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ABSTRACT

The purpose of this stud.y is to evaruate the
feasil¡ility of a method proposed to develotl a synthesized
hrzrf rnnr¡nh nf fUnOf f f f Om a dcsi on r: i n¿¡_r u!vyrq,\,¿r vr fUnOIf I]]Om * -**,.f all at the OUtlet

of an urban v¡atershed and- any other selected point rvithin
the drainage system" The method has been developed lcy

tlSinO i ndcnondent hvrlr,allf ir' ¡nd l¡rzÁrn'l nni n ^-j -^.i ^r ^-uÊ)¿rry !truçt:rel¡sutru ItJUIqLIII vrvy!v yrrrrur¡rrcS and

relationships, and Ì:y combining the processes sequentially 
"

rnitial rosses are excruded from consi-deration
and onllz the impervious portion of a v¡atershed is consi-dered
to contribute to runoff. The surface frovz simulation r_nro

an inlet point is accomplishecl using a tr,¡o d.imension approx-
imation to overland flow" By using the cha_racteristics
method vzith specified intervals to route flor¡¡s through storm
drainage systemu depths ancl velocities of flor¿ at anlz point
v¡ithin the system are knov¡n simultaneouslv wittr discharge at
that point " rnput inf o-rmation required for simul_ation in-
clucles design rainfall h]¡etographo surface and drainase
physical and hydraulic characteristics; and the drainage
qtzqtam 'l ¡rzn'"1-orÐuçrLL ro.yt,uL. A computer prog-ramme in FORTRAN lang,uage is
developed for simulation purposes.

Aoplication of the method .i s restrictecl to a water_
shecl ivith relatively fl-at terrain. Its application to a

design system is consirl-ered to be infeasibte as the simula_
tion required. an excessive amount of storagTe and computer time 

"
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CHAPTER I

INTRODUCTION

Hlzdrologlz in urban areas is the study of v¡ater-

sheds of limitecl si ze that are modi fiecl by variety of ohysi-
cal changes. The basic tcrocess of hyclrologic response is

the same as in generar hydrologic response. The increase

in im'oervious area alters runof f volumes, vihile channel lining
and storm sev/ers inf luence the time distril¡ution of runof f .

The effect of urlcanization on water reqimes has

long been appreciated, and investj-qatíons to evaluate the

factors involvecl have been coÍrmon. In viev¡ of the tremendous

urban and. suburban devel-opment that has been experienced in
recent tj-mes, tÌrere has been a continuous increase in the to-
tal activities of urJ:an drainage. IVith the proqressive in-
creasing actívitj,es in u::ban storm clrainageu the amount of in-
vestment in propertlz has also increased enormously" Therefore,
concern is 1:uirding to reduce costs by keeoing the totar
rÍsk of overloading urban areas berov¡ a given probal¡ility

l-evel" rt is reasonable, then, to expect an íncrease in
public and private pressure for better methods of storm drain
designu particularlv for more accurate techniques of optimiza-
tion betv¡een investment, maintenance, risk, and other uncer-



tainties "

Estimation of urban storm drain discirarge, in the

nast, has l:een carried out largely on the l:asis of empirical

refationships. Too often constants in these empíricaL rela-

tions or the design storm v/ere ad.justed to match the avail-able

finance. Therefore, economic aspects of a drainagie design

coui-d not be investi qated and evaluated "

i'{athematícal methods for estimation of storm drain

clischarge existed as early as in 1940" Horvever the apolica-

tion of simulation techniques díd not become a feasible

methocL for solvingi these mathematical relationships until

the advent of modern computing f a-cj-lities " LïsualIy simula-

tion solutions involvecL a large amount of repeated computa-

tions u therefore the simulation solution J¡ecomes a víable so

solution onll' v,zhen analytica-l s<rlutions are unattainable.
(1) Contínuous sirort time interval simulation avoids estima-

tion of empiricar constants " (2) l4ore complete mathematical

relationships can be used for better approximation to actual-

drainage di scharge " These factors allow the appl-ication of

eng'ineering economi¡ to clrainage system design.

