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PREFACE

India has witnessed rapid urbanization since independence. The
percentage share of population in Urban areas is of the order of 23.71
peccent as per 1981 census. With the increasing urbanization and rapid
development of cities, the problem of urban drainage has become more
complex. Due to inadequate drainage facilities in urban areas, the
rain water gets accumulated in low lying areas causing problems in
transportation as well as to inhabitants. Most of the big cities are
situated near the river banks. During the high flood period, the river
may not be capable of accommodating the drain water. Under this
circumstances even if drainage system is adequate, it may not be able
to drain the flood water to the river due to back water effect of
river. Most of the model available in literature does not provide the
solution of back water effect.

The present practices of urban storm runoff estimation in India
are empirical in nature. Recently some attention has been made to use
already developed mathematical model for the estimation of urban storm
runoff. The primary component in designing urban drainage system is
the design storm i.e. vrainfall value of specified duraticn and return
period. Extreme value of rainfall of various short durations (1 hr to
24 hrs) are required for design of urban drainage system. Calculation
of the design flow of water in various parts of the system for selected
rainfall input, which 1lead to the determination of the appropriate
conduct sizes is another important component for design of urban
drainage system. In this report some of the common urban drainage
models iike SWMM; I1linois urban drainage area simulator model, SCS Tr-
55 procedure, USGS modeil, Wallingford model, Road Research Lab method
and TVA model have been discussed and a comparison has been made
regarding the suitability of the model.

(SATISH CHANDRA)
bIREETOR




CONTENTS

List of Figures

List ot Tables
Abstract
1.0 INTRODUCTION
1.1 Maximum Discharge Methods
1.2 Design Hydrograph Method
1.3 Design by Urban Hydrological Modelliing
2.0 URBAN DRAINAGE MODEL

2.10

2.11

Rational Formula

Hydrograph Synthesis by Routing

Unit Hydrograph Method

lnstantaneous Unit Hydrograph Method

Illinois Urban Drainage Area Simulator
Mode L

TVA continuous daily stream flow model

Soil Conservation Services (TR-55).
Procedure

L.S.G.S. Model

The Wallingford Model

i P | The Wallingtord Rational Method
2.9.2 The Wallingford Hydrograph Method
KHoad HKesearch Laboratory Method

Storm Water Management Model

‘CONCLUSION AND REMARKS

REFERENCES

Page No.
(1)
(11)

(ii1)

11
12

i3

13

26

30

40

44

68

(3




LLIST OF FIGURES

S.No. Titles Page No.

1 Continuous Dailly Streamilow Model 21
Schematic

2 Peak Rates of Discharge for Small Watersheds 28

(24 hour, type TI storm distribution)

3 Factors for adjusting peak discharges tor a J1
given future condition runoff curve number

based on the percentage ot 1mpervious area
in the watershed

4, Factors tor adjusting peak discharge tor a X
given future condition runottf curve number
based on the percentage ot hydraulic length

modified
5. Flow Chart tor USGS Model 33
6. Flow Chart for Wallingford Frocedure 42
7. The Wallingtord Hydrograph Method: the above 16

ground phase of runotf

8. The Wallingtord Hydrograph Method: the a1
sewered subarea model

9. Flow diagram for the computer program ot the o3
KRL method

110, Elements 1in the development of the time arda o4
hydrograph: (a) subbasin map (b) time ares
curve (c) raintall (d) losses (e) supply ra:e
(f) the hydrograph

11. RRL results tor Woodoak Drive basin, iong lsland, Db -
New York, Storm of Oct. 1Y, 1466 (a) peaks
(b) volumes and (¢) the hydrographs.

12 RRL results for kcho Park Avenue basin, Los o1
Angeles, California, Storm oif Aprii 18, lYbo:
(a) peaks, (b) volumes (c) the hydrographs.

13, Flow chart tfor hydrographic computation bl
"Storm Water Management Model' .

(1)




LIST "OF TABLES

g Continuous Daily Streamtflow Model 20
Parameters and Constant '

o Seasonal Rainfall Limits for AMC 217
conditions

3 Moditied Curve Numbers tor AMC 1 & AMC 111 293
4. Details of Parameters i1n USGS Model 40
Bin General Data Hegulirements tor storm wale 64

Management Model




ABS IRACT

lhe term drainage applies to the process of removing

excess

water to prevenl public 1nconvenlience and to provide protection

against loss to property and lite. In an urbanised area runott
is contributed by (i) excess surtace water after a raintall from
roors, streets etc. and t2ig wastewater from household,

commerclal establishments and 1ndustries. Fasl practice was to

convey Lhe entire runotr Lhrough a single system hknown as

combined sewel” system. I'he present practice 1s to construct a

system Lo discharge raintall esxcess only and a seperate system Lo

transport wastewater. in this report various urban dralinage

models currently used 1u vallous parts have been discussed
comparison has been made regarding the suitability ot each

Rational method, [LLinois Urban Dratnage Area Slmulator

alid €l

model .

Model ,

TVA  continuous dally stream flow model, Soll Conservation

Services (I1hK=-a0) model, United State Geological survey Model, Lhe

hallingtord Model consisting of Wallingtord Rational
wallingtord Hydrograph Method, wallingtord Uptimising

Hoad Kesearch Laboratory Method and Storm wWater management

Method,

Method,

Mode L

have been described 1n delatil. I'he choice ot which method/model

I8 Lhe most appropriate among the several models avallable are

hardly straight torward. I'he secound tactor which may prevent a

usey from making a clear cholce between difterent method

lack ot 1nformation on thelr relative pertormance, lhe

1ls a

results

obtalned by various users showed that several ot the methods were

capable ol simulating observed event to an accuracy approaching

1t hat ot the recorded data. It was tound that Storm

water

Management - Mode |l glves beslt pertormance bul at the expense ot

large computer sLorage and time regulirements,

(iid)



1.0 INTRODUCTION

lhe term drainage applies to the process of removing excess
water to prevent public inconvenience and to provide ©protection
against loss to proﬁerty and life. When a catchment area is
urbanised and the amount of impervious cover in the form of
roofs, roads and pavement increases, the need arises for the
natural drainage network to be supplemented or even replaced
completely by man made systems of pipe and paved gutters, In
urban area, the runoff is mainly contributed by (i) excess

surface water after a rainfall from roofs, roads, paved parking

etc. (ii) wastewater from households, commercial establishments
and industries. Past practice was to convey the entire runoff
through a single system known as combined drainage system. The

present practice 1is to provide system to discharge rainfall
excess only and a seperate system to transport waste water. The
former is known as the stormwater drainage system and the latter

as sanitary drainage system.

The flood estimation methods that have applied to the design
of stormwater drainage systems may be considered to fall into two
broad categories (i) methods which produce only an estimate of
the peak flow rate and (ii) comprehensive approaches that provide

the shape of the runoff hydrograph.

1.1 Maximum Discharge Methods

Urban drainage systems in the U.K. were designed on the
basis of an average rainfall intensity which was assessed to be
independent of duration. However with the publication by the

British Rainfall Organisation of statistical summaries of heavy

rainfalls in short period from 1988 onwards the inverse
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relationship between the average rate of rainfall and duration
became well established by observation. During the same period
i he first steps were taken to place urban drainage on a more
scientific footing with measurements of rainfall and discharge
from several catchment area being undertaken by Kuichling (1889)
in the U.S8. and Lloyd-Davies (1906) in England. These two
studies were similar in form with flow rates being computed from
records of depth at the outfall sewer and velocities estimated

using a uniform flow formula.

The most common empirical formula used for estimation of
peak discharge is Rational formula. The rational method presumes
the existence of a time of concentration for every drainage area
which is defined as the time taken for flow from the most remote
point in the catchment to reach its outfall the peak discharge,
QP 1s then assumed to occur when whole of the drainage area
contributes to the flow i.e. after an interval from the beginning
of rainfall equal to the time of concentration. The magnitude of
lhe peak flow rate is taken to be proportional to the effective
rainfall or rainfall excess i.e. the total rainfall minus the
fosses during the time of concentration.

Q = 2.78 014

p
where

total catchment area in ha
average rainfall rate mm/hr

o

iy = runotf coeflficient having a value less than unity,
and
W = peak flow rate lit/sec.

&)
When the Rational method is applied to the design of wurban

drainage system, the time of concentration is normally estimated

from the sum of the time of flow in the sewer and a time of

ent.ry.



The Rational method is also known to yield erroneous results
under certain design conditionn in particular, for drainage
systems 1n which the contributing area does not increase
uniformly with time, the highest peak runoff rate may be produced
by a design starm whose duration is less than the time of
concentration. The Rational method does not take into account

variations in time of

i) rainfall intensity

ii) flow velocity

iii) temporary storage in the sewer system

iv) the rate of increase in the contributing area.

Watkins (1962) concluded that the rational method 1is only
suitable for design purposes when the drainage areas are
sufficiently small for pipe diameters not to exceed 61 cms.
Although to refuse the flood estimate provided by the rational
method have concentrated largely on the rate of increase in the
contributing area, with the use of a plot showing the variation
with time from the beginning of the storm of the area of the
catchment contributing to the flow at the outfall termed as time
area diagram. The time area diagram has formed the basin for two
distinct types of methods, the first of which may be reterred tuo
as tLhe Tangent Methods. The second group of methods which
employs the time area diagram, known as the typical storm methods
differs from the Tangent methods in producing a runoft hydrograph

and not just an estimate of the peak flow rate.

1.2 Design Hydrograph Method
The development of flood hydrograph estimation methods for
urban drainage system may be considered to consist of two

seperate phases, nanely typical Sterm Methods. The latter

differe primarily in the distribution of rainfall which is

3




assumed for a specified return period. The method involves the
drawing of isochrones i.e. line of equal travel time on a map of
drainage area using a time increment. The areas between adjacent
isochrones are then measured. Assuming that the storm profile
consists of a series of average rainfall intensities, 1 ,
1,1 .... with successive time increments of t, the ordinates if

2 3
the discharge hydrograph may be written as

Q = Ci A
1 1 1

Q = Ci A + Ci A
2 2 2 1

Q = Ci A +Ci A + Ci A
3 3 2 2 3 1

where C is the runoff coefficient of the drainage area.
1.3 Design by Urban Hydrological Modelling

The simulation of urban runoff is characterized by an
attempt to quantify all pertinent physical phenomena from the
input (rainfall) to the output runoff. The usually consist of
the following steps :

i) determine a design storm

ii) estimation of excess rainfall rate

iii) flow to the gutter by overland flow equations
iv) route gutter flow

V) route the pipe flow, and

vi) determine the outflow hydrograph.

