bf\print-out sﬁmmary for conduits which shows:

i)

ii)

iii)

iv)

design flows
maximumn cbmpuéed flows and velocities. and-
time of occurrence

ratio of maximum to désign flows

maximum depth abqve inverts at conduit ends.

An.example to illustrate the application of DDSRM for ‘°

the design of

dual drainage/storage for a real subdivision

LS

is presented in the next chapter.



Chapter VII

APPLICATIONS

7.1 . INTRODUCTION

The Dual Drainage Simultaneous Routing Model - DDSRM
presented in the previous chapter has been applied for th;-
design of the drainage systems of several subdivisions. In
this ch;ptér an example'for a real subdivision is presented
together with discussions of the results of the computer

simulations. DDSRM will also be used to investigate the ef-

fect of iniet efficiency and spacing on the design/operation °

of dual drainage. It will also be illustrated how a munici- -

pality can utilize DDSRM to develop pladning diagrams re-
garding inlet control for the implementation of the dual

v

principle in the'design of new subdivisions.

7.2 EXAMPLE INPUT*OUTPUT-FOR DDSRM

7.2.1 Study Area

In order to illustrate the application of DDSRM let us
consider Fig. 7.1 whicﬂ represents a small residential de-
velopment (Testville 7.1) extracted from an existing (feal)
system. Fig. 7.la shows sub-areas, street layout, locations

S
of inlets, manholes, pipes, direction of major system flow,

- 184 -
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etc. ?1o§ transfers from various subrareas'?ﬁtg the major
system are shown in Fig. 7.1b, whilé inlet inflo;g into the
éewer system are.showﬁ in Fig. 7.Xc. .

An undefground storage unit is located near the outlet
from the étorm_ sewers to control the flow release from the
minor system, A park area‘is utilized for tegporary aeten-
tion of the major systém flow. An overflow from the under-
ground storage 1is provided which discharges into the park
area. Tﬁe stgrm inlets are of the Fishbone cover, type‘and
are located according to the fequirements of .the local mu-
nicipality. -The hydraulic'performance of the storm inlets

is shown in,Fig. 7.2. ‘ . —

Data relevant to the development are:

Total area 26 acres (10.5 ha)
Imperviousness 35%
Manning's coefficient : .013 storm sewers

.013 pavement (sqsoth asphalt)
.025 shoulder ’ .

‘Design fre cy ' .5 years (minor system) -
Ve 100 years (major system)
| Longitudinal slope(streets) 1%

Street width(between curbs) 30 ft (9.1 m) -local street .
40 £t (12.2 m) -main collector

Maximum allowable release 10 cfs (283 i/s)

The anaysis for the design of the drainagq system-of
the subdivision for the two specified storm frequencies 1is
carried out by DDSRM in two main steps (see Fig. 7.3 for the

design storms):
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For the minor system design frequency (five years in
this pase): determine sewers sizes and the , size of
the underground storage for the specified maximum re-
lease rate. .

Analyze the system for the major system design fre-

quency. (one hundred years in this case). This in-

volves:

a) determinaticn of inlet restri;tion réquirements,
if any with the objectiﬁe‘ Oflprotecting the minor
systemi\from high-surcharge 1evels.' Several op-
tions are provided in DDSRM regarding this aspect
as dlscussed earlier (also see Appendix D);

b) determination of flows and depths on ‘the streets;
and

c) galculatiqn of required storage volume for the ma-
jor system, flow, ‘overflow from the minor system
storage facility and hence the total storage vol-

ume .

y

For this.€xample only a summary of simulation results

for the S5-year storm will be presented. Complete simulation

results will be provided for the 100-year design con@itions.
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7.2.2- Analysis for the Minor System Design Freguency

Computer simuiation by DDSRM for the 5-year storm shows
" that the inlets will capture most of the runoff (Note that
aeépite the use of efficient inlets, spaced at short di;-
tances apart, not‘all the runoff will be captured as will be
shown-in section 7.3). In this example the sizes of tﬁg
-ﬁtorm sewers and the unde?groun§ storage are aesigned on the
"basis of the .assumpﬁion of total interception 'of‘runoff by
the storm inlets. This can be simulated by DDSRM a§suming a
one-to-one relationship between approach flow and capture
{card group 6C in Appendix D).

The reqguired pipg sigss, as obtained by DbSRM, are giv-
en in Fig. 7.4. These sizes are the smallest commercially
available pipes which can carry the design flow with free
surface. Due to the discrete sizes of commercial pipes,
many of the pipes will.not be flowing full. With few excep-
tions, it is found that in this example the pipe’sizes will
not change if the design is based on the actual inlet cap-
ture. .This finding may not, however, apply in other situ-
ations as will be discussed in section 5.3.

| The required underground storage volume 1is found to be
29,600 cu.ft. (840 m3) assuming total interception of runoff‘
by the inlets. Simulation accounting for the. capacit} of
inletsrshoﬁgg that only 26,700, cu.ft. (760 m3) of stérage

will be sufficient and that approximately 6,500 cu.ft. (185
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m3) will reach the surface detention area for the 5-year de-
sign storm. In this example the size of underground storage

is chosen as 30,000 cu.ft. (850 m3).

7.2.3 Analysis for the Major System Design Fregquency

In this example it will be assumed that the minimum al-
lowable restriction of inlets is 1.5 cfs (42.5 1/s). .Since
the inlet locations are pre-specified, the-computer simula-
tion will. determine the locations 6f inle;s which may re-
guire flow constricting devices. ' This may not, however, be
sufficient for protecting the minor system from high surc-

%harge levels. Two options are available in DDSRM for the
analysis of %he minor system in this case, as discussed in
section 6.4.5. They are (a) to anaiyze surcharge levels,. or,
(b) to re-size the storm sewers based on therloo-fea: cap-
ture with inlet control. The second option 1is adopted in

this example. Simulations by DDSRM-afe therefore’ carrled

‘out with IEVAL = 1 on card group 1B (Appendix D).