In this naper a. digital simulation model is develoned

to sorve the "oroicosed mathematical relationships for estima-

tion of urba-n storm clrainage clischarge" Design rainfatl
pattern is used as input " A tv¡o climensional approximation

to surface flov¡u rvith land_ surface physical characterístics



as parameterso is used to simulate surface flov¡s to inlets

of the drainage system, Drainage netrvorl< and drain pipe

characteristics are used as 'parameters in routinq flov¿s

through storm clrains to the outlet point" The characteris-
tic method of routing v¡ith specific intervals used. enables

simultaneous computations of deoths, velocitieso and dis-

charges at an¡Z noint in the drainage slzstem" A complete out-
flow hyd-rograph or complete hydrographs at other specified
points in the drainage system can be d-erived as output from

the model-. A computer progiraÍÌme based on FORTRAN lansuase

is developed for simulati on of the mode1 "

The feasiÌ:ility studies of the application of the

method for storm drainage designs is j-nvestigrated" Howeveru

due to time and finance available" sômê limitations hacl to
be imposed on the stuclies: (l) rnitial losses are exclud,ed

from the studies " (z) circular channer sections are the

only type of drainage section used in the studies " (:) rn-
let points in the system are assumed to l¡e capable of pass-
.ì 

-^ ^.: *.- 1rrrg any srmurated surface flows to the points " (4) Sur-

cnargies on any components of the drainage system are excl_uded

from present studies o for the design criteria nrovides that
conduit r^¡ill not florv under pressure for the design storm"

This latter point can severely effect the economics of a storm

sewer system"

some methods used in the estimation of urban srorm

rlraínaoe di sr,hâ16¡ê ârê irli cf 'l rz rar¡i or.zorl .i n f-lr:n.t-ar TTLr4rv¡¡sryç q!ç JJI¿e!¿) !uv!urJ9({ _¡¡



Chapter III contains details of developments and general

theoretical considerations used in the method. The opera-

tions and seguences of input parameters and data required

for simulation are explained in Chapter IVo and the results

and discussions of exrrerimental simulation runs are contained
'i n l-henl-or \/ Fi nal lv chaoter vr summarizes and. conclucLesv¿¿qLJ Çu!

all aspects of the sLudy with a discussion of some future

prospects.

For convenience of future investigations, brief de-

tails of theories userLu and computer flor^¡ charts and pro-

¡¡râmmeS ârê 'i ¡ a1 rrAa,A i - .^^endiges .qvv



CHAPTER II

LITERATURE REVIEW

Tn the past, estimations of urban runoff have been

carried out largety by empirical relationships " Applica-

tion of many of these relationships is generalllz confined

to the region where they were first derived. Some methods

of estimation of runoff in rural areas have been applied

to url:an area studj-es with a varying deg,ree of success.

The simulation approach to solve mathematical relation-

ships became a feasible proposition after the advent of

modern computinq facilities "

In this chapter, a brief sufiìmary reviern¡ of sel_ec-

ted methods used in est-i-mation of url:an runoff is given.

These reviews are intended to be only a lcackground informa-

tion on previously devetoped methods of an estimation of

urban runof f " Detailecl revieivs of some of the methods re-

viewed in this chapter can be found. elservhere. (13, 27)

2"L" The Rational Method"

The method v¡as proÞosed by Kuichling (15) in lBBg

collecting eleven years of storm sewer data from a

up area. Estimat'i on of peak- flow is based in concepto

after

built



(,

on the criterion that for storms of uniform intensity dis-

triþuted evenly over the rvatershed, the maximum rate of

runoff occurs v¡hen the entíre watershed area is contribu-

ting at the outlet and that this rate of runoff is equal to

a percentage of the rainfall intensity. The peak discharge

rate is olctained from equation 2"I

Q', = CiA """""2.L

flood-proclucing characteristics of the v¡atershed,

i is Lhe rainfall intensity of a storm

r.çhose duration is equal to the time of concentration of

the v¡atershed, in inches/hour

A is the area of watershed in acres "

Obviousll¡, the application of the rational method

is not illst- a simn'l e er¡aluation or substitution into the
Juue

equation. Many simple guidlines to the use of the method

can be found in several standard hydrology textbooks or

handbooks. A comT:rehensive treatment including many judg-

ment factors involved in using the rational method can be

found in the paper by Stanley and Kaufman (25) " An inter-

cstì no nrobabl i I i sJ-i n annroach in evaluations of factors

involved in the rational method is given by Schaak et.al"

(24) .

r¡¡here Qp is the peak rate of runof f in cf s " ,

C is the runoff coefficient based. upon



¿"¿ The Los Angeles l4ethod.