The most widely known of the computer based urban rainfall
runoff models is the Storm Water Management Hodel. The
application of SWMM involves the division of the drainage area
into a network of idealised elements, each of which consists of a

rectangular plans with uniform land wuse, slope and surface

characteristics.

Most urban runoff models deals with individual storm event.
With the advent of modern computer, the trend has been more

toward the continuous time simulation of many storm and dry

4



periods using the hydrologib process. In this report, the
illinois urban drainage models, TVA continuous daily stream flow
model, SCS model, USGS model, the wallingford model, the Road
Research Lab model and SWMM model have been discussed in detail
and comparison regarding the suitabidity of the model has been

outlined.




2.0 URBAN DRAINAGE MODEL

Although the general principles underlying the rainfall-
runoff process are the same for rural or non-urban watersheds and
urban watersheds, urban watersheds usually have different
characteristics in comparison with rural watersheds. The urban
watershed areas are usually smaller, and also, the stream
channels in urban watersheds are more uniform. Furthermore, the
storm sewers induce swift conveyance in urban watersheds.
Consequently the urban watershed response will usually be much
faster in comparison with the rural watershed response. in view
of these and other differences urban hydrologic analysis is
usually somewhat different from the hydrologic analysis of
nonturbanized watersheds. The literature of urban hydrologic
analyses pertaining to urban storm modelling and their

inter comparisons are discussed briefly in this report,

2.1 Rational Formula

In 1Lhe hydrologic design of drainage works in urban areas,
the most popular empirical formula which is used to compute ‘tr.
peak discharge due to a storm is the Rational Formula, which 1is
given by

Q =C1IA

P
where Q@ 1is peak discharge in cfs,

G pis a runoff coefficient which depends upon the charac-
teristics of the drainage basin,
I is the intensity of uniform rainfall,
and A is the area of the drainage basin in acres.

There have been several attempts to improve the Rational

Formula ever since its introduction in 1887. Metcalf &nd Eddy
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sed el cal led Lhe  cone Prainciple 1n which Lhe drainage
B ke e daviaded nto Jones by 1sochrones or contours of  egqual
trrave ] Loome . kach sone 1s assigned an appropriate’ value of
runott  coelfticient, Lhe  magnitude otf which depends upon the

imperviousness ol Lhe zone, and the distance of the zone trom the
outlet. All average runoff coetficlent applicable ror the entire
watershed 18 then estimated and used 1n the Rational rormula.

Mehn developed a method to evaluate the composlite 1runott
coelticrent’ which 1s similar to the runottf coetfticient e of
Lhe Rational Frormula with the exception that the composite runotft
coetticient is applicable only to urban watersheds. In order to
compute the composite runott coetticient, the watershed was
divided into subareas and the individual subareas were assigned
different values otf runotf coetfticients. The magnitudes of
runotf coefficients depend upon the physiographic characteristics
of the subareas and were obtained from the ASCE manual of
Engineering Practice. ‘These runott coetticients were weighted
and the welghted average value was adopted as the composite
runotf'f  coefficient i1nstead ot the coeftficient C i1in the Kational
Formula to compute the peak dischalrsge from the entire area.

[he frequency ot peak runottf obtained by using the Rational

Formula 18 assumed to be the same as the Irequency ot the

rainlall 1ntensity which 1s selected to compute the peak runctt.
Al Investigation to check this assumption was undertaken by
Schadake et.al, From the analysis of data obtalned trom s1Xx

small urban watersheds (each ot area less than 1sU acres) located
in  Baltimore, Maryland area, frequencles of both the rainfall

intensity and the peak runotf were found to be log-normally

distributed. Empirical equations for computing the values of C

7




and the "raintall i1ntensity averaging time , were also deprived in
terms of the physiographilic characteristics ot Lhe watershed.

The -accuracy of prediction of peak discharges by using the
Rational Formula or 1Ls varliations depends on Lhe appropriate
estimation of the values of the coelli1crent O, which in curn
depends on the Judgment of the designer. Thus the results
obtained from the Ralional Formula have considerable varliatlion.,
However, the Rational Formula staill remalns  popular n the

hydrologic design ot urban drainage racilities.

2.2 Hydrograph Synthesi1s by Routing

Empirical tormulas such as the Hational trormula yiLeld only
peak discharge estimates which are not too reliable. This
drawback, and also the necessity of knowing the time distribution
of runotf gave rise to methods of hydrograph analysils 1n urban
watersheds. Horner and Flynt were among the tfirst to use
hydrograph methods in the design ot storm sewers. They measured
the temporal variations in raintfall and runotf on three small
(less than & acres), heavily urbanized areas 1n bdt.Louls,
Missour:. Assuming that the abstractions tfrom the rainrall are
zZero, the "100 Percent RHunott" hydrograph was computed tor each

storm on a drainage basin by using the unit hydrograph me thod.

Hovner and Jens attempted bto synthesize the hydrograph by
tfirst compuling the excess raintall distribution lor each subarea
ot a watershned, lhe 1nfiltration rates were estimated by using
Horton's equatiorn,

F iy = & + & — 4 Je @&

1 C 6] @

where

| G ) 18 the rate ot 1nriltration at time L,

8




t is the final constant rate ot 1ntfiltration,

&
b is a constant dependent on the sol1l type and vegeta-
3

tion,
and tf 1s initial rate of intiltration.

o

The direct runotft hydrograph for each subarea was then computed
by using Horton’'s egqguation of overland flow,
2 0.5 U.25
q =1 tanh |0.922t(1l/n L ) S 1
r o o
where g 1is the overland flow at any time t in inches per hour,
n 1s the retardation coettficient representing the surtace
r
roughness,
S 1s the average overland tlow slope expressed 1 percen-
tage,
and L is the effective length of overland fliow i1n leet.
o
These direct runotff hydrographs resulting rrom various
subareas were suitably lagged and superposed to obtain the
hydrographs of direct runott at the outlet of the watershed.
Hicks suggested a graphical method calied as the 'Peak HRate
Method" of synthesizing direct runotft hydrographs. By analyzing
the data of effective rainfall of 10 year trequency and dilterent
intensities and times of concentrations, charts were developed Lo
compute direct runotf hydrographs. 1These direct runot
hydrographs were supposed to yield the runott from a completel}y
impervious area and were called "Basic runotl hydrographs .
Then, by using a trial and error procedure 1n which the c¢ondui!
storage was accounted for, the peak discharges of basic runolt

hydrographs were computed. A table of peak discharges ol Liais Lo

runotf hydrographs for difterent times of concentration was

Prepared along with charts for 'runoft ractors . HUunotl laclol s,

defined as the ratio of volume of runoff to volume of raintalil,

9




were computed by analyzing data trom experimental watersheds
which had different land-use classlifications and sol1l types. 1he
peak runott rate trom a given eftfective raintall ror any drainage
AleA 18 computed by multiplying the basic peak rate wlith the
appropriate runoff tactor taken trom the charts. Although tThe
runott hydrographs can also bLe computed by this method, the main

emphasis 1s on computation of peak discharges.

For larger times ol concentrat:on, a method of Summning
Hyvdrographs which 1s an extension ot the peak rate method was
suggested by Hicks. Lt the "Summing Hydrographs method, the

watershed was divided 1nto subareas tfor each ot which the direct
runofi hydrographs were tirst obtélned by the peak rate method.
Then, the hydrographs trom all the subareas whilch drain Lo @
Junction point were combined. lhe resulting combiihed hydrograph
wWas routed to Lhe next downstream gunction polnt an 1he Licas 11,
The other combined hydrographs trom other subareas in the Das L

which drain to the same downstream gunction poirnt were Sotnd Lera}

routed, The routing process was continued Lo obtaln rthe direct
runort hyvdrograph at. the oufliel ol tLhe drainage basil, ihe
"summing Hydrographs' method was toumnd to be more usetul tor

large drainage areas wilh extensive sewer development.

The Storm  Drainage Hesearch projgect was 1hitiated at the
Johns Hopkins Universuty an 18449, ine ocbLjectives of the project
were to develop methods ol acourale measurement obf raintall and
runotlt  especially 1 osmall urban watersheds and tu develop

melhods of predicting runot!l hydrographs from urban wateisheds by

s i1ng the given raintail tntormation  and the data ol
physiographic characteristics o I he urban watersheds.

Inrtrally, four completeiy pated watersieds, all of area less

10




Lhan an acre, and which had longitudinal siopes ol one to three
percent, were i1nstrumented. lhis program ot data collection 1rom
urban watersheds was later extended so that, currently data are
being collected trom ZY urban watersheds of areas ranging T1om
J.1 acre to 153 acres. ‘lhe percentage of bullt-up or lmpervious
Airea 1N these watersheds varies trom Y to 10U percent, and Fese

watersheds are all located 1n Baltimore, Maryland.

(o]

.3 Unit Hydrograph Methods

lkagieson applied the unit hydrograph metnods to LUy
raintall-runott relationships in urban watersheds. | he
"Volumetric runott coetticient” which was detfined as the ratio

ot total volume of runotff to the total volume of raintfall', was
found to be a constant tor the data used in the analysis. By
using the volumetric runoff coetflicient, kagleson.  computed the
raintall excess and thereby derived the 11U minute unit
hydrographs. The wunit hydrograph characteristics were then
related to the physiographic characteristics ot the watershed.
The relationship between the unit hydrograph peak discharge per

square mile ot the watershed, g , and the mean basin slope >,
um
was found to be
: 5
q = {2313 x 10 )8
um

Eagleson observed that tfor watersheds with appreciable

channel storage, g was a decreasing function of excess
um
raintfall. The unit hydrograph base width, the widths at 50% and

76% of g were plotted against the maximum unit hydrograpn
um
discharge, q .
um
Viessman also used the unit hydrograph method to analyze

rainfall-runoff process in urban watersheds. "The excess rainfall

11




was  outailned by using a combination ot an 1nitial abstraction
deduction and tLhe -lndex method. For all the storms on a
watershed, one minute unit hydrographs were derived, so that the
outtflow § at any time t was given by
i 1=t)
_L__
=1 ik

Q = 1(1 - e ) e

The optimum value ot the storage constant K was computed for
each storm by minimizing tLhe sum ot the sguares of the difference
between the observed and computed discharges, and also by
equating the times to peak of the observed and computed peak
discharges.

Viessman concluded that the optimum values ot the storage
constant varied considerably. However, the nhydrographs
regenerated by using the average value ot the optimum storage
coettficients, K, agreed very well with the observed direct runofft
hydrographs. Also, the optimum storage coetticients were- not

found Lo be signitficantly correlated with the raintall

characteristics.