7.2.4 Input Data and Computer Qutput for the 100 Year
Design Storm

The input data to DDSRM for the 100-year design storm

are shown in Fig, 7.5. The computer output is provided in
Appendix E. Refer also to'Appendix D for the 1input data

specification and description of input variables.
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7.2.5 Dlscussron of Slmulatlon Results for the 100-Year
Desigh Storm '

i The computer output of bDéRM given in Appendix E pro-
vides a clear picture of the oper;tion of the drainage sys—
tem. The results are givén in, easy';o interpret, printed
and plotted forms. Note that the detailed simulation're-
sults have been requested only for a few segmenté of each
subsystem.  Similar information at other locations.can also
be obtained, ifldeéired. .The results of the; computer simu-
1ati5n for the 100-year desigﬁ frequency are discussed be-

low.

7.2.5.1 Inlet Control

In this example inlet types, locations, and minimum al-
lowable restrictions have been pre-specified. The summary
of simulation results regardlng 1nlet control can be deplct-
ed from the computer ocutput on page E.19 (Appendlx E). It
can be seen that the constriction of inlets will be reguired
primarily on theﬂ main s;reet‘collector {(also see Fig. 7.1
for the %ocations of inlets reguiring flow constricting de-
“vices). This is due to the increased approach flow on main
collector caused by the accumulation of major system flow
(£lows by—paséing the inlets) from the tributary (local)
streets. On the local streets, the gratings themselves will

provide sufficient control of capture.
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7i2'5‘2 Major System _

The time history of flows and depths at three locations
on the nlla.jor system aregphown (in printed @nd plotted forms)
on pages E.ll through E.13. Detailed Simulagion results at
these locations have been requested in the fnput data Sf
) specffying IPRTS(I) +# O on card group 7 (Appendix D). . The
summary table on page. E.19 gives the maximum,fldws and
depths throughout the major system network. The absoclute

maximum £low in the major system is 65.72 cfs (1.86 m3/s) at

5.97 inches (15.2 cm) depth, near the main inlet into the

park detention area. This depth is considerably smaller
than that usually allowed by Canadian municipaiit{es. For
example, in the drainage criteria manual for the Town of
Oakville, Ontario (1980) flow depths on thé streets up to 18
inches (45 cm) are ailowed, for the lpO-yeér storm. The
peak inflow into the park can be utilized for sizing the en-

trance channel. High velocity may, however, result at the

entrance into the park which may require provisions for’

protection against erosion.

7.2.5.3 -Minor,Syétem

The summary of simulation results for the minor system
,netwérk is givenh on page E.20 (Appendix E).- It shows for
each sewer pipe, the peak flow, the original and revised

pipe size (if applicable) and the corresponding ratios be-
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Eween design flows and pipe capacities. The time history of
flows in :g}ée pipes {in printed and plotted forms) are giv-
en on pages E.l4 through E.16: Detailed simulation results
at these locations have been requested in the input data (by
specifying IPRTP(I} # 0 on_ card group 3B (Appendix D)).

It can be.seen from the summary table (bagelE.ZO) that
in order to have free surface flow, some of the pipe sizes
will need to be increased (as compared tp the sizes reguired
fb; the 5-yeaf flows). This increase in sizes, hdwever,'
seems to be minor and is reguired mainly oh the main sewer
collector. It might not have been necessary if more re-

strictions on inlet capture are imposed, or if less effi-

cient inlets are used (Section 7.3.1). Another alternative

to avoid increasing the pipe sizes is to set the inlets at '

greatér distances, as will be examined in Section 7.3.2.
Another alternative for the analysis of the m}nor sys-
tem for. the loq-year flow conditions is to simulate sewer
suréﬂarge in cdnjunctiqn with the original pipe sizes . In
this cé?é% IEVAL on card group 1B should be set equal to 3.,
The‘énalysis of the minor system 1is thus carried out by
means of the surcharge sub-model of DDSRM. Revisions of the
pipe sizes will be required only if surcharée levels are
found to be dangerouslyohigh. ~ The investigation with sewer,

surcharge is not, however, carried out in this example.
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7.2.5.4 Dual Storage

A. Undergroynd Storage: Thé f;sults of simulation per- -
tinent to the u:hergfound storage éfe shown on page E.18.
The computer outpyt of DDSRM-gives the time- history of in-
flow into the stprage facility, outflow and overflow (in
printed and plotted ﬁorms) and overflow volume. In this ex-
ample, a linear relatioﬁship between storage and outflow is
assumed as indicated in.Fig. 7.4 - ca;d group 4E (also see
page é.4 of the computer print-out in Apéendix E),, with the
maximuﬁ outflow not exceeding 10 cfs (283 1/s). Note that
the maximum outflow from the storage will be goGerﬁed by the
size -of the outlet and the maximum head, which is controlled
by the elevatioﬁ‘of the overflow.

The simulation shows tﬁét, in spite of inlet contrbl,
the excess volume of water reaching the underground storage
facility has increased to 83,470 cu.ft. (2360 m3)-see page
E.18 of ;Pe computer print-out in Appendix E, as-compared to
26,700f;u:ft. (760 m3) for the 5-year storm (approximately.
3.1 times the 5-year volume). The balance between the ex-
cess volume;bf water reaching the underground storage facil-
ity and the évailabi detention volume (30,000 cu.ft. = 850
%)

m is 53,470 cu.ft. (X510 m>) which will overflow into the

: ﬁérk area " "The peak overflow is approximately 43.9 cfs
/jlfﬁﬁfag;;;’ which can be utilized for the design of the

overflow structure.
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P ﬁl Park Sﬁoragé;* The results of simulation of park
storage fb;,the 100<year design storm are shown on page
'E.l?.‘ -?he plot gives the total inflow into the park area
(in this example, .thg summation of inflows from the two
streét inlets into the park - see Fig. 7.1). These flows
'contfibute 1.23 ac.ft. (1520 m>) of detention volume in the
park. The total required storage volume in the park is 2.46
ac.ft. (3030 m3) " which is obtained by adding the overflow
volume (53,470 cu €. = 1.23 ac.ft. = 1510'm>) to the con-
trfbution from the majer system. The area-allotted for the
parf in_this.examplg is 1.0 acre (4050 m?) -approximately
4% of the total area of the subdivision. The average deten-
tion depth in the park for the 100-year storm is therefore
2.46 £t (0.75 ﬁ). The park should be iandscapgd according-
ly. - »