The method rn¡as proposed by Hicks (8) " The metirod

v/as originally developed for use in the City of Los Angeles o

California. Topographicallyu the area is of mixed mountain,

valley, and coastal plain terrain. The Los Angeles }Íethod

is the first method of urban storm drainage discharge esti-

mation in which hyd-raulic effects on flow conditions into

and v¡ithin the storm drainage system are recogni zed "

The method derived the complete runoff hydrograph

from the desired gross mass rainfall curve " After subtrac-

tion of various losses, the varying depth of overl-and flow

deLention is deducted from the net mass rainfall curve to

form the mass runoff-to-gutter hydrogranh" The varying

depth of gutter storage is then deducted from the mass runoff-

to-gutter hydrograph to form Lhe mass runoff-to-j_nlet hydro-
graph. Then the varying depth of conduit storage is deducted

from the mass runoff-to-inlet hvdroqranh to form the mass run-

off-in-conduit hydrograph" This allows the complete outflov¡

hydrograph to be derived by summinq up all runoff-in-conduit

hydrographs i,vith apnropriate peak rate and time f actors.

Most of the various mathematical relationships used

in the computations of this method are d.erived from observa-

tions of rainfall-runoff records in Lhe Los Anqeles area.

There are some doubts if some of the mathematicat relation-

ships are aoplicable elsewhere. It is al-so noted. that some



of the derived relationships closely

ri oorrs'l r¡ rlerir¡er1 crênêrâl mathematical
Yvrtv!

resemble recently
rala{_ innclrin /14\s¿v¡fu¡¡ry \¿vl è

At this time

Iov ma{-hnÄ" }ran¡a i{-
, f¡v¡¿vvf Lv

eral use.

the method is consid.ered rather a comp-

has not been vrid.ely received- for gen-

2 "3 The Chicago Hydrograph lttethod

The method is first presented bv Tholin and Keifer

(28) for estimation of urlf,an runoff for the Cit.y of Chicago,

I11inois" Tonogra-phica1l1z the area of Chicago is a flat

te::rain. The Chicago Method is the first method that pro-

rzi rles a ¡omnl ete hVdraul j-c treatment of f lorvs from an urban-

ized rvatershed" The method descrilced flow conditions on

grassed areas, roofs, and paved streets; routing of florv

through gutters and routing of flor.¡ through the storm drain-

age system to the outlet"

The v¿atershed is first clj-vided into el_emental strips

a.ccording to the type of land use. After subtracting all

appropriate losses for each strip, the overland flow along

any strip is computed. The computation of overland flov¡ is

basecL on relationships develoned by Izzard (f1). A simple

storage routing technique ís Lhen used. to route mixed flo¡¡¡s

from these strips through the street gutter detention to

form inlet hydrograph entering any inlet or catch basin.

The complete outflow hlrdrograph at Lhe outlet is derived



f rnm rnrrl-'i nn 'i nl a# ìrrzÄrnrrr:nhq {-hrnrrrrh {- ha Árli n:cra q\/qrôm
ç rrJ v-!

using the time-offset technique "

Keifer (14) in suJlsequent studies presented a sim-

plified Chicago Method" In this simplified method onllz im-

pervious areas of the r{atershed are used as effective areas

to compute the runoff from the ivatershed" The omission of

the pervious areas contribution from runoff \,vas shown to have

insigrníf icant ef fect on the peaJ< rate of runof f "

Tzzard and Armentrout (I2) suggested a simplifica-

tion by combiníng the overland flow routing and gutter rout-

ing into a simple routing procedure " The error in the com-

l:ined procedure \¡ras shown to be ínsigníf icant "

2"4 The Road Research Laboratory Hydroqraph lt{ethod (RRL

l{ethod)

The method was developed from extensive experimenta-

tion as described by i¡Iatkins (29) " The method uses storm

rainfall on an urban area as input and provides the storm

rrrnnff l.rrzÀrnnr=n?. ãõ nrrl-nrr*-! u¡rv ! r rrJ Lr! uy r avrr qÞ u Ll Ll.J tL L o