Z.4 Instantaneous ULnit Hydrograph Methods

The possibility of modelling rainfall-runotff process on very
small 1mpervious areas (less than 1 acre) by means ot conceptual
models was lnvestigated by kagleson and March. For purposes of
comparison the instantaneous unit hydrographs were derived by the
"Direct Method” and also by using conceptual models proposed by
Zoch, Nash and Singh. It was observed that actual direct runott
hydrographs were satistactorily reproduced by using the
Instantaneous ULnit. Hydrographs derived LYy the direct method,

althougih there was considerable variation in the shape ot the
12



LUH, Hence 1t was concliuded that no single ILULH can be used (o
obtain the runoft trom a waltershed for all storms. Another
conclusion ot this study was that among the Lhree conceptual
linear models considered, the Zoch model provided better
regeneration ot runottf than eithelr the Nash model or the bingh
model .,

Delleur and tlpiaq have used two conceptual models 1n thelr
analysis of data [ftrom urban watersheds 1n Wwest Larayette,
Indiana. The storage coetticient Kk, of the single Llinear
reservolr model, which was the first conceptual model used 1n the
analysis, was determined by a trial procedure. From the data
analyzed, it was reported that a value of h which 18 egual to 0.8
times the observed time lag, gave better regeneration or the
runoft hydrograph than the cases 1n whilch h was assumed to Dbe
equal to the observed time lag or 1ts average value. lhe second
conceptual model which was a series combination of a Linear
channel and a linear reservolr, was used 1in an attempt Lo
represent both lag and storage eftfects in the watershed. | he
travel time required for obtaining the time-area-concentration
curve was estimated by calculating the actual velocities of Ilow
in the storm sewers. The linear-reservolir-channel mode |
consistently predicted lesser peak discharges than the single

linear reservoir model tor the data analyzed.
2.5 1llinois Urban Drainage Area Simulator Model (lLLLDAD)

This model 1s used tor the hydrologlc¢ design ol sLoLrm
drainage systéﬁ in urban area and 1s based on a digital model Lo
be known as *The lLlinols ULrban Dralnage Area b>imulator. Lhis
model uses an observed or specific temporal raintall pattern

13




uniformly distributed ovei the basin as Che primary 1nput, ihe
basin 1s divided 1nto subbasins. Faved area and grassed area
hydrographs are produced i1rom each sub pasin by applying the
rainfall pattern to the appropriate contributing areas. lhese
hydrographs are combined and routed downstream trom one design
point to the next uuntil ihe outlel 1s reached.

The principal element 1n the computation ot runoft from
directly connected paved area are as tollows. Egual time
intervals of raintall are applied to the directliy connected paved
area in small sub basin ot the total urban basin., A computation
is made of the travel time required tor each increament o! runott
to reach the 1nlets at the downstream end of the subbasin and
surface hydrograph 1s provided for each sub basin. LLLUDAS is
applied by first dividing the basin into sub basins, A subbasin
is normally a homogeneous portion ot the basin tributary Lo a
single 1inlet or set of 1nlets that constitute a design polnt in
the drainage network. lwo physical factors must be evaluated for
each subbasin. First the paved area directly connected to the
storm drainage system must be determined and secondly the travel
time from the farthest point on the paved area to the design
point must be calculated. After the directly connected paved
area has been determined, the time of travel for the runott from
various parts of the paved area to the 1lnlets at the downstream
end of the subbasin are estimated. In this model, travel time on
the paved area are computed 1n two steps. In first step, flow of
0.5 to 1.0 cts per acre ol contributing paved area 1s assumed.
In second step manning equation has been used to compute the

velocity of flow. With these velocities, Ltravel times are

computed at various points on the paved area 1n each sub Lasin.

14




These travel times are plotted on the paved area and by
connecting points of egual travel time a series ot 1sochrones are,
drawn. The time area curve shows the amount ot paved area within
the subbasin that 1s contributing water within the subbasin that
1s contributing water at the storm drain i1nlet at any time atfter
tne beginning of runott. The losses considered are initial
wetting and depression storage. These losses are computed and
treated as an 1nitiai loss to be subtracted trom the beginning ofr
the raintall pattern. After subtracting these losses, the
remainder of the raintfall will appear as runoft tfrom the paved
area,

Computation ot grassed area hydrograph tor each subbasin
closely parallels that of paved area hydrograph. 'Iravel times on
the grass strip are equivalent to the time of eguilibrium 1n the

egquation proposed by lzzard.

q = LQUo0Z3lL I.L.
e
where
q = discharge of overland tlow
e
1 = supply rate at 1nches/hour assumed to be |
L = length ot overland tlow 1n feet

and time of equilibrium 1s

S Ao B

T = U003 KL g

[ e

where

t = time of equilibrium in minutes

e

-.34

k = (L0007 1 + U) s
S = surtace slope
C = coetftficient having a value ot U.U4t tor bluegrass

After the travel times at various points on the contributing
grassed area have been computed, the one minute ilsochrones alre

drawn. This time area curve shows the amount ot grassed area

within the subbasin that 1s contributing water at the storm diraln

15




inlet at any time after the beginning ot the runott. Raintalling
on the supplemental paved area 1s assumed to runoft onto the
surrounding grassed area. ''he model assumes that this occurs
instantly and that the volume of runottf 1s unitormly distributed

over the contributing grassed area.

Intfiltration

Iln an urban basin, the area that 1s not paved 1s most otten
covered with bluegrass turft. When rain talls on this turt, there
are Lwo principal losses, the first being depression storage and
Lhe second being infiltration into the soil. 1n ILLUDAS provision
1s made for depression storage to be tilled and satistfied any
infiltration takes place. Depression storage is nermaily taken
to Dbe 0.20 inches, but provision 1s made 1in LLLUDAS tor this to

be varied,

Computed Infiltration
Tihe Hortan equation has been used for computing 1ntfiltration

rate at any given time (t),

I = als - F) + f :
(3
where

t = infiltration rate at time t, 1n 1nches per hour

a = a vegetative basal factor reflecting the etficiency
a crop root system makes or so1ll porosity ror
storing water; a = 1.0 for bluegrass turf

n = a constant = 1.4

s = storage avallable 1n the so01l mantle 1n 1nches

(storage at the total soil porosity minus storage at
the wilting point)

F . = water already stored in the soil at time t, in
excess of the wilting point, 1n 1inches (amount accu-
mulated from intiltration prior to time t)

{(S-F)= storage space remaining in the soil mantle at the
time t, in inches

5 = final constant infiltration rate, 1n inches per hour

c

(generally equivalent to the saturated conductivity,
in inches per hour, of the tightest horizon present
in the soil profile)
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With the help of above equation it 1s possible to compute an

infiltration curve based on the physical properties of the soil.

The U.S. Soi1l Conservation Service describes the four

hydrologic soil groups as ftellows:

A - Low runotf potential, high intiltration rates (con-
sist of sand and gravel)

B - Moderate intiltration rates and moderately well
drained

C - Slow infiltration rates (may have a layer that impe-
des downward movement of water) )

D - High runott potential, very slow 1ntiltration rates,

(consist of clays with a permanent high water table
and a high swelling potential)
Standard infiltration curves have been devised for use 1in
TLLUDAS for soills of hydrologic groups A, B, C and D. 1These

curves were calculated tfrom the Horton equation as given by Chow

(1964 ) as
-kt
f = f + (f = f )e
e O e
where
i = initial intiltration rate, inches per hour
0
C = base of natural logs
k = a shape factor selected as k = 2
i = time from start ot raintall

This equation 1s solved in 1LLUDAS by the Newton Kaphson
technigue.
Routing Frocedure:

LLLUDAS  assists the user 1n the design of detention basins.
In several ways. First, 1f an existing system 1s being analyzed,
ILLUDAS accumulates tflows greater than the capacity ot the
existing pipe for each reach in the basin. 1I'he maximum volume of
tlow thus accumulated i1s equivalent to the detention storage
required to keep the system operating at capacity during passage

of the design storm. These: accumulated tlows are reported on the
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output and serve to pinpoint the location and severity or
flooding in the basin.

If a new drainage system 1S being designed, tLhe uselr ma}
specify the voiume of detention storage allowable at any poiut in
the basin. ILLUDAS will then incorporate that voiume ol storage
into the design by allowing incoming flows to ti1il the allowable
storage. The outlet capacity needed to make effective use ol this

storage will also be provided by LLLUDAS.

As an additional option the user may limit flow through a
given reach by specifying a small outlet pipe size or a maximun
discharge through the reach, and l1LLUDAS wi1ll report the voluine
of detention storage accumulated during passage of the design
storm,

The advantage of this model 1s that both the . paved ahld
unpaved areas are considered, data input is simple and storage

effects are simulated.

2.6 TVA continuous daily stream (low model:

TVA daily streamtflow model 1s basically a simple water
budget model for estimation of storm water runoff. Daily runotft
is budgeted among a series of conventlonal cascadlng compavrtments
or reservoirs. The time unit ot a day was selected for this
model because of the ready availlability of daily raintfall and
stream flow data. 1t difters trom some flow models 1n that
interflow 1s nct included and there 1s only a single soiLl
moistute reservoilr. Ilnput consists of daily raintall and
streamtlow and monthly evapolranspiration for analysis runs,
Outputs ftrom the system consists of daily, monthly and annual

Stream Flows. The model parameters and constants are listed 1n
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Table 1. A schematic diagram for continuous daily stream {flow

model is shown in Figure 1.

i) Interception Storage:

It has a deterministic variation in the model. All 1ncoming
moisture enters interception storage until a preassigned volume
is filled. Values from 0.13 to 0.64 cm have been found to be

reasonable for forested watersheds.

ii) Storm Runoft Volumes (Impervious Area):
The following relationship has been used for predicting
storm runoff from urban areas based upon the portion of watershed

that is impervious.

PSRO = RFr x 1.165 x PIMP
PIMP = (IMP-0.17); PLIMP>0

where
PSRO = Storm runoff from impervious area, cm
RFr = residual rainfall, cm
PIMP = impervious fraction ot watershed > U.l7v
IMP = total impervious fraction ot watershed.