+ .
Lo

7.3 EFFECT OF INLET EFFICIENCY AND SPACING ON THE
QPERATION OF DUAL DRAINAGE

The above example is presented to demonstrate one ap~
plication of DDSRM in practical design of dual drainage/
storage for a new subdivision. This example is for specific
conditions'wi;h the inlet type and locations -pre—-specified. .
In this section DDSRM will Dbe u;ilized to investigate the
effecé of: (1) inlet type (efficiency) and (2) "spacing of

inlets on the design/operation of dual drainage systems.

-
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Two bésic assumptions will be made: (1) the design
frequencies of the minor and major systems are 5 and 100
years, respectively, and (2) the éewer sizes are determined
based on the total runoff (100% inlet capture) for the
5-year design storm. The design storm$ used in the analysis
are those given in Fig. 7.3. Runoff for the 100-year storm
may résult, however, ' in flows in the minor system which are
greater than the sewer capacities, with the eonsequence of
the §ccurence of sewer surcharge. The inclusion of surc-
harge combutation in this investigation will obvioﬁsly com- =
plicate the analysis. Therefdré for the sake of examining
the effect of inlet capture (efficiency and spacing) the
computer simulations will be based on the assumption that N
the storm sewers have adequate capacities to franspoff?any
funoff captured by the storm inlets. bDSRM will theref;re
be applied in conjunction with IEVAL = 0 on card group 1B,
(Appendix D). The resulting flpws can then be used to ana;i
lyze the role of iplet efficiency and spacing in the design

of dual drainage.

7.3.1 Inlet Efficiency

In order to examine the effect of inlet efficiency on
the "operation/design of dual drainage systems, the case
- study of Fig. 7.1 is analyzed again by DDSRM assuming three

alternate -inlets: A, B and C.. The inlet locations are fix-



. .. o . 201

~

ed and-are as shown.in Fiq. 7.1.

Intet type A is tﬁe fish*
bone cége;_pggﬁ in the previous section (?ig. 7.2). - Inlet
type B is aééin'a fishbone cover with an orifice oplate
mounted at the entrance from the catchbasin- into-the‘;ébrm

.sewer, Tﬁe size* of the orifice constriction' is'suchi;hat

its maximﬁm_capacity is 1.0 cfs (28.3 1/s) - see Fig. 7.2.

Inlet type C is a;combination inlet (City of Edmonton stan-

‘dards). The capture cha;acteristics of’the three inlgts, as

determined from the hydraulic;model study at the University

of Ottawa (prnsend et al, 1980), are ;ompared in Fig. 7.6a.
' The drainage system of. the subdivision is analyzed by

DDSRM for the two deSign‘étorm frequencigs, with each of the

three inletS'assuméd to be used exclusively. The results. of

simulations are presenked in Figs. 7.6b,c,d, and are given
only at the outlets from the minor and major systems.
With reference to F&g._?.s'it cah-be seen that:

1. Although the density of inlets in this example is
very high (1.78 inlets per acre (4.4 inlets pér ha) @
35% imperviousness), none of the inlets wil% caﬁture
all runoff for the 5-year sign storm.

.2. While inlet-type A will capfure the majority of ru-
noff for the S5-year storm {(see Fig. 7.6b), some car-
ry-over will still occur. On the other hand, during-
the 100-year storm, the inlet capturelwill substan-

P tially exceed the capacity of the minor .system.
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Since the sewer sizes are determined on the basis of
the 5-year flows, the result is the occurrence of
sewer _surcharge with the potential for basement
flooding during less frequent storm events.

ihlet type C exerts such a severe control on flows
admitted into the minor system that the storﬁ sewers
will not be utiiized to their capacity even for the
100-year-stormf While this will preveﬁt the occur-
rence of sewer surcharge, the conséquences are: {a)
large investments in the cost of "oversized" sewers,

and (b) increased inconvenience to traffic and pe-

destrians on a more frequent basis.

inlet type B appears to achieve an optimum design.
1t captures the majority of runoff during frequent
storms, up-to the 5-year frequency, and at the same
time will provide adeguate control of flows admitted

into? the minor system during more severe rainfall

‘events. By comparing Fig. 7.6b with Fig. 7.6c it can

be seen that the 100-year capture will not exceed the
minor system capacity. Note also that the volume of

water admitted into the minor system has substantial-

ly increased. This aspect 1is, however, important .

only if underground storage is used for runoff con-

trol as discussed earlier.
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This analysis confirms that the inlet type (efficiency)

will play a key role in the operation of dual drainage. It

also shows that the assumption of total interception of ru-

noff by the storm inlets (for the minor system), inherent in
existing urban storm drainagg models, may be seriously in-
valid for some of the inlets currently used. . )

- An important conclusion regarding the implementation of’
inlet control can .also be derived from the aﬁove analysis.

1t may be‘ahgbod practice to combine storm inlets which have

high efficiency with inlet constriction devices. Efficient
. 'y -

inlets will minimize -inconvenience during the more frequent .

storms. Inlet restriction by means of an orifice plate at -

the entrance from the catchbasin into the storm sewers {(or
similar arranéements) will act as a "second line of defénce"
for protecting the minor system against high surcharge lev-
els-during ‘less f;eqﬁent storm events. This "dual purpose"”
inlet- gives a reliable design of dual drainage. "The orifice
plate constriction.has been tested for clogging by debris,
etc. inu; full~scale hydraulic model stud} (Townsend, et al,
1980} and.is found/;o reguire minimum maintenance. A number
of ekperimental orifice constrictions has been in operation
. for more than-one year in a new subdivision (Keliar, 1981),
and there have been no cdmplaints :eéérd{ng clogging.