The method of estimation of runoff is based on the

computation of a virtual inflow hydrograph from the time-area

curve of the v¡atershed. The virtual ínflow hydrograph is

then routed through the storm drain net-work- using a simpli-
€'i aÄ nna-c+'an sÈoraoo-rr-rrrt i nO f e¡hn i rr¡o Rv f h.i s mêânS theu uv!./ ruvrqìJu rvuur¡ry Lçuftrr¿yuç o D j LI¿rÐ rLLçqt

shape and timing of the virtual inflov¡ hydrograph are altered
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to allow for the effects of temporary storage lvithin the

storm drainage system" The result Ís the complete computed

runoff hydrograph which v,¡ould result from the net storm rain-

f â | | Qñô^l Ît ô^ âq f nnìlf

In the estimation of runoff" the RRL method consid,ers

onlv t-he imperr¡ìnrrq ã:".êAs of the watershed direel-lv r':onnected

to the storm drainaqe svstem" This excludes consideration of

all other watershed areas that may have covers of grass" Lrees,

or impervious areas not directly connected to the storm drain-

âcrê qrzqtcm Thi s mav resul t 'i n tondenr.rz J- o rrnder nrediCt the*)*gv¡¡Vv¡¡vJI"¡v.

peak- runoff o especially from intense or long d-uratj-on rain-
q.l-alrmq

2 "5 Genera] Comments

Of al-l the methods reviewed, the rational method is

nrobal'¡]v tho most- v¡idelv used methocl for the estimation ofe rr¿vv4J

urban runoff (1) " The popularity of the method is probably

d-ue mainly to its simple form of rel-ationship and ease in

manipulation and computation" Howevero the rational method

does not recognize separately the effect of land surface and

the effect of the d.rainage system on peak rate of runoff "

Furthermorer only the value of the peal< rate of runoff is

the result of computation"

The RRL method is a progressive step from the rational-

method in that inclusion of the hydraulic characteristics of



l.I

the drainage system in the computation of runoff are included.

The method. has been probably specifically developed for prac-

tical design of storm drainage systems rather than for studies

of urJranized v¡atershed resoonses "

Methods in rvhich land surface as well as drainaqe
qrzq{-om ¡lr¡r:^tefiStiCS Of the WatefShed ãrê rrserl âs trafA-urus -H

meters to compute the complete outflow hydrograohu are the

most complete approach to the stucly of urbanized watershed

responses. Hor¡/ever these methods have one coiltmon practical

apnlication set bacl<; that is, the large amount of computa-

tions involved. The Los Angeles l{ethod tried to overcome

this computational problem by using semi-graphical proce-

dures. In the Chicago lt{ethodo a series of charts were devel-

oped for future computations.

I^Iith the modern computing facilities availableo the

problem of large amounts of computations can be readily

accomodated if the method devised lends itself readilv to

repeditive procedures " Tire practical application of the

method can then lce achieved irzithout serious economic restric-

tion of the method "



CHAPTER TIf

THEORETICAI DEVELOPMENTS AND CONSIDERATIONS

In this chapter, a general consitieration and devefop-

ment of the metirematical relationships used for estimation of

urban runoff are discussed" Details of the mathematical de-

rivations can be found. in the appendi-ces "

3"1 General Considerations

fn relation to the hydrologic cycle, the estimation

or prediction of runoff from rainfall may be divided into

two major parts,

i. estimation of rainfall excess lvhich is essentiall-y the

residual when alcstractions are mad.e from the qross rain-

fall to allow for infiltra.t.ion and other losses,

ii " the conversion of rainfall excess to hydrographs at the

outlet "

If the rn¡hole 'process were going to }:e considered,

great difficulties rvould" arise due to the vast amount of in-
formation required for complete specification, and analyses.

Therefore, some approximations and simplifying assumptions

are always recTuired to derive a workable method.
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fn estimation of runoff, all errors in i) are

carried through to íi), and there exists no technique of

adequate precision yet availakrle for estimat.ing rainfall

excess. Furthermore, the va-riable conditions of land exist-

ing in urban areas make it much more diffÍcult to estimate

all the losses accurately.

Use of the Horton (9) or Philip (201 equation for

estimation of infiltration loss is arbitrary, depending on

personal preferences or available data" The method accounr-

ing for d-epression loss used ín the Chicago lt{ethod is prob-

ably the best aporoach, but it still inadequately represents

the actual depression loss in ,qeneral"

InIith al-l these considerations it was decided that

the problem of the initial losses should be excluded from

the study, until more relial:le methods are available" Hence,

this study is simplified to only that of conversion of ex-

^ôcc nr Äaci all fainfall tO l-hc nrr.l-lo1- hrzdrorrranh!g!¡I!q¿! UV UIIç L'qL]çL ¿IJUIVYIA}'',LIO