Impervious area runotff is assumed to become streamtflow on
the day of the rain. It is not delayed through routing because
at small watersheds where urbanization can be an important factor
it runs off rapidly and at large watersheds the impervious area

is usually only a small fraction of watershed.

iii) Storm runoff volume (Pervious Areas)

The residual precipitation becomes potential storm runotft
from pervious areas. One significant departure of the IVA mode.
from other continuous flow models such as Stamtord model and the
USDA model is that the process of intfiltration 1s not included 1in

this model.
19




TABLE 1 : CONTINUOUS DAILY STREAMFLOW MODEL
PARAMETERS AND CONSTANTS

Primary Model Parameters

Lz B = a volumetric parameter used to preserve mass balance,
P AW = a winter storm runoff volume parameter

3. DS = a summer storm runoff volume parameter

4. GWK = a groudnwater volume parameter

5. TDSRO = a storm runoff routing parameter

Model Constants

1 SROK = storm runoff recession constant

i GROKW = winter ground-water recession constant

S GROKS = summer ground-water recession constant

4. GWDOR = dormant season ground-water reservoir allocation
constant

5= AHORD = s0il A horizon moisture storage cepacity

6. BHORP = s0il B horizon daily permeability

Toa DLF = bypass loss constant

8. TLP = transmission loss parameter .

= PKARST pervious—area runoff loss parameter

Model Descriptors

i ACREIN = drainage area in square miles

o 8 WCEPT = winter interception capacity

S SCEPT = summer interception capacity

4. PIMP = fraction of watershed impervious

B FALL, WINTER, SUMMER, SPRING = day of eyar beginning of res-
pective season (beginning October 1)
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The algorithm used in this part, allocates storm runott tfrom
pervious areas in proportion to the amount of molisture stored 1n
the soil moisture and ground water reservolrs ot the model. il he
algorithm 1s an adoptation of a rational storm runoft model
presented by Betson et al (1YbY):

-B(SML+ GWH)

RI1 = (AW + (DS+AW )*51)e
2 & e
SURVOL = (RF + Ki ) = Rl
B
where,
RI = retention 1ndex, cm
AW = a parameter asscciated with winter storms, cm
Ds = a parameter associlated with summer storms, cm
=1
B = a parameter used to force continuity, cm
SI = a seasonal phenolgic index that equals one 1n
summer and zero in winter
SMI = the moisture stored in the socil1l molsture com-
partment
GWR = the volume of water stored 1in the ground

water reservoir, cm
daily storm runoftf to be routed, cm
residual rainfall, cm

SURVOL
RF

r .
The retention index, Rl 1s related to physical watershed

"

characteristics and to antecedent conditions. The two
coefficients AW and DS are parametric seasonal indices of the
moisture storage capabilities of the soil. The parameter B 1is
determined in the model to conserve mass balance between the
predicted and the observed total runoff volumes when the model 1is
used analytically. The seasonal variable SI is associated with
crop conditions and is used to differentiate between winter and
summer. Interpolations between zero (winter) and one (summer)

are made for different seasons.

iv) Groundwater Runoftf Volumes
After interception storage and storm runoff vclume have been

estimated, the remaining precipitation then becomes a potential
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For  g2round water runoft. I'his portion 1s assumed to be

proportionat to the yield of storm runofft:

i r
GWyvo = (SURVOL * GWR/RF)*RE and GWR < RF
where

GWwh = a volume to be added to the groundwater reservoilr
cm

GWK = a parameter which relates the yield of grouadwater
runoft to the yield of pervious area storm runoff.

RE = Raintfall-interception, cm

-
RE = the avallable moilsture atfter 1interception and

storm runoff nave been removed from precipitation,
cm

{6 Dormant seasonh recharge:

For watersihed with a high so1l water holding capacity (clay
& loam soills) a recharge ot the ground water can occur as
vegetation becomes dormant. During this period moisture held 1in
the soil under tension by the vegetation is released and becomes
groundwater runott. In the model these accretions are taken from
the soil moisture reservolr at a daily rate, GWDOR and added to

the ground water reservoir.

Vi) Potential runotft volume lLosses:
Losses of potential runott volumes can occur for a varliety
of reasons. Deep losses are those that bypass the stream guage

and thus are lost trom the system.

GwlL, = GW\V 5 DLF
Where
GwL = by pass losses
DL = a parameter equal to zero where no losses occur
and equal to one where no groundwater runoff
occurs.,
Transmission losses occur when potential storm runott

originating from impervious areas does not reach the streamgage.
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This eftfect 1s most pronounced when runott volumes origlinating
from rootf, roads, etc. infiltrate into lawns or other pervious
surfaces or inio dry stream channel. I'he equation tor correcting

runoff volume is:

©
.

PSRO = (PSRO/TLP)*¥PSRO = PSRO /TLP
PSRO/TLP<1.0
where

TLP = a transmission loss parameter

vii) Evapotranspiration

Monthly evapctranspliration values are used as 1nput to the

model .
RF = RO = ET = Kk {(EP * GL )
C 1
where,
RE = average annual raintall
RO = average annual streamflow
ET = annual evapotranspiration
h = factor, preserves mass balance of evapotranspira-
tion according to long term records
EP = average monthly pan evaporation
&
GL = growth 1ndex of crop
1

viii) Runoff routing:

The daily storm runoftf and groundwater runotft volumes are
determined using conventional exponential routing coefficients.
Storm water runotf volumes originating {from 1mpervious areas
become streamflow on the day of the rain. Runotft voiume

originating from pervious areas are estimated as follows:

SRO = TDSRO * SURVOL + BSURES % (1-SRhOK)
i 1
where,
SRO = routed storm runott, cm

TDSRO = a model parameter
SURES storm runoftf reservolr, cm
SPOK a storm runott recession parameter

n

n
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Groundwater 1s routed dailly from the groundwater reservolir

by using a recession constant

GRO = GWH * {(1-GROL)
i i
where
GWR = groundwater reservolr
GROK = groundwater recession constant

ix) Optimization

A modified version of the pattern search technique 1s used
to determine a optimal set of parameters during analytic runs
with the model. 7The objective function used 1n the model 1s =
minimization of the sums of squares of the errors between

predicted and observed daily streamflow values.

x) Regionalization ot Model Parameters

One of the end goals 1n the development oI a hydroiogic
model is to use the model to simulate data at locations where
observations do not exist. Lonceptually, 11 a model 1s complele
and correctly formulated, it should be possible to measure alil
the necessary site characteristics to detfine, mode 1 boundary
values and coefficients with the simulation.  However Lhe
heterogeneities that exist 1n nature along with the complexities
and interactions 1involved néceSSLtate some 1dealization ot
complex natural systems to keep the model tractable and the
amount of data required manageable vesult i1n losses 1n generality

and in the direct relationshhip between model rcoerficients and

site characteristics. As-a consequence, 1t becomes necessary to

correlate the model parameters with site characteristics. 1his
process is termed as regionallzation. Using the model parameters
obtained from calibration, optimization -runs of CLhe mode |l ,

graphical relationships were developed petween, the various model
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parameters and 1mportant climatic/site variables. Equations
were derived based on best fit lines. Statistical derivations of
these lines could not be Justified because some parameters for

certain watersheds were Knowli to be off some what.

2.7 Soi1l Conservation Services (TH-55) Procedure

The soi1l Conservation s»ervice (SCS) procedure which came
into common use 1in the year 1404 18 the product of more than ZU
vears of studies of raintall-runottf relationship for small rural
waltershed areas. The procedure which is basically empirical was
developed to provide a4 1alional basis for estimating the efflects
of land treatment and iamnd use changes upon runoff resulting ftrom
storm raintfall.

[he SUS has given the following relation between the
accumulated volumes of storm rainlall runotft and catchment

retention

Q = |k = uk.oms) /7 UE F Uads)
where,
(&) - Acvtual direct runotl (wnches)
P = lTatal storm rawnliall (inches)
S - Folential catbtchment retention (i1nches)

Potential catchment retention (5) 13 related to the soi1l and
cover condition of a watershed. I'hese watershed characteristics
are taken into consideration by an 1ndex called curve Number
which is related to potential catchment retention as follows:-—

CN
or o

LOVO / (5 + 10)
10U0/CN = 10

H

SCS developed a soil classification system that conslts oI four
groups, which are identitied by the letters A, b, C and D. Dpo1l

characteristics that are assoclated with each group are as
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tfollows:

Group A ! deep sand, aggregated silts

Group B : shallow loess, sandy Loam

Group U : clay loam, shallow sandy loam, solls low 1n
organlic content and solls usually high 1in clay.

Group U : solls that swell signiricantly when wet, heavy
plastic clays and certain saline soils

The so1l group can also be 1dentitied by using tollowlng

minimum intiltration rate values,
Group Minimum Infiltration Rate (in/hr)
A .30 - 0.45
8} U.1d = .30

& GisQa =" 04 15
D 0 - 0.05

The ettect of antecedent moisture condition has been taken

into consideration by developing three antecedent molisture
conditions, labelled as L, Ll and LlL. The following table gives
seasonal raintfall limits tor the three antecedent soil molsture

condition.

Table 2 Seasonal KRainfall Limlits for AMC Conditions
AMC lotal 5 days Antecedent Raintfall (inches)
Dormant Season Growlng Seasons
1 less than U.5 Less than 1.4
11 0.9 to 1.1 1.4 to 2.1
TT1 Over 1.1 Over 2.1

For a known soil group and land use pattern the curve number
can be determined trom Tabte tor AMC 11. 7This curve number .s
modified for other antecedent moisture conditions as per the

Table 3.

For more complex areas a composite value of CN can be
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computed by Kknowing the percent areas of different types of land
use and theilr corresponding curve numbers.

S5C5 has given charts for estimating peak rates of runoff
from small watersheds of areas 1 to 200U acres. 1'hese charts are
prepared tor the regions ot united states having a particular
type ot rainfall distribution.

Different charts are given for flat, moderate and steep
catchment slope. Fi1g. shows such a chart to estimate peak
discharge tor a small watershed (area 1 to 20U0 acres) having
moderate slope, To adjust peak rates of runott tfor ranges of
tlat, moderate and steep slopes, for conditions where swamps or
ponding areas exist and for taking into account the variation of
watershed shape rfactor (l/w) different adjustment factors to peak

discharge are determined and applied.

Table 3 : Modified Curve Numbers tfor AMC 1 & AMC 111

CN for Conditions Corresponding CN for condition
X 1 III
100 100 100

95 8i 9y
90 : 78 v3
80 70 99
80 b3 g4
75 57 Yl
70 51 87
6o 495 83
60 40 79
58 35 [k
50 31 70
45 27 690
40 23 60
35 19 23
30 15 50
25 5
20

15

10

0
0]




=

The  adjusted peak discharge determined by using the above
procedure 1s modified to inciude Lhe eftect ol urbanization. I'he
moditication tactors are applied to the peaks using future

condition runoff curve numbers as ftollows:-

Q = @ | Factor | |lFactor 1
MOD IMpP HLM
where
Q = modiried dlscharge due to urbanization
MOD
&) = discharge [or tuture UN adjusted for various
factors
Factor = adjustment tactor tor perceut impervious
1ME
areas
tactor = adjustment factor tor percent or hyvdraulilc
Hi.M

length moditied.