DDSRM will give the designer a tool for a "rational”

allocation qf inlet constrictions. The number of constric-

]
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tions can be minimized if they are combined with a rational
spacing as ;ill be discussed in section 7.3.2.

in the above example an optimum solution with 1.0 cfs
(28.3.1/s) inle; constriction in confunction with the fish- .
bone cover 1is just a coincidence and does not necessarily
apply in other.situations. . On the other hand, inlet con-
striction will bg reguired for almost all inlets. Reducing

W v

the number of constrictions will depend upon the spécing (or

density) of inlets besides other factors.

7.3.2 - Spacing of Inlets

In order to study the effect of inlet spacing on the
design/ operation of dual dréinage, DDSRM is :aﬁﬁiieé on a
hypothetical subdivision, 100 acres in size with the inlets
using the fishbone cover (Fig. 7.2). In order to make the
conclusion as general as possible two parameters are varied,
namely distance between inlets (or_number of inlets per unit
area) and imperviousness ratio. These two parameters can be
cémbined into a single parameter, that is, "density of in-
lets" éxpresséd in terms of number of inlets per unit of im-

?perQious area.

Fig.,-j.7 presenﬁs the relationship” between the ‘density
of inlets and the peak flows in the minor and major drainage
systems for the 5 and 100-year design‘'storms, derived from

several simulations by DDSRM. It can be seen that in order
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to (practically) capture all runoff fof the minor system de-

sign frgquency (5 years){ the densitgiof iéiets_ should be ~—
significantly high. The dse of such a large number of in-
lets wiil, ﬁ%gever, result in a substantial increase in cap-
ture durihé the . less freguent storm events with the conse-
guences of overloading thg'minor sjétem, occurrence of éewerv
surcharge and the'possibility of basement flooding. Unless
severe constrict%on-of inlets is’ implemented it is impossi-
ble, in this case, to achieve the fwo conflicting require-
ments for proper operation of the minor and major drainage
systems.

'By inspecti%n of Fig. 7.7 it also appears that in order
to limit the captured runoff during the 100-year storm to
the sewer capacities without the need for flow constricting
devices it is necessary to select the inlet density as 0.16
inlets/acre. imp. (0.4 inlets/ha. imp.). The use of this
very low density of.inlets will result in the sewers not be-
ing utilized to their capacities for the 5-year storm (in
this example approxiﬁately 70% of runoff captured) and minor
inconvenience will occur. T

- This solution may not, however, be pfactically feasi-
ble. Assuming that éhe imperviousness ratio is 35%, the use
of inlet density of O.iﬁ‘inlets/acre. imp. (0.4 inlets/ha.

imp.) means an average of 0.46 inlets per acre (1.14 inlets

per ha.). For typical residential areas this means that the

h

24
.
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inlets should bg spaced at approximately 400 ft (120 m)
.apart (instead of the 200 ft (60 m) 3z which is the current
ﬁfactice). Such a large space between inlets may not be ac-
ceptable by municipalities since it may interfere with-otﬁer°
objectivéé of storm inlets such as reducing the potential
for freezjng problems in winter. Note also that the inlets
should gg'spaced at even longer distances if the catchment
,igperviousness is higher. 9

An analysis similar to that of Fig. 7.7 can be followeé
in order to determine: (a) the adequacy of a particular
type of storm inlet to achieve the design objectives of a
(dual) drainage system (besides the inlet ‘efficiency this
will also depend on the design freguencies of the‘minof and
major systems and catchment imperviousness), and (b) an op-
timum spacing between inlets, and hence the number of con-

strictions can be minimized.

7.4 CONCLUSIONS ON PRACTICAL DESIGN OF DUAL SYSTEMS

-

The analy;es presented in the previous section demon-
strate that the type and spacing of storm inlets will have a
profound impact on the design/operation of dual drainage.
However, there is no universal conclugion to be applied at
all locations regarding a "best solution”. Detailed simula-
tions for 1individual projects are therefore necessary.

DDSRM has been designed for this purpose.
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It is, howeﬁer, poésible to apply DDSRM in conjuﬁction
" with some:ﬂrepresentative_developments in order to develop |
"planning” diagrsmﬁé%iyilar to that of Fig.‘T.;t ;;Efiical
rules for the (initial) selection ofkinlet\tzpe ana spacing
for various applications can thus be derived, _ Simiiér#giff
grams regarding storages can also be derived. R
Based on the analysis carried out in section 7.3, mu-
nicipalities should be encoﬁraged'to fe-examine the type of
storm inlets currently in use and the regulations for their
spacing. -
There  are several factors, other than storm inlets, af-
fecting the design of dual drainag; which can be investigat-
ed by DDSRM. The most significang of these factors are:
1. area and shape;
2. catchment imperviousness; and
3. criteria for the design frequeﬁcies (minor and major
systems).
Additional investigation by DDSRM should also utilize
the surcharge sub-model to examine the possible cost savings

in the design of dual systems by allowing "limited" seJ?r

surcharge.’
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Chapter VIII
CONCLUSIONS

CONCLUSIONS

" forms.

The special arrangements proposed for the design of
urban (dua1)<Qrainage systems, namely (a) inlet con-
“trol, with yéelective constrictions of inlets; (b)
separate storage faéilitﬁes for the pipe flow and the
street overland flow (dual storage); and (c¢) utiliza-
tion of depressed park areas for temporary detention

of runoff, should assure protection against basement and street

~ . flooding and runoff control for storms of all frequencies, up

to the 1 in 100 years.