There exists many approaches in conversion of the

excess rainfall- to hydrograph at the outlet" The conceptual

model approach, in v¡hich the r^¡atershed is aoproximated by

seríes of storagesr may þs a satisfactory aoproach for sLudy

of the ivatershed responses. However, this approach is not

readily adaptable for designing a storm drainage slzstem"

The emr:iricar or semi-empiricar approach such as the unit-
graph or the inlet method (23) , may be satisfactorily used
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for a limited size of urlcan area. The component approach

in lvhich the overland florv is separated from routinq in the

drainage system has been selected for this study " The

apnroach offers flexibilities and can J:e easillz improved

rçhenever there ís a better method available in any compo-

nent. Furthermore, the separation of overl-and flow and

rotit'i ncr i n tho Är:i n¡no qrzq'f-cm hal nq f n i ¡lan#ì frz t. 'lra 1.ela-

tive importance of various parameters in the r,¿atershed.

Since the drainage svstem characteristics are parameters in-

cluded in the computation of runoff, the effects of various

designs can ire thoreughly investigated 
"

In the follovring sections ¿ more detailed considerations

ancl theoretical development of relationshíps used are discussed.

3 "2 Overland f lor,v

The movement of v¡ater on the surface (overland flow)

is an important land-surface process. In a well developed

urban rvatershed, impervious areas tend to dominate the peak

rate of runoff (14) " Therefore" pervious areas of the v¡acer-

shed can Jre neglected from overland flov¡ considerations lvith-

out significant consequences, The interactíon between over-

land flolv and infirtration need not then ]:e considered; thuso

the overland flow process can be simpl-ified considerably.

Short high intensity rainfall bursts are attenuated

by surface detention storage reducing the maximum outflow

rate from overland flov¡" Thus, comoutations of the overland
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fl-orr process reguired- continuous estimations of detention

storage as well as the continuous outflov¡ rates from over-

land flor,,¡. Any calculatíon method used for overland flov¿

cl-rn,rl'{ rzj¡l'1 resUltS that Can be COmnared With the well! 9r g! uu srrs ç

l<nown investigations of lzzard (10¿lt) and rvith other ex-

perimental and anallzsis results"

A wide range of method-s for cal-culation of unsteady

overland flov¿ are available. The ri-gorious gieneral method

for simul-atincT unsteadv overland flow make use of the finite

difference technique for the numerical solution of the giover-

ning partial differentiat equations, the continuity and mom-

entum equations (19 r22) " Generally, average values are

used. i n calculations for the surface parameters such as

length and slope of overland fl-orv. Thus, vrhile v¡atersheds

are broken up into segiments u the accuraclz to be gained by

using finite difference methods for overland flow is sti1l

subjected to quest.ion because of the limitecl accuracies of

basic data availalcle,

Approximations to simulation of unsteadv overland

flor,¿s are difficult to devise since the basic nature of the

f lorv is not v¿ell established (3f ) . For convenienceo the f lov¡

can be describecl as laminar or turbulent based on undisturJced

flow criteriar'even though turbul-ence from raindrop impact

cl-ouds this distinction (36) " Undisturbed. floiv criteria in-

dicate that transitions from laminar to turbulent flow could

occur in overland- flow in typical natural watershed.s.
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Adaptatj-on for simulation of both the laminar and

turbulent range by an empirical equation was considered.

The turbulent range eguations $iere finally selected for

adaptation since experiment.al- measurements of surface de-

tention shov¡ed a marked change in regi-me as turbul-ent be-

comes dominant (32), and. high intensity rainfall- often

lrield Relznold's numbers that indicate turbul-ent flow.

Overland flows tend to col-lect and move aloncr preferred.

oaths, and. a turbul-ent range approximation can J:e more logi*

cally adjusted to account for this effect,

The tivo dimension apþroximation to overland florv in

the turbulent rangie is thus selected for computation of over-

land- flov¡. Outlines and detailed. clerivations of various rela-

tionships can be found in Apuendix A. The method is adapted

from the overland flov¡ component of Stanford model (S) for

application to the urban i^¡atershed studlz. The basic relation-

sirip used in the computations arei

i) surface detention at equilibrium

o . oooBlB io " 6r.o "6Lr "6

aU"Jò
3.1

. .\ii) depth of overland f I orv

l-)n?Y = = (1"0 + 0"6 (^Y.)*) """"" 3.2L -,r"'
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I't't ì discharge from