The charts for determining these adjustment lractors are
shown 1n tigures J and 4 .

The SUS IR=bo procedure 1s very much simplified as 1t
tnvolves reading various values from charts and tables and simple
calcujatlon, but a careful understanding of charts .s reguired,
The major limitation of the method is that it can not be applied
for the regions and for the conditlions for which charts are not
developed. 'The other Limitation of the method is that it can be

used only tor small watersheds of area less than ZUUU acres.

2.8 USGS Model

LdGS 1s a special purpose model used to predict peak rlows.
The various processes represented 1n the UsGs model are shown 1n
Figure o . Ihe UbLs model determines raintall excess over short
time 1nteirval and routes Lhe raintall exess to the basih oufrlet.
Kaintall excess 15 determined by substracting 1nllltration losses
from raintall occuring during the short unit tine 1ntervals. Ihe

rate of 1ntiltration 1s highly dependent upon the soll molsture
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cendition particularly at the beginning of the storm. I'hererore,

continuous  estlmation ol soll moisture 1s very i1mportant, So011l
molisture accounting 1s done using the concept ot a two tayer
mode L. the Lop layer 1s called a saturated zone which direccoly
receives all the 1nfilltrated water and 1ts thickness changes
depending on rate otf intfiltration, and vertical drainage which
takes place at a constant rate to the bottom zone called
unsaturated zone. The unsaturated zone can hold a maximum soil
moisture equal to the tield capacity ot the sdil, BMSM, which 18
a model parameter Al anything 1n excess goes down  as  gravity
dralnage which 1s called percolation. AS the processes alre
simutated 1n different ways during lUlood-days and lon=1 100U iy =,
they are briefly described below:
Non-tiood days

FProcesses consldered HER ol N1l .ration el
evapotltransplration and simulation 1s done with a time 1ncrement
of one day. D) Ly intfvltration 1s computed as a colnscant
proportion of the daily raintfall. This constant 1s designated as
K K, which 18 a model parameter. I'he dal1ly evapotranspiration (s
a conslant proportion of the daily pan evaporation. this
constant, KV, 1s also a model parameter. 1he 1ntiltrated water
ls added to the saturated zone. 1'he evapotranspiration 1s met
from the saturated zone and 1it, moisture 1s not avalrlable 1n the

salurated zone, it 1s met ftrom the unsaturated zone.,

Flood days

Wlien there 15 no raitntail, sitmulation 1s done wlth oty

nerements of time, The hourly evapotransplration 18 egiial (A
L/24 of Lhe daily evapotransplrab 1ol whicit 1s conputed as pAvg
times pan evaporalion. The rate ol vertical drailnage per noul 1s
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also 1/24 of DRN which is the daily rate of vertical drainage.
All the processes are simulated in the same way as during non-
tlood days but with hourly increment ot time. During the hour
when there is rainfall, the simulation is done with 5 minute
increment of time. The evapotranspiration during this time

interval is ignored.

Computation of rainrall excess
Infiltration loss component is a critical part of USGS model

and these losses are computed using a modified ftorm of Philip’'s

equation.

di P{m-m }
lo}
-— = K {1 + ==——ce———— }
dt i
where,
1 = accumulated intiltration volume 1n wetted so1l

column since the start ot infiltration,

k = capillary conductivity of so1idi,

p = caplllary pressure at wetting rront 1n soil column,

m = 1nitial moisture content of soi1l column when intil-
G

tration started, and

m = molsture content wuniformly distributed through
wetted column at the time at which i1nfiltration 1s
computed.

The term P (m - m ) 1s assumed to linearly decrease trom a
e]
maximum, r.pP at the wilting point ot the so1l (M = Q) to &
s )
minimum P , at the tield capaclty of the soil (m = m ). lhus,

Ui
o
0

Assuming,
P {m -m ) = ¥

then,
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di
——— = k{1l + P }

dt il

The intiltration model has four parameters namely, k, 1, P

) s

and m . The above equation describes the infiltration at a
C

point. In order to account for the basin wide variability 01

S0l characteristics and moisture conditions, infiltration

capacity 18 assumed to vary linearly over the basin area Irom
Zero to di/dt,

The ainfiltration rate, KR, 1s computed at the beginning of
every five minutes interval. By knowing the amount of. raintall
in tive minutes, SH, and u31ng'the assumed linear variabiiity of

infiltration capacity, the rainfall excess can be computed as,

[l

&
R
R === 5 OSHIFR
e
2FR
R = SKH - FR/Z, SH>FR
e

During a period of uninterrupted raintall, the antecedent

moisture content m at the start of raintfall 1s assumed to remaln
o

constant as the wetting front advances. buring periods ol no

rainfall, the accumulated i1ntiltration 1 will diminish due to

evapotranspiration and vertical drainage.

Runott routing

The translation hydrograph has been used 1n flow routing 1n
USGS model. This model assumes a triangular translation
hydrograph of unit area for simplification and generation ut the
procedure, The triangular translation hydrograph of unit area

is detfined by the following two model parameters:

i) The first parameter is the time of concentration which L=

equal to the base of the triangular translation hydrograpii. i
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is designated by X(9).

ii) The second parameter is T , the ratio ot time to peak of .the
P

translation hydrograph to the time of concentration. 1t 1is

designated by X(10). The translated hydrograph 1(t) is obtained

by the convolution ot the translation hydrograph and the raintfall

excess, viz,

n
I(t) = T R (t=j+1)
J e
J=l
where,
th
T = Magnitude ot the j ordinate in the translation
J
hydrograph, and
R (t-j+1) = Raintfall excess during time t-j+1l.
e

This when converted into discharge units becomes the input
hydrograph to a conceptual linear reservoir. The storage
coetftficient Kk of the linear reservoir 1s a model parameter and
is designated Ey X (8).

The 1input for every hour of tlood days is computed and

routed through the lLinear reservoir,

The outtflow Q(t) from a lLinear reservolir 1s a Jlinear
function ot storage only and is given by
S = K
s
Diftferentiating above equation, and ,K substituting 1n the
continuity equation
ds

dt

:j_—Q

The solution for outflow, for a constant inflow 1 occuring

during an interval t, is tound to be
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- t/K

Q(t+ t) =1+~ ({I -Q{t) } e s
in which,
Q(t) = outflow at time t = @

At the cessation of inflow, I = 0 the outflow from the
reservoir is
: - t/K
Q(t+ t) =Q(t) e s
Thus the outflow hydrograph from linear reservoir is the
simulated tflood hydrograph. The routing procedure 1s based
essentially on unit hydrograph theory. Hourly input of raintall
excess are considered as inputs. The programme stores all the
hourly ordinates of the simulated hydrographt lt also finds the

maximum value of these simulated hydrograph ordinates which 1s

the simulated peak for the flood event.

Input data

The input data required for peak tlow simulation are daily
rainfall, daily evaporation, daily runoff and hourly rainfall
during flood days. The average value of scil parameters Llike
field capacity of the soil, saturated hydraulic conductivity,
infiltration rate and percentage of pervious and impervious area

must be known. for estimation of peak floods.

Calibration
There are ten model parameters as shown 1n lable The

programme uses the following three ditfterent objective functions

tfor finding the model parameters:




1
3) U = - U 4+ U, and
3 1 2
2
n v
oi
2
4) U = {log (P e - leg P }
4 ‘e si e ol
v
s1
where,
n = no. of peaks selected for use 1in calibration,
\Y = observed surface runoff volume during event i,
oi
\' = simulated surface runott volume for event i,
si
P = observed tflood peak i, and’
oi
P = simulated tlood peak i.
si

Initial parameter values are to be given based bn average
soil characteristics, an estimate of ratio of potential
evapotranspiration to ‘pan evaporation and the recession and
timing characteristics of observed flood hydrographs. The
optimization is done in rounds. 1n the ftirst round, volume
objective function is minimized by adjusting ¢he first seven

’

parameters, In the second round, routing objective ftunction 'L

-
is minimized by adjusting the last three bParameters. [n the last
round, all the ten parameters are adjusted to minimise peak

objective function ’U ' or peak and volume objective function
2

!U ’
3
The model uses Rosenbrock’s rotating coordinate method tor
parameter identification. Since the problem is highly nonlinear
one, it is necessary to specity the range of parameters in order

that reasonable solutions are obtained. The initial vailues and

range ot all the ten parameters are presented in Table 4.




Table 4 - Detalls otf Parameters in USGS Model

Description Mnemo- X-array lnitial Lower Upper Unit
nic identi- value limit Llimit
identi- fier
tfier
Minimum effective PSP X(1) 5.00 1,00 15.00 inches
magnitude ot PS
Hyd. cond. of KSAT X(2) 0.10 0.01 1.00 inches/
saturated soil hour
Volume of water
drained from DRN X(3) 0.50 0.10 1.00
saturated zone
Ratio of max. RGF X(4) 10.00 5.00 20.00
PS to min. PS8
Field capacity BMSM X(9) 3.00 1.00 10.00 inches
of soil’
Parameter to adjust
daily pan evapo- EVC X(6) .70 .50 1.00
ration to potehntial
ET
Ratio of daily RR X(7) V.80 V.65 L.00
infiltration to
daily rainfall
Time constant KSW X(8) 67.00 i0.00 150,00  hour
for linear reser-
voir routing
Time of TC X(9) . 4020.00 600,00 Y000.00 minutes

concentration

Ratio ot time of
pealk to time TP/TC X(10) 50.00 0.10 1.00
base of transla-
tion hydrograph

2.9 The Wallingford Model

The Wallingford Procedure tor the design and anﬁly31s ot
urban storm drainage networks was based upon the results of a
collaborative research programme carried out 1n the United
Kingdom between 1974 and 1981 by the Hydraulics Research Station,

the Institute of Hydrology and the Meteorological Uffilce, and

coordinated by the National Water Council/Department ot the
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Environment Working Party on the Hydraulic VDesign of Storm

Sewers. The Procedure consists of tour methods:

(1) The Wallingtord Rational Method: a moditfied version ofr the
Rational Method 1intended tor wuse on outline designs or on

homogeneous areas ot up to 150 ha.

ii) The Wallingford Hydrograph Method: a computer-based
approach which models the above-ground and below-ground phases or
runoft separately; this method may be employed for both design
and simulation and allowances may also be made for the action of

stormwater overflows, on-line and off-line detention tanks and

pumping stations.