A comprehensive mathematical model "DRSRM" for the design/

~analysis of the proposed dual drainag¢/storage system-has been

developed, and is now operational for practical- applications,
subject ‘to the limitatiéns given below. It can be interfaced
with any of the existing hydrologic modelg for rainfall—?unoff
transformation, and is essentially a routing and design tool.
DDSRM has several options which allow the flexibility to handle
a variety of design conditions. The computer print out of

DDSEM is‘provided in, easyQto—interpret, printed and plotted

- 210 -
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%ﬁe spécially—weighted f%Pite difference formulation of the
kinematic wave ﬁb; (free surface) flow routing.will give, in
most practical applications where there is no backwater effect
present, results (time-history of flows and mass conservation)
which are compatible with those obtained by complete (dynamic)
models. The numerical sclution gcheme has the advantages of
simplicitf and efficiency of the computation, and its para-
meters, vérying w&th discharge-dependent wave celerities,

aré derived from the physical and hydraulic characteristics

of the channels.

The numdrical scheme for'simulating sewer surcharge
and the methodology for the simulation of the tran-
sition between free surface and pressurized flow will
provide results (time variation of sewer fléws and
junction water levels) which are coﬁbarable with the
the proprietory HVM model, an iﬁpiicitldynamic model.
The results can‘be-considered accurate if the energy

losses at the junctions are neglected.

'DDSRM has the following limitations:

a) the model assumes a continuous major system and
cannot simulate negative slopes or systems with

low points where water ponding may occur

b) it cannot simulate roll waves which may occur for flows

of high Froude numbers (approximately greater than 25.
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c) it cannot simulate backwater effects in the major system

" and may not be suitable for very mild slopes

d) it neglects the edergy losses at the Jjumctions for both

free surface and surcharged flow conditions :

e) it cannot simulate hydraulic Jumps.

The following conclusions regarding inlet control can

also be derived from several simulations conducted

using DDSRM:

a)

b)

c)

The assumption of total intérception of runoff by

the storm inlets for the design frequency of- the
minor systeﬁ: inherent in existing urban stofm'
déainage models, may be seriously violated . for
some of the inlets chrfently used. ‘?he disérepan—
cy from this assumption will méinlf depend'oh in-
let éfficiency' and spacing, design storm -and
catchment imperviousness. There is a neéér to
check this assumption ‘for cert;En applications;
otherwise misleading results may be obtained.

It will not be feasible in most cases to meet the
two conflicting reguirements of traffic conven-
ience ané'protection against basement flooding for "
the minor and major systems deéign -freguencies,
regpectively, merely by the spacing of inlets.’

It 1s, . in general, a good practice to combine

storm inlets of high capture efficiency with flow
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.constricting deviceé'in the design of dual drain-
age systems. An analysis similar to that of Fig.
7.7 can be utilized for the selection of an opti-
mum spacing between inlets, and hence the number

’ - - - -
of constrictions can be minimized.

DDSRM can also be applied in the same manner as ex-
isting urban storm drainage models. waever, iﬁ has
an imﬁroved and efficient routing method, and is con-
siderably more flexible than many of the existing
models; DDSRM is also well suited for applications

-

in master drainage studies.

RECOMMENDATIONS FOR FUTURé RESEARCH

There are several aspects stemming from this study

which reqguire additional investigations:

1.

One of _the main assumptions underlying the develop-
ment of DDSRM is the existence of ; continuous major -
system, and that backwater effects in the major sys-
tem are not signific;nt. Abplication of DDSRM for

old developments, which usually do not have adequate-
ly designed major systems,, will require éimethod to
simulate water ponding on the streets, aﬁd possible

‘backwater effects. This may also require additional
improvements to the sewer surcharge sub-model to sim-

ra
ulate manhole flooding. - Of interest in this case is’
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the catchment response to - severe storm events. The -
butflow from the watershed under these conditions is
of crucial importance to flood control studies. A

new routing sub-model for the major system which can

-account for backwater -effects <can be easily incorpo-

rated in DDSRM. #Additional improvements of the model
may also attempt to simulate energy;, Josses at the

junctions, for free surface and surcharged flow con-

Hydraulic‘deel studies on surcharged flow in storm -
sewers are lacking in the‘litérature, and are there-
fore recommended. Suchlekperf&ental studies can be
utilized to iﬁprové the simulation Qf sewer- ‘surc-
hérge. Additional studies are ?élso required.to in--
vestigate the possibie savings‘iﬁ the design of:stbrm
sewers by allowing "limited" surcharge. i
For larger watersheds, additional investigations are
required to study the 'possibjle benefits of over-con-
trol of runoff (by means—ef the doal storage system
proposed in this stu for applications 1in flood
control studies. '

ﬁxperimental studies may-élso Be;reduired on storm -
inlets whose hyéraulic pérformancei is not known.
Available studies on inlet efficiency have been con-

ducted for relatively small flows. Further investi-

gations for larger flows are recommended.
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5
It is also recomménded'té install instruments to mon-

itor the operation of urban storm drainage systems
designed actcording to thg,ﬁdaal\drainage principle.
This may include observations on possible clogging of

inlet constriction devices by debris,.etc., freezing

problems in winter, operation of park .storage and

traffic convenience. . .

B

: . .. . - .
DDSRM can be applied for various design conditions

for the purpose'of deriving some "planning” diagrams

for the purpose of the preliminary design of dual
sfstems. These diagrams gén be related to-theﬁselec-
tion of inlet type and spacing, flow depths on

streets, storage volumes, etc.
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The following symbols are used in this thesis:

Appendix A
NOTATION .

routing coeffic'ient; .'-7 -
cross sectyonal Area of {low; ' MR ;/ '

cross sectional area of a pipe flowing full; .
surface area of the junction at 0.96 full deptﬁ?f/
surface width of flow; l B ' - .

wave celerity or Kinematic wave speed; .