I .486q=
n

overland florv

5/3 L/2
yS

fn the simulation mode, a continuity equation

D^ : D. + AD - qAt. 3"42L
is continuousli/ solved for each increment of time interval,

This slzstem of equations can be solved numerically

ivith good accuracy if the time interval of the calculations

is suf ficiently small so that the va'l ue of discharge at any

time interval remains a small fracti-on of the vol-ume of sur-

face detention" Calculation of discharqe from overland fl-ow

in the simulation are mad-e on a 2"S-minute time intervals"

Holever other time intervals can be used- if required by char-

acteristics of the flow plane r oî justified by the input

rainfall data "

The impervious area, average length, average slope and

estimated l,Ianning's roughness of the overl-and flolv plane to

the inlet poínt are used as parameters in this simulation.

3.3 Routing In the Drainage System

The measured outfl-ow hlzdrograph from a watershed re-

flects the importance of the land surface effects relative
{-n l-ima ¡lo]arz and attenuatiOn in the Channel system"and attenuation in the channel system" In ur-

ban v¡atersheds where the land surface is modified and manv of

the natural channels have been replaced by man-made drainage
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systems, the separation of the overland flow and routing in

t.he drainage system helps to identiflz the effects of various

para-meters on the runoff "

There exists numerous methods for routing flow through

a channel system" The lrîuskingham routing method. (16) , and the

modified storage routing method (3), are typical of empirical

and semi-empirical routing method-s. Applications of these

methods to routing flor^¡ through storm c"rains are limited (6) 
"

The time-lag routing method (4) and íts variation (7) may

offer a better approximation to flood routing through storm

drains; horvevero they do not permit a direct eval_uation of

corresponding depths. Neither d-o they give the maximum

depth determined as a function of position along tire conduit

or in time " since maximum depth does not ahvays occur at the

same time as the maximum discharge, it is not to be expected

that the routed discharge hydrograph would be an indícation

of maximum depth"

The rigiorous general methods for slow routing through

storm drains are the f-ì-nite difference technigue for numeri-

cal solution of the qoverning partial differential eguations "

rn a circular channel the continuity and momentum equation of
the unsteady free surface fl-ov¡ can be v¡ritten asi

av

-+
ãx

A â\/-_:: :-i_ +VB ãx
I âv
7ãE

anÄ
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Various finite difference schemes to sol-ve this

svstem of equations are well discussed b1z Barnes and Yevje-

vich (34) " In a comparison studlz, the method of character-

istics is chosen to solve the above svstem of equations "

fn the method of characteristics as described by

Lister (L7) , the continuity and momentum equations of the

unsteadlz free surface flow in the storm drains, equation 3 " 5

and 1 - 6 resncetivelv, are rcn'i ar:ed hv f nrrr ecrrri r¡¡'l enJ- ordin-t s¿v vìau¿

AT\7 rl'i f faran#i ¡'l ôñrrâJ-i nnc nf f l-ro fnrm"*- J v\l us ! v! rrl,

^
v!f

( (A
VJJ

dt
dxr *

dr,,
dxi -

-*1 dv--é=+g dx

- ,1 dy
-+-Þ-g dx

r'-'-

r

A d.V
givrJ o.x

AdV
gvfj clx

I
v+ qA/ B

I
v- gA/ B

¡ ç 
-ç 

| at"o " f.' 9+

l^ õ \(Þ -ù ) r
LJL-

\7

g'

V1
Y

The equation 3.7 through 3. t0 are known as the charac-

teristic ordinary clifferential equations of the governing par-

tial differential equations 3.5 and 3.6"

The specific intervals numerical- solution with linear

interpolation as clescribed by Lister (17) and pinkayan (2L)

is adopted for solving the characteristic equations " Advan-

tages and límitations of this scheme is v¡ell discussed by



2C

Ll-srer \L/).