1i1) The Wallingtord Optimising Method: a computer-based method
with which the performance of both an existing system and a
proposed design may be examlned wunder surcharged conditionhs
stormwater overtlows, on-line and off-line detenticn tanks and

pumping stations may also be taken 1nto account.

These methods may be applied to both separate and combined
sewerage systems, although the calculation ot foul sewage Tflows
1s not included. No allowances are made for the calculation of
runotff from any rural areas that may contribute to an urban

drainage network and no water quality modelling 1s attempted.

The selection of the method most appropriate tor a
particular design requirement 1s assited by following the
tiowchart presented in KFig.6. LFor the design ot new systems, the

Moditied Rational, Hydrograph or Uptimising Methods can be used.

The flow calculations for the Uptimising Method are carried
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out wusing the Modified Rational Method, and so the discha?ge
estimates obtained from these abproaches are similar, unless the
gradient optimisation substantially alters times of
concentration. The Optimising Method may not be appropriate ift
the longitudinal profile of the sewer is constrained by the

bresence of other underground services.

‘It optimisation of pipe diameter, depth and gradient is not
required, then the designer may use elther the Moditied Rational
or the Hydrograph Methods. The former provides an estimate of
peak discharge only, whereas the latter also produces the flood
hydrograph. Both methods make allowances for the presence of
certain types of ancillary structures.

For the analysis of an existing system, the Modified
Rational or the Hydrograph Methods or the Simulation Program may
be used. The Modified Rational Method is 'limited to the
estimation of peak flow rates. The Simuiaflon Program
incorporates the same algorithm for simulating the above-ground
Phase of runott as until surcharging begins, and so both of these
methods should ‘yield similar results in non-surcharged pipe
systems.

For both the design of new systems and the simuiacion of
existing sewer networks, different methods may be more
appropriate at different stages of an investigation. The
Modified Rational Method may be applied for both design and
analysis in order to provide an initial appreciation of catchment
response. For a new sewarage system, the Optimisation Method
might then be employed to determine pipe sizes, depths and
gradients, which subsequently can be checked using the Hydrograph

Method. The latter approach can also be applied to check an
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existing system for surcharging. Finally, the Simulation program
both allows the pertormance of a proposed sewer network to be
evaluated when subj)ected to rarer events than the selected design
storm, and permits a more detailed examination of zones of
surcharging in. an existing plipe system.

Further details of both the Moditfied Rational and the

Hydrograph Methods are summarised in the following sections.
20.9.1 T'he Wallingtord Rational Method

Modified version of Rational Method 1s given by

Q = 2578 C € iA
%) v R
where (¢ 1is the volumetric runoff coetficient, C is a routing
v R
coetticient which allows for non-linearity in the shape ot the
t{ime-area diagram and variations in rainfall intensity within the
time of concentration, and @ , 1 and A are peak tlow, intensity
P

ot raintall and Area respectively. It the total catchment areca

is being considered, the vaiue of ¢ is computed from
v

¢ = PR/100

where PR, the percentage runoff, 1s given by

PR = 0.%29IMP + 25.0801lL + 0.078UCWL-20.7

ln above equation , IMP 1s the percentage 1mpervious area or
the catchment draining to the sewer, S0OlL 1s a soil 1ndex and’
UCWI 1is an antecedent wetness index which, tfor design purposes,
is obteined from a relationship with the average annual raintall.

It impervious area alone is being considered,

C = PR/IMP
v




For design purposes, a € value of 1.3 has been recommended.

R
The time of concentration is considered to consist of the
sum  of the time of flow (based upon tfull-bore pipe velocities)
and a Cime of entry. I'he latter varies with both the design
return  period and the slope and size ot the catchment area,
ranging from 3-6 min for a 5-year event to 4-8 min tor a one-year

STOIM N, the smaller values being applicable to the smaller,

steeper catchments,

2.89:2 The Wallingtrord Hydrograph Method
This method was developed partly 1n response to criticism of

Line simplitications 1nherent 1n the I'HEL Method with regard to:

1] the representation ot the above-ground phase of runott by a
time of entry;

11) Lhe assumption of 1U00% runott from the paved and no runoftt
from the pervicus areas of a catchment ;

iil) storage allowances based solely on the pipe system with no
altenuation attributed to above-ground storages; and

Ly | the assumption that the storm profile of a selected return

period produces a reak discharge of the same return period.

In tne Wallingrord Hydrograph Method the relationship
betweesn Lhe Teturn period of Lhe peak discharge and the return
period of the cdusative design stolm 1s malbtalned by the use of
a stable set of design inputs, Il'he latter have been chosen by
applying a technigue descriuved by Packman and hadd { 188U
invoiving the comparison of observed and computed probability
distributions of peak ltlow rates.,

The  ground mode | 11 the Hydrograph Method consists of

several componenls 48 Shown in Fig. 7. For design purposes, the
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input to the model consists of a standard summer Storm profile
whose peakedness: is exceeded by 5U% of all such eveluls, A
duration of 15 min is assumed initially, and the computations anre
subsequently repeated for further values of 30, 60 and 120 i,
In all cases, the total raintall depth, P (mm), s  tLhat
corresponding to each duration and the return period ol Lbhe peak
discharge which is to be estimated.

Estimation _of the losses on the subcatchments draining to
each pipe length begins with the prediction of the percentage
runoft, PR, from the whole catchment, which 1s then distributed
between the paved surtaces, pitched roofls and pervious arcas
within each subcatchment. By observation, (he percentage runoffl
from the impervious surtaces ot small dralnage areas was fouund to
average 70%. It therefore the value of PR predicted is iess than
T0% of the proportion of 1mpervious surtaces WLt a
subcatchment, the pervious areas are assumed not to contrihupe te
storm runotf, so that

PR = 0; PR = PR = 100PR/ LMP

perv pav roof
where the subscripts pav, root and perv refer to the paved, roof
and pervious areas respectively. However, if PR exceeds 70% of
the proportion of impervious area, the excess 1is distcibulen

equally to all surtaces, giving

PR = PR-0.71MP
perv
PR = PR = TU+PK
pav root perv
Once the appropriate percentage runotfs for cach

subcatchment, has been obtalnec the distribution of effective

rainfall 1s obtained from the storm profile by aitlowing for botn
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an initial loss to depression storage, DS (mm), and a continuing

loss by infiltration. For the paved and pervious areas,

-U.48
D3 = DS = 0.718LOPE
perv pav
where SLOPK is the average overland slope (%) of the
subcatchment. In practice, the necessity to take detalled

measurements ot slopes 1s avoided by allocating each subcatchment

to one of three broad categories, as follows:

Description Range in slope Assumed value
Mild <2% 1.26%
Medium 2-3.5% 2:70%

Steep >3.5% 1.0%

For pitched roots, a value of 0.4 mm 1s recommended for

DS . Once depression storage has been subtracted from the
roof

beginning of the storm, the remaining loss 18 distributed

unitformly throughout the rest ot the duration by means of a

reduced contributing area. Denoting tlhe actual paved area within

a subcatchment as AKEA y Lhe contributing area, AR y 18 gi1ven
pav pav
by:
AR = AREA |l (PR /100 ) {P/P=-DS )+
pav pav rav pav
Similar relationships are applicable tor AK and AR
peyv rooft

The attenuation caused by surtace storage 1s simulaled Dy
means of a non-linear reservoll, for whiclh the sturage volume, §,
is related to the outtlow discharge, @, by the equalion

2/3
S = hQ

where h 18 the storage constant. Using data from a selectiun of

catchments having bhoth paved and pervious surtaces, the following
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prediction equation was obtained for K:

-0.23
K = 0.05ISLOPE PAPG

.23

where PAPG is the average paved area per gulley. 1f the number
of gulleys in each subcatchment is specitied, PAPG may ba
computed directly. Otherwlise, a characteristics value may be

obtained by allocating each subcatchment to one of tThree broad

categorlies, as tollows:

Description Range 1n area Assumed value
Z a
Small <ZUU om 12 m
2 “
Medium 200-400 m 300 m
P z
Large 400 m 600 m
The wvalue of Kk computed 18 applied to the effective
contributing area, AR y ol the paved and pervions surtaces
pav
together, For pitched roofs, a value otf kK of U.U4+ 18
recommended.

Even with such a simple model for attenuation, the amount ot
computation can become excessive with even a modest number of
subcatchments., The calculations are theretore simplitied by the
use of nine ’'standard’ subcatchiments, detfined by three values
each ot SLOPE and PAPG as shown in the above tables. 1he runorft
hydrographs (mm/h) from each oif the nine standard subcatchments
are computed initially, and every actual subcatchment 1s then
represented by one of the nine. A root hydrograph may also be
synthesised, it required. The gulley hydrograph is obtained by
adding the root hydrograph with its ordinates multiplied by
AR to the appror-.ate standard hydrograph with its ordinates

roof
multiplied by AR + AR i
pav perv

Q =1 Q AR +Q (AR + AR )1/3600
g roof roof pp pav perv
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where W and are Lhe ordinates of the root and standard
root Pp
hydrographs (mm/n) respectively, and @ are the ordinates ot the
B
gulley hydrograph (fi1tres/s). I'he hydrographs obtained for each
subcalchment are then routed through the sewer network, pipe by
pipe, using the Muskingunmn-Cunge Method. T'he calculations are
carried out for all four standard durations of storm profile, and

the largest computed discharges are taken as the design flows tor

each pipe length.

Where insutficient data are availlable to permit the
modelling of both the above-ground and the below-ground pnases ot
runott tor every subcatchment and bPipe length, or where the costs
of data collection for a large drainage area would be
prohibitive, a simplitied sub-area model 1s available. In this
model, the method of computing the gulley hydrographs is applied
Lo sub-areas of up to 60 ha instead of each pipe length. As
shown schematically in Fig.8, the computer sub-area hydrograph is
then divided into N equal parts and distributed equally to the N
segments of an ‘’equivalent pipe’'. The latter conSists of a
tapered system of pipes in series, each of which has the same
length and slope. The number of segments, N, depends upon the
time of flow within the equivalent pipe. ‘'he model requires as

input data the total length of the major pipe run in the sub-

area, the average pipe slope, and the diameter and slope ot the
outtall pipe. Where no details of the outflow pipe are
available, as 1n a design application, 1ts dimensions must be

estimated.using the Modified Rational Method. Using this Sewered

Sub-area Model, substantial savings on 1nput data are possible,

with networks of the order of 100 pipes being reduced to only
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four egquivalent pipes. HKouting of ftlows through the eguivalent

pipes is carried out using the Muskingum-Cunge Method,

2.10 Road Research Laboratory Method (RRL)

An wurban runoff model (RRL) that wutilizes the time-area
runott routing method was developed in England. I'he technigue
was developed specifically for the analysis of urban runoff and
ignores completely all pervious areas and all 1mpervious areas

that are not'directly connected to the storm drain system.