= coefficients in Muskingum model;

pipe diameter;

-steady uniform flow Froude number;

acceleration due to gravity;

junction water surface elevation (piezometrlc head)
measured from datum;

p1ezometr1c head in upstream junction, measured
from datum;

hY

piezometric head in downstream junction, measured
from datum; _ . N\

I(t), inflow;into channel/conduit; _ -
subscripts, denotihg distance interval;

subscript denoting junction;
superscrlpt denotlng time increment;

kinematic wave number (dimensionless parameter)
\

propagation time of dlscharge;

- 229 - =y , .
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conduit/chanﬁel'ienézh; .

Manning's coefficient;

Manning;s coefficient for a pipe.flowing full;
Manning's coefficient of shoulder;

Manning's coefficient of street pavement;
lateral inflow per unit length;

discharge;: i
full flow capadity of pipe;
base flow;

carry-over flow, flow bypaésing storm inlet;
iniep capture; |

external inflow into junction;

normal flow discharge;

peak flow;

approach (street) flow:

hydraulic radius;

storage volume;

friction slépe:

longitudinal slope of channel;

time;

wave period, or hydrograph durafion}
velocity of floQ;

steady uniform flow mean velocity;

distance along channel/conduit;

depth of flow;
height of road d?oyn, measufed'froﬁ the edge of
the curb;-



AH
At

Ax
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= height of curb;

steady uniform flow depth;

reciprocal of shoulder cross slope;

reciprocal of bavement cross slope;

Courant number, ratio of wave ts cell celerity;
routing coefficient; |

junction head adjustment;

time interval, routing period; ‘

spa;e intefvél, reach length;

diffusion coefficient;

n{x,t), a variable denoting'flom velocity,
depth, etc.;

cell Reynold nuﬁber, ratio of physical to cell

diffusivity;

a weightiﬁg factor;

time of propagation of discharge, used in
Kalinin-Miljukov model;

a weighting factor; -
. - e "»
a dimensionless parameter;
denoting positive characteristics curve;

denoting negative characteristics curve-

T
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Appendix B

SEWER FLOW ROUTING TECﬁ%IQUE BY EXTRAN MODEL

The basic differential .equations for the sewer flow

problem come from the gradually varied unsteady flow equa-

‘tions for open channels.

—pressed as follows:

In EXTRAN these equations are ex-

Momentum \
' -
3Q . _as 4oy dh, 223A_ 3
e - BASp T vt % B.1
Continuity .
Q
i t B.2

Q ' = discharge through the conduit;

v = velocity in the conduit;

A '= cfoss%sectional area of flbw;
H = hydraulic head;

S¢ = friction_slope;

IQ =

net inflow into node; and - ' *>

-~ 232 -
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As = surface area of node.

-

- The friction slope is defined by Manning's equation, i.e.

N .
S, = Q|v] B.3
f ' 53473 .

where k = g (n / I.49)2, R is the hydraulic radius, and n is
Manning's coefficient. ‘ . -

In EXTRAN the dontinuitf and momeritum equations are not T‘
solved simultaneously. - The momentum equation is considered f
for conduit flow while the continuity equation is applied to )
the junctiéns.r

In finiﬁe-difference form, equations.B.l and B.2, re-

spectively are written as:

A=A
1 2721
Qt+At k.At = Qt + IV AA+ Y L
1+ %73 ]vl
r
1
H _H ~ ; .
- "2 71 B.4
gA At -
and
s
ZQt At
H H + . B.5
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<
In Eq. B.4, the values V¥, R, and & are weighted averages of

the conduit end values at time t. .The surface area of a

junction is defined as the surface area of flow in half the

lengths of the pipes connected to the junction.

&

Egs. B.4 and B.5 are solved sequehtially to determine

discharge in each link and head at each node over a time

‘step &t. The numericallfntegration is accomplished by a

modified Euler method. Figure B.1l shows how the process
would work if only the discharge eguation were involved.-'
The first three operatiéns determine the slope 9Q /at_ at
the "half-step”. This is used in operation (4)~ to project
the "full step” value of discharge. In other words, it is
assumed that the slope ;t time t is the mean slope during
the -interval. The method is extended easily to more than
one eguatien, although graphic' representation is then very

difficult. The corresponding half-step and full-step calcu-

. lations of head are shown below: /

Half-step“at node j: Time t*'%% ' \Y
y

!
‘

B (e + 5= By(e) £ { 5 20(0) + Qe + 591 + Tale + 5D 3 /4 ()
conduits diversions

S .6

Q



t«%i teat

TIME ——P>

@ Compute (%) from properti:s‘of system at time t
t
: At at 3q, At
P t = Q(t) +
@ project Qo) a5 AegD @, =

(:) a. Compute system properties at t+%5
b. Form (%%) At from properties of sysiem at time t+%£
t

Pro; t (t+at) = Q(t) . 29 at
roject Q(t+—6 ) as Q )=q 13 t+%£

Fig. B.l Modified Euler Solution Method For Discharge
: Based on Half-Step, Full Step Projection
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Full-step at node j: Time t + At

H (£t + Ar) = H

, 4®) % {5 T + Qe + 86) + IQ(e + 8e) } /A (©)

conduits diversions

Note that the half-step computation of head wuses the

"half-step computation of discharge 1in all connecting con-

duits., Similarly, the full-step head computation regquires

- the full-step discharge .at time t + 4t for all éonnecting

pipes. )

A master flow chart of EXTRAN is bresented in Fig. B.2,
which is developed 1in the frame of present researcg. The
rules for assigning the junction surface area and weighted
averages of velocity, crosé sectional area and hydraulic ra-
dius are described in Fig. B.4, which is self'expianatory.

Reference should also be made to Fig. B.3 which shows the

variables associated with conduits and junctions.



Priac and plot Tequastad
pipas and juncrions
also princ summary *
scatiscics of mmkimum
flows, surchargss and

timas of occurrsnca, atc.