The RKRRL Model could be used tor continuous streamilow

simulation but tends to be used as an event simulation model. LG
has been extensively applied 1n Great Britaln, and moderate
success has been reported. lThe illinoilis urban Uralnage Area

Simulator (ILLLUDAS) is an 1mproved version of HRL that has a
wider range of capabilities. 1t incorporates the 1mpervious
areas neglected by RRL and 1s a demonstrated 1improvement over
RRL.

The tlow diagram of the processes simulated by RRL 1s shown
in Fig. 9. The major functions of the program 1involve five
principal steps 1n the development otf runoff hydrographs as
illustrated in Fig.10. As a first step, the total basin 1s
divided intec subbasins similar to the one as shown 1n tig.ll, and
impervious areas that are directly connected to the storm drainh
system are ldentitfied . The remainder ol the basin 1ncluding
surtaces such as lawns, tloodways, parks, roorfs that are not
connected to the storm dralnage systems, and impervious areas
that drain i1nto pervious areas are all ignored by the RRL model.

After hydraulic¢ characteristics such as lengths, slopes, and
roughness coefficients are estimated, the second step 1s the

52



L Read input data J

I Lookat's.—;_b-basin l
I

Compute
time-area curve

I

Compute surface
hydrograph

No Is this an
initial reach?

Combine surface

and channel
[s this a
No 5
confluence?

hvdrographs
1

Combine
hydrographs
|
] [
Select cross section for discharge storage relationship
| I I
Circular Rectangular Open
pipe pipe channel
' B '
Route
hydrograph
1o next
input point

Is there
another reach?

Print and plot
output

Figure 9: Flow diagram for the computer program of the RRL
method.




Figure

1-min
isochrones

Roof no. 1

Roof no. 2
directly

nos connected

(in./hr)

Rainfall

connected :,_—,‘: Ly Losses
‘l Ly =0 Lip=0
i | | | Il 1 I
(d)
storm drain SR,
(a)
Ry
SR, Supply rate
2 = SR
3 ISR M
g —
0 12 34 56 7 g 949
0-L 2 3 4 § Time (min)
Travel time to inlet (min) (e)
(b) Qs 0 Q, =A,5R,
= 6 Q, =ASR, +4,5R;
g2 Q3 =A35R| + A.SR, + A SR,
EO’ Q,|=A_.,SR1+"'+/115R"
g £
ag
é g QH
6 2 4 6 g8 10 12 14
Time (min from start of rainfall)
(N
10: Elements in the development of the time-area
hydrograph: (a) subbasin map (directly connected paved area
shaded); (b) time-area curve; (c) rainfall; (d) losses; (e)

supply rate; and (f) the hydrograph.

54



caiculation ot low velocities tor all segments. 1These
vejocities are then usad to construct lines of equal travel time
to the outlet ol the basin, called isochrones, on the basin map.
The areas between isochrones are then determined and plotted
against travel time as shown in Fig. 11.

The third step is to apply the specified rainfall pattern to
the directly connected impervious area, and then determine the
translated hydrograph at the sub-basin outlet. Excess rainfall
hyetograph ordinates are obtained by subtracting the losses trom
rainfall to give the net supply rate as shown in Fig. 11

Because the routed time-area hydrograph represent
translation effects only, the hydrograph must now be routed
through reservoir-type storage-to account tor the effects of
storage within the basin. T'his 1s accomplished by routing the
hydrograph Fig. 12 through a reservoilr using the storage-

indication method described.

The ti1fth and tinal step 1n the RRL Method is the routing of
the subbasin outtflow hydrograph to the next contluence or the
next input point by a simple storage routing technique. The
final result is a total basin runotft hydrograph that would result

trom the specified storm rainfalil.

The merits of the RRL method has been evaluated by applying
it 'to 10 urban watersheds located largely in the east, south,
west regions of the United States. The criteria followed in
sgLecting basins for the evaluation where 1) basins less than 5
m , in size (11) basins that were intenseiy urbanized (111)

basins that had extensive storm drainage systems, (4) basins with

4 'high amount ot paved area, (v) long records of raintall and
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runoff, (vi) the degree of quality of the data on storm rainfall
and runott, (vii) the degree of intformation availlable on the
storm drainage system, and (viii) data that had not already been

published in one tform or another.

Stall and Terstriep arrived at the following conclusions
based on theinr evaluation of the RRL Method:
1. The KRL method provides an accurate means of computing
runottf from the paved area portion of an urban basin.
2. The RRL method adequately represents the runoft tfrom actual

urban basins under the tollowing conditions:

a. The basin area is less than 5 mid.
b. The directly connected paved area 1s equal to at least
15% of the basin area.
e The ftrequency ot the storm event being considered 1s not
greater than 20 yr.
3 The HRL method cannot be used tor all urban basins 1n the

United States; the method breaks down when signiricant grassed
area runoft occurs, which happens 1! one or more of the rollowing

conditions exist:

a. The directly connected paved area 1s less than 12% oOf
the basin area.

b. The freguency ot the event being considered 1s greater
than 20 yr.

e The grassed area ot the basin has steep slopes and tight
soils regardless ot the antecedent moisture conditions.

d. The grassed area of the basln has sSteep slopes,

moderately tight solls, and an antecedent molsture
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condition ot 3 or 4.
e, The grassed area of the basin has moderate slopes,
moderately tight soils, and an antecedent moisture
condition of 4.
4. The principal strength of the RRL method 1is that, by
confining runoft calculations to the paved area of a basin, b ¢
utilizes hydraulic functions that are largely determlnate such as
gravity tlow from plain sloping concrete surtaces, gutters,
plpes, and open channels, Physical understanding of these Ilow
phenomena 1s much greater than the present understanding ot the
many complasx phenomena governing runott from rural areas such as
antecedent moisture conditions, infiltration, so1l moisture

movement, transpiration, evaporation, and so forth.

3 A modification otf the RRL method that would provide a
function tfor grassed area contributions to runot't’ could be
developed 1into a valuable design tool tor urban dralnage.. This
is believed to be possible in spite of the many complexlities
involved. Further ftlexibility could be oftered by the additional

provision for routing surtface runotft through surtface storage.

6. The input data requirements for use of the RKHL method on an
urban basin are reasonable tor the engineering evaluation of a
basin for storm drainage design. The necessary data are no more
complex or elaborate than the data usually compiled ftor a

traditional storm drainage design,

T The RRL method is successful and widely wused 1in Great
Britain and yet suffers the above-described breakdowns for some

of the basins studied in the United States.
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8. Better urban raintall and runoft data are required for the
proper testing ot all mathematical models. Research basins that
do not have hydraulic problems, such as undersized drains or

inadequate inlets, should be selected and instrumented.
2.11 Storm Water Management Model (SWMM)

A very widely accepted and applied storm runoftf simulation
model was Jjointly prepared by Metcait and Eddy, Inc.; the
University ot Florida; and Water Resources kngineers for use by
the U.S. Environmental Protection Agency (EPA). This model 1is
designed to simulate the runotf of a drainage basin tfor any
vredescribed rainfall pattern. The total watershed 1s broken
into' a finite number of smaller units or subcatchments that can
be readily described by their hydraulic or geometric  properties.

A flow chart ftor the process is shown 1n Fig.13.

The SWMM model has the capability of determining, for short-
duration storms ot given intensity, the locations and magnitudes
of local floods as well as the guantity and quality of storm
water runotf at several locations both in the system and in the
receiving waters. The SWMM is an event simulation model and does
not keep track of long-term water budgets.

The ftine detail in the design of the model allows the
simulation of -both water gquantity and guality aspects associated
with urban runotf and combined sewer systems. Ilnformation
obtained from SwMM would be used fo design storm sewer systems
tor storm water runott control. Use of the model 1is limited to
relatively small urban watersheds in regions where seasonal
difterences in the gquality aspects of water are adequately .

documented.
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The simulation 1s -facilitated by five maln subroutine
blocks. Each block has a specitic function, and the results of
each block are entered on working storage devices to be used as

part of the input to other blocks.

The main calling program of the model 1s called the
Executive Block. This block is the first and last to be wused,
and pertorms all the necessary intertfacing between the other
blocks.

The Runotft Block uses Manning’'s equation to route the
uniform rainfall intensity over the overland {flow surtaces,
through the small gutters and pipes of the sewer system 1nto the
main sewer pipes, and out ot the sewer pipes 1intc tne Treceiving
streams. This block also provides time-dependent pollutional

graphs (pollutographs).

A third package of subroutines, the transport block,
determine the quality and quantity of dry weather flow calcunlate
the system 1nfiltration; calculates the water gquality of the
tflows in the system; and will also calculate the land, capital,
and operation and maintenance costs of two optional 1nternal
storage tanks through which the combined dry weather and

infiltrated flows are routed.

A useful package of subroutines for water gquality
determination is contained in the Storage Block. 1The >Storage
Block allows the user to specify or have the model select sizes
ot several treatment processes on an optional wastewater
treatment tacility that receives a user-selected percentage of

the peak flow. It used, this block simulates the changes 1n CLhe
62



hydrographs and pollutographs ot the sewage as the sewage passes
through the selected sequence of unit processes,

The hydraulic and water quality eftects of the effluent ftfrom
the modeled sewer system on the receiving water body are modelea
in the Receiving Water Block. This fifth block of subroutines
models the receiving body of water as a network of nodes
connected by channel segments., The hydraulics (which determine
the resulting water quality) of the flow network are simulated by
the Receiving Water Block.

Subcatchment areas, slopes, widths, and linkages must bLe
specified by the user. Manning'’s roughness coefficients can be
supplied for pervious and impervious parts of each subcatchment,
or respective default values ot 0.250 and 0.013 are assigned by
the model.

SWMM 1s the only event simulation model listed that utilizes
Horton's equation tor calculating watershed infiltration Jlosses.,
Infiltration amounts thus determined for each time step are

compared with instantaneous amounts of water existing on the

subcatchment surtface plus any raintall that occurred during Lhe
time step, and if the intiltration loss is larger, 1t 1s  set
equal to the amount available. Lnput for Horton'’'s equation

consists of the maximal and minimal infiltration rates and the
recession constant k. Respective detault values 11 SWMM are 4,00
in./hr, 0.52 in./hr, and 0.00115 in./sec.

Urban storm drainage components are modeled using Manning s
equation and the continuity equation. 'The hydraunlic radius of
the trapezoidal gutters and circular Plpes 1s calculated 71rom
component dimensions and tlow depths. A Plpe surcharges 11 11t 13

full, provided that the 1ntlow 1s greater tThan ©the oulliow
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capacity. In this case, the surcharged amount will be computed
and stored at the head end of the pipe. 1'he pipe will remain
full until the sotred water is completely drained.

Necessary inputs 1n the model are the surtace area, width of

subcatchment, ground slope, Manning’s roughness coefficient,
infiltration rate, and detention depth. Gutter descriptions are
the length, Manning’'s roughness coefficient, invert slope,

diameter for pipes, and cross-sectional dimensions of the gutter.
General data requireéments are summarized ‘in Table 5, A step-by-
step process accounts for all inflow, intfiltration losses, and
flow from upstream subcatchment areas, providing a calculated
discharge hydrograph at the drainage basin outlet. The following
descrip%ion of the simulation process will aid ia understanding

the logic of the model.

Table 5: General Data Requirements Storm Water Management Model
(SWMM) :
Item 1. Define the Study Area.

Land use, topography, population distribution, census tract
data, aerial photos, and area boundaries.

Item 2 Detfine the System
Plans of the collection system to define branching, sizes,
and slopes. Types and general locations ot inlet
structures.

Item 3 Define the System Specialities.

Flow diversions, regulators, and storage basins.
Item 4 Define the System Maintenance

Street sweeping (description and frequency), catchbasin
cleaning. Trouble spots (flooding).

Item 5 Define the Receiving Waters.

General description (estuary, river, or lake), measured data
(flow, tides, topography, and water quality).
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Item 6 Detine the Base Flow (DWF)

Measured directly or through sewerage facility operating
data. Hourly variation and weekday versus weekend. The DwH
characteristics (composited BOD and S5 results). lndustrial
tlows (locations, average quantities, and quality).

ltem 7 Define the Storm Klow

Daily rainfall totals over an extended period (6 months or
longer) encompassing the study events. Continuous raintfall
hyetographs, continuous runotft hydrographs, and combined Tflow
quality measurements (BOD and SS) for the study events. Discrete
or composited samples as avallable (describe fully when and how
taken. )

I ; Rainfall 1is added to the subcatchment according to the

specitied hyetograph:

D =D + R t .
1 t t
where
D = the water depth atter rainfall
1
b = the water depth of the subcatchment at time t
t
R = the intensity of raintfall in time interval t
i
2 5 Intiltration 1 1s computed by Horton’'s exponential
t
-Kt
function, I =t + (tf -1 )e y and subtracted tfrom the water
t c o c

depth existing on the subcatchment

D =D -1 t
2 1 t
where
f ,f , and k = coefficients in Horton’s equations
c o
' D = the intermediate water depth atter
2
accounting for infiltration
3. I1f the resulting water depth of subcatchment D is larger
2
than the specified detention depth D , an outflow rate 1is
d
computed using Manning’s equation.
1.49
: ' 2/8 172
V= =-—— (D -0D) 5
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-‘and

Q = AW (- Db

L & 8|
where

\ = the velocity

n = Manning's coefticient

S = the ground slope

W = the wuidth

() = the outflow rate

8]
4. Lhe continulty equation 1s sulved to delermine water depth

of  the =subcatchments resulling from raintall, infiltration, and

outtlow.

Thus,

where A is the surface area of the subcatchmernit.
5 Steps 1 to 4 are repeated until computabions for ali

subcatchments are completed.

6. Inflow (Qin) to a gutter 1s computed as & summation of
outflow from tributary subcatchments (g ) and flow rate ot
Wyl
itmmediate upstream gutters (W )
g, 1
{3 |

T The 1ntlow 1s added to valise the exl1sting water depth oi the

gutter according to 1ts geometry. Thus

Q
irn
¥ E Y ¢ === t
1 t.
A
' s
where
Y and Y = the water depth ot the gutter
i t
A = the mean water surtface area hetween Y and
s 1
Y
t
. The outtflow is calculated for the gutter wusing Manning s

66



equation:
149
Ll e ¥
V= ---- K S
i
I
and
Q = VA
g <
where
R = the hydraulic radius
S = the 1nvert slope
i
A = the cross sectional area at )
e L
9. The continulty eguation 18 solved Lo determline the water

depth of the gutter resulting from the inflow and outtlow. I'hus

t.
Y =Y + (4 -d ) -
t+ t 1 1n g
A
S
10. Steps 6 to 9 are repeated until all the gutters are

finished.
11. The flows reaching the point concerned are added to produce
a hydrograph coordiante along the time axis.
12. The processes trom 1 to 11 are repeated 1n siucceeding time

periods until the complete hydrograph 1s computed,

Three general types of output are provided by SWMM, 1t
waste treatment processes are simulated or proposed, the capital,
land, and operation and malntenance costs are printed. #PLlots ot
water guality constituents versus time form the second type of
output. These pollutographs are produced tor several locations
in the system and in the receiving waters. Quality constltuents
handled by SWMM include suspended solids, settleable solids, BUD,
nitrogen, Phosphorus, and grease. The third type of output 1s

hydrologic related time periods.
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3.0 REMARKS

Ever since the digital computers became available to
hydrologist, mathematical programming of hydrologic processes has
become increasingly popular. The first known hydrologic model of
appreciable scale and complexity was the stanford watershed model
followed soon by others such as the British Road Research Method,
HEC-1 model, Storm Water Management Model, the U.S. Soil
Conservation Service TR-20 and many others. Most of the models
were written for main frame computers. Urban drainage in india
is characterized by its extreme wvariability of hydrological
parameters. When sewerage is designed urban drainage is also
provided as a part of combined system. Otherwise separate sewer

system are designed and provided with 1little provision for

drainage for example the Calcutta Metropolitan system. The
design of drains in rural parts of wurban areas, are often
approached empirically. The rational formula is commonly used in

India to estimate the design peak flow in an urban watershed.
Also the hydrologic model, ILLUDAS has been implemented and used
for the analysis and design of urban drainage system in India.

The most widely known of the computer based urban rainfall

runoff model is the Storm Water management Model (SWMM). 1In this
model, the runoff block is concerned with the derivation of
runoff hydrographs and their associated pollutant loadings. The
transport block routes both the hydrographs and the  time

variations of individual pollutants through the sewerage system,
The_storage and receive blocks simulate the action of a sewage
treatment plant and the impact of discharges on the water course
receiving the effluent respectively. The Application of SWMM

involves the division of the drainage area into a network of
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idealised elements each of which consists of a uniform land use,

slope and surface characteristics. These grid need not to be
equal in size but irregular slopes of sub area must be
approximated by rectangles of equivalent mean width. The

overland flow hydrograph from each plane is derived from water
balance computations at each step in which allowance are made for
both infiltration and depression storage. These overland flow
hydrograph are then routed through gutter storage. The
subsequent routing of flows through the lateral may be carried
out either in the Runoff block using a simplified approach or
where backwater effects are likely to be . significant in the
transport block using a more sophisticated technigue.

Illinois wurban drainage model is the testing record for a
U.S5. adoption of the British Road Research Lab method. The model
is based on digital model and used for hydrologic design of storm
drainage system. The output from this model are of two types.
One for a new design of urban drainage system and other for an
evaluation of an existing drainage system. The basic parameters
information needed to run the model are; basin parameters like
basin area, paved area and grassed area abstraction, information
on predominant soil group, manning ’'n’ value for concrete pipe or
clay pipe, Rainfall parameters like duration,.return period, time
increment, no. of rainfall increments, total rainfall, antecedent
moisture condeition, Reach data like Branch number like main
branch would be number 1, Reach length, slope, diameter, height,
width, lateral, slope, allowable discharge, rainfall ratio and

available storage.

The soil conservation service model has the capability of

solving many hydrologic problems comprising the formulation of
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runoff hydrograph, routing hydrograph, combining or seperating of
hydrographs at confluence & determine peak discharges and their
time of occurrence for individual storm events. These are two

approached in the SCS/TR-55 method known as graphical method &

tabular method. The tabular method is suitable when a complete
hydrograph is desired instead of peak flow or when subdivision of
watershed into subareas 1is involved. For each subarea the
following information is required i) weighted curve number, (ii)
runoff (iii) time of concentration (iv) travel time downstream of
the subarea to the outlet. For selected rainfall distribution

type and known Ia/P, the TR-55 provides the hydrograph ordinates
for the subarea that correspond to the time of concentration tc
and routed to the outlet for the travel time Tt.

Urban hydrologic problems in India differ from those of
developed nations in several important respect. They include:

3 ) limited amount of paved area

ii) preference for open drain over closed one

iii) limited availability of continuous records of precipitation
and stream flow

iv) 1limited number of sewer connection

v) high cost for construction and modification of combined
sewer.

The choice of which method is the most appropriate among the
several models available are hardly straight forw&rd. A clear
distinction must be drawn between design methods and simulation
methods. The former are able to calculate the pipe sizes
required for a new sewerage system, given the design storm, the

layout of thé network and other design storm, the layout of the

network and other descriptors of the catchment, whereas the
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latter analyse the performance of an existing system. Using

these criteria, the design method are limited to the Rational,

TRRL and ILLUDAS. The remainder like SWMM, USGS, TVA are usually

simulation methods which are useful in applications such as the

renovation and renewal of existing drainage system.

The second factor which may prevent a user from making a
clear choice between different design method is a lack of
information on their relative performance. The results obtained
showed that several of the methods were capable of simualting
observed event to an accuracy approaching that of the recorded
data.

Several good comparison of RRL, SWMM have been reported in
the literature. One of the first was an application of then two
models to two urban catchments in Australia for a total of 20
storm events. The following conclusion were drawn:

i) The SWMM was the model with the best overall performance but
at the expense of large computer storage and time
requirements.

ii) the degree of subdivision of the catchment has a significant
influence on the peak discharge.

iii) The Road Research Lab model predicted poorly for storms in
which pervious runoff was significént but performed
reasonably well for many other type of storms.

iv) A major problem with using noncontinuous models is the
prediction of antecedent conditions.

v) Out of the wvarious models, the SWMM ‘simulations were
marginally better than those by RRL and both these models
were more accurate than UCURM with all models_épplied in an

uncalibrated version.
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In summary, an urban stormwater drainage design procedure
must consist of several methods, each of which is appropriate to
a particular range of drainage area. The choice of model largely
depend on the type of problem and input data available. The more
complex the design problems; the more sophisticated technique
required to obtain the solution. Further subdivision of the
procedure is possible according to the need for design or
simulation. The hierarchical approach to the design of surface
water drainage system is readily shown in the Wallingford

procedure.
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