(QUTFUT)

237

Ploc resulcas
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Master Flow Chart of EXTRAN Model
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SUPPLEMENTARY FIGURES FOR SECTION 5.6.2
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INPUT SPECIFICATION AND DESCRIPTION OF THE INPUT
VARIABLES FOR DDSRM
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Card
Group

Format

Ca;d
Column

Description

Variable
Name

1B

20A4

F5.0
15

I5—

I5

I5

1=80

1-5

6-10

i1-15

16-20

21-25

Run specification.

Title to be printed with
output (2 cards).

Control data for run.
Time increment for
calculation -~ minutes.

Number of comﬁutational
time steps.

Options for sewer network -
analysis.

JEVAL = 0, if pipe sizes are
to be determined for free
surface flow

IEVAL = 1, if pipé sizes are
given and it is required to
revise these sizes if necessary
based on free surface flow.

IEVAL = 2, if pipe sizes are
given and it is required to
determine inlet restriction
requirements for free surface

" flow.

IEVAL. = 3, surcharge sub-model
is used for sewer flow routing -
inlet flowe will be saved on

a disk file. ‘

Option for storage computations
for major system flow.

J88 = 0, if storage computation.
for major system flow is not
required.

Js§ # 0, if storage gomputation
is required.

Option for storage computation
for minor system flow.

ITITL

DELTC

NDELTC _

TEVAL

J&s

JPP
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Description

Variable
~ Name

. JPP = 0, if 'storage computation
- for minor system flow is not
required. )

JPP # 04 if storage computation

is required.

Option for catchment runoff.

IS = 0, if catchment runoff
is to be calculated.'

IWS # 0, if catchment runoff
is input directly.

Limiting capacity of_inlets,.-
cfs. Value can be overridden
for individual inlets by the

values assigned to (QLIM(I)) on’

card group (7).

IRTS =, routing of majaf
-gystem flow is included.

IRTS ¥ 0, no routing of major
system flow.

Rainfall data - required only
if IWS = 0 on card group (IB).

‘Time increment for hyetograph -
minutes. .

Number of time increments .
of hyetograph.

Rainfall intensities - in/hr.
16 values per card, up to
NDELTR.

i

Minor system.data - required
only if IEVAL # 3, otherwise
skip to card group (5).

Option for routing method for
minor system flow - leave blank
“(or zero). Not used at present.

-

IWS

QLIMIT

IRTS

DELTR
NDELTR

RIFT(I)

IOPTRP
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Card
Group

Format. .

Card

Column

Variable
Name

Deseription

4A

15

15

F5.0
F5.0

F5.0

F5.0

F5.0

15

I5

15

41-45

One card per sewer pipe.

Sewer identification number. NP(1)
Identification number of NPD(I)
downstream sewer.

Length of sewer -~ ft. XP(1)

Invert slope - ft./ft. SP(I)

Hanning'flgoughness coefficient - CP(I)
sec/ft. ’

Pipe diameter - inches. Le&ave
blank if IEVAL =0 on card
group (1B).

DP(I)

Dry weather flow - cfs.

QB(D)
Identification number of under-  NPPS(I)
ground storage. Required only

if pipe is connected to storage

unit, otherwise leave blank.

Number must correspond to .

(IDSTP) on card group (4).

IPRTIP(I) = integer number, time IPRIP(I)

‘history of pipe flow will be

printed and plotted.

IPRTP(I} = 0 or blank, no
printing or plotting is provided.

Blank card to tefminate minor
system data.

Data for minor system storage.
Repeat card group (4) for each
storage unit.If no storage for
minor system (JPP = 0 on card
group (1B)), skip to card
group (5).

Option for routing through IOPTSP (L)

storage.



250

Card Format

Group

" Card Description

Column

Variable

Name

4B

15

F5.0
" 4C

I5

—~

F10.0

F5.0

" 4D

I5

Fi0.0

IOPTSP(I) = 1, storage volume
computed based on constant

outflow equal to maximum release

rate - no overflow.

IOPTSP(I) = 2, overflow is
dalculated for a given storage
volume and constant outflow
equal to maximum release rate.

IOPTSP(I) = 3, flows routed
through given storage volume
based on storage-outflow
relationship - overflows
calculated. : i

Required only if IOPTSP(I) =- 1.
1-5 tification number of

unit (numbers are.those
assignedyto NPPS on card

group (3B).

6-10 Maximum release rate - cfs.
L.
Required cnly if IOPTSP(i) = 2.

1-5 . Identification number of
storage unit (numbers are those
assigned to NPPS on card

* group (3B).

6-15 ‘Avallable storage volume -
cu.ft.

16-20 Maximum release rate - cfs.

Required only if IOPTSP(I) = 3.
Must be followed by card
group (4E). .
1-5 Identification number of
storage unit {(numbers are those
assigned to NPPS on card
group (3B).

'6-15 Available storage volume -
cu.ft.

-

™

IDSTP(I)

QRLSP(I)

IDSTP (1)

SPMX (L)

QRLSP (I)

IDSTP(I)

SPMX (I)
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Card
Group

Format

Card
Column

Description

Variable

Name

4E

S5A

5B

F5.0

8F10.2

I2

15
© F5.0

F5.0

16-20

1-10

11-20

'21-30

31-40

6~10

11-15

Number of points defining - *

storage-outflow rélationship.

Required only 1f TOPTSP(I) =~ 3.

Must follow card group (4D).
First point: storage volume
on storage—cutflow relation -
cu.ft.

Firde point: release rate

" on storage-outflow relation -

cfs.

Second point: storage volume

. on storage-outflow relation -

cu.ft.
Second point: release rate

on storage-outflow relation -
cfs.

Repeat up to NSP1(I) points
(8 vdlues per card).

Blank card to terminate data
for minor system storage.
Major system characteristics
data.

Number of segment types.

Repeat card group (5B) NSSEG
times.

Identification numﬁer of
segment type.

Segment width (from curb to

road crown) ~ ft.

Pavement cross slope - ft./ft.

NSP1(I)

SP1(1)
RP1(1)
SP1(2)
RP1(2)

SPL(NSP1(I))
RP1(NSP1(I})

NSSEG

IS
W2

SX
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Card Format Card Description Variable
Group Column _ ‘ Name
{
F5.0 "16-20 - Height of curb - inches. YCURB
F5.0 21-25 Manning's roughness coefficient CNS
for pavement - sec/f¥. 1/3
F5.0 26-30  Lomgitudinmal slope ™ fr./ft. )
F5.0 31-35 Cross-slope of shoulder SROW
fr./ft.
F5.0 36-40 ﬂanning's roughness coefficient, CNROW
: for shoulder - sec/ft.1/3
F5.0- 41-45 Maximum water depth (measured ™MAX
o ' from bottom of curb) for
yd * calculation of street carrying
Ve capacity - ft.
6 ’ ' Inlet capture data.
64 15 1-5 Number of inlet types. NINCAP

Repeat card groups {6B) and
(6?) NINCAP times - card
group (6C) must follow card

group_(6B).
6B 15 T 1-5 Identification number of . IDCB
inlet type.
s I5 6-10 Number of points on capture NJC "
curve.
' + : .
6C 16F5.0 1-5 . First point: approach flow *  QAPP(J,1)
C on capture curve - cfs.
6-10 First point: captured flow QCAP(J, L)
. on capture curve - cfs.
11-15 Second point: approach flow  QAPP(J,2)
on capture curve - cfs. .
16-20 Second point: captured flow QCAP (J,2)
. on capture curve — cfs. r
QAPP(J,NIC)
QCAP (J,NJC)




253

Card
Group -

Format

Card
Column

Degcription

-

Variable

Name

-

15

IS

F5.0

I5

I5

15

F5.0

15

I5

6~10

11-15

16-20

21-25

26-30

31-35

36-40

41-45

Repeat up to NJC points -

16 values per card.

‘Major system data.

One card per segment.
Identification number of
street segment.

Identification number of
downstream segment.

Length of segment - ft.

Segment type. Number must
be identical to (IS) on

card group (5B) if. they have
the same characteristics.

Number of storm inlets within

street segment.

Inlet type. Number must be
identical to (IDCB) on card
group (6B) 1f they have

the same characteristics.

Maximum allowable capture -

cfs. If left blank (or zero),

value specified for (QLIMIT)

on card group (1B) will be used.

Identification number of pipe
receiving inlet flow.

Identification number of
surface storage unit for

segment outflow. Required.only

if segment is connected to

storage, otherwise leave blank.

Number must correspend to
(IDSTS) on card group (8).

NS(I)

-

NSD(I)

XS(I)

. IDSS(I)

NUMCE(I)

IINC(I)

QLIM(I)

NPD(I)

NSTS(I)

-



254

Card
Columm

Card " Format
Group -

Variable

--Deseription  ~
. Name

I5 - 46-50

94

F8.0 1-8

F8.0 9-16

"skip card group (9A).

IPRTS(I) = integer number, IPRTS(I)
time history of segment flow
and depth will be printed

and plotted.
IPRES(I) = 0 or blank, no

printing or plotting is provided.

Blank card to terminate major
system data.

Major system storage data.

One card per storage unit. If
no sterage for major system
flow (JSS = 0 on card group
(1B), skip to card group (9).
Identification number of first . IDSTS(L) N~
storage unit (numbers are those
assigned to NSTS(I) on card
group (7)).

IDSTS (2)

Blank card to terminate data
for major system storage.

-/-

”~

Sub—catchment data.

Card group (9A) and card group -

" (9B) are required omly if IWS = 0

on.card group (1B). If IWS # O,
The only
data required on card gmoup (9B)

is for NW(I).

Infiltration parameters.
Required onmly if IWS = 0 on card
group {(1B).

Maximum infiltration rate - INFMAX

in/hr.

Minimum infiltration rate - INFMIN

. in/hr.
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Description Variable

~Card Format Card
Group Column Name
F8.0 17-24  Decay rate - sec™ . . DECAY
9B One card per subarea. _ _
: If IWS # O on card group (1B)," R
the only data required is for
NW(I).
15 1-5 Identification number of NW(I)
sub-watershed .
15 6-10 Identification number of NSD (1)
street segment for drainage.
FS5.0 11-15~ Area of sub-watershed - acres. ASW
F5.0 16-20 Percentage imperviousness.. -~ °~  PIMP(I) \
F5.0 21-25 Manning's roughness coefficient CNIMP(I)
.- sec/ft.1/3 for impervious .
area. N
F5.0 26-30 Manning's roughness coefficient CNP(I) .
: ~ sec/ft.1/3 for pervious area.
F5.0 31-35 Average slope - ft./ft. S(I)
F5.0 36-40 Sub-catchment width - ft. s . WLAT(TL)
F5.0 41-45 Detention storage For ' DETIMP (I)
impervious area - inches.
F5.0 46-50 . . Detention storage for pervious DETP(I)
area - inches. '
15 51-55 IPRTW(I) = integer number, IPRIW(I)
' surface runoff hydrograph
will be printed and plotted. -
_ IPRTW(I) = 0 or blank; no |
printing or plotting is
provided.
Blank card to terminate - -
sub-catchment data.
sC Catchment supply rate.

Required only if IWS # 0 og

_card group (1B).

S
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Card F Card Description Variable
Group : E Column ' Name
N _ .
16F5.0 Catchment supply rate at QR(I,1)
increments of DELTC for first ’ '
_ sub-area - cfs. (NMDELTC wvalues: . .
~1=1,2,...NDELTC) . - .
Catchment supply rate at QR(I,2)

increments of .DELTC for second
sub~area - cfs. (NDELTC values:
I=1,2,...NDELTC).

QR(Z,J)

Repeat for all sub-areas in the
same’ order as they appear on
card group (9B). .
3
- #
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Appendix F

DﬁAL DRAINAGE SIMULTANEOUS ROUTING MODEL -
. LISTING OF THE COMPUTER PROGRAM
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