In this scheme of solutionu rectangular grids are

used in a xt plane v¡ith specified intervals Ax and At in x

and t co-ordinates, respectivelyo as shov¿n in figure 3"1"

The values of velocities Vu and depth y, at point= Moo Ao,

B^o " " "..N are known at timo f - rrr et 1-he initial condition;- o'
the values of velocities Vt and depth y, at time t+ At, par-
{-ì¡"] =r'lrz ={- coint I'1"0 A-., 810.."". câfi he comnlrtorl from the*u .l I- _L. l_ -= uvltlPuLEu !J

characteristic equations, equations 3.7 through 3"10, and the

boundary conditions" In this manner, V and y at any time t+
A.l- cân hc comnUted at VariOus noì n1- s al ono di stanr.:e :¿vv¿lr LÐ qlvf rY u¿r Lq¡¡ug 

^ 
¿

process can be conLinued as far as desirerf "

fIIIÞ

Detail-ecl derivations and computation procedures of
the characteristic method solution of routing through círcular
channels v¡ith specif ic intervals can be found in appenclix B "

The major advantaqie of routing method used is the

abilit.y to compute simultaneously the velocities and depths

along the channel, avoiding any empirical estimations in or-
der to compute the discharge "
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CHAPTER IV

IqODEL STRUCTURE

General

AND DESCRIPTIONS

4"r

It is quite obvious from the development in the pre-

vious chapter that a simulation model is needed. in order to

synthesize urban runoff from the theories considered"

fn this chapter, the Model structure and clescription

^-,ñ1 ^; *^to.¡-ç e¿\r.rq.r¡rELro Also secruences of clata requirecl to simulate

the model are explained as v¡el1 as some quildlines for the

selection of values of various parameters " A computer pro-

g:ramme in FORTRAN language was developed for the simulation

purpose. Some basic knowledge in computer use and the

FORTRAN language are required in order to operate the model

properlv.

4 "2 Structure

For simplicity and future development, the simula-

tion mod.el derzeloped can be roughly separated into three se-

^,.^*^.i ^-r ^,.r^'-^r^1^ -^*^1,, .l-hp rrrê..in.i +a.l-i nn _ tho srr¡f¿gg\luErruIqI ÐUUILLVUCIÐ t IIOlttgIìr', LI1C [rIgLrr}JJLqL¿vll , LIfE ÐUi

f l-ow ancl" the routing through storm drains submoCels " Each

submodel is initially individualllz developed and tested.
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Finallyu all submodels v¡ere integrated into the simulation

model " A block structure of the simulation model is shov¡n

in figure 4 "L " Description of each individual submodel is

oi r¡en ì n the fn'l I nrnz'i nrr qcr.tionS. Detailed f lotn¡ chartS andY!Vçrr rlr uf,rg !vtrvv?¿¡¡Y

r-ha cr¡mnrrÈêr nrôcrrâmmê of 1-he simulation model is containedLr¡v vvrrrlJ

in appendix D"

4 "2"L Precipitation Submodel

This submodel is partially interacted with the surface

flow submodel " This ínteraction feature is included as a pro-

vision for future develocmenL in which initial losses are to

be included "

Input into this submodel- is the precipitation data.

Two types of precipitation data are allowed. The first typeo

,desi onated 0 / zarn) ì s Õìrmulative r:reci^i !^+'i ^- ^--^- theUçÐJYl¡qLçu w \ óç!v/ , ¿r Uurrlu¿u -Y!uvtyt LALIVII vVg!

time interval in inches " The second typeo designated 1 (one) t

is the rate of precipitation over the time interval in inches

per hour"

The sulcmo<i-el is essentially converted precipitation

data input into rate of precipitation over a specified time

interval used in simulation of surface flow" The conversion

is accomplíshed assuming constant interpolation of precípita-

tion over the input time interval " If the total time of simu-

jat-'i on rlln, if qô dosìrori- is lonoer than ]-ha nracinitation! ur¡ r svulres r rvrrYer

time periocl, zero rate of precipitation is automatically gen-
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erated by the submodel for the exceeded time period"

4 "2 "2 Surface Flow Submodel

This submodel used inputs from the precipitation sub-

model together with land surface physical characteristics to

simulate surf ace f lol'/ to various inlet points 
"

Initiallyn Lhe i,vatershed is divided into subwatersheds

according to direction of flow into ín1et points. For each

subwatershedo the sul¡model simulates the surface flor^r by com-

puting various qriantities in relationship r,vith the surface

flow previously described in Section 3 "2 " The increment of

detention storage during any time interval ís taken simply as

the product of the impervious area of subivatershed and the

excess rate of precipitation during the time interval " At

the presento it is assumed that any inlet point is capalole

of passing any flor,v into the drainage system" Therefore in-

1et properties are not included in computations of this sub-

model "

The output from this

of flow to any inlet point 
"

any inlet h)'drograph can be

option feature availa]¡le ín

4 "2 "3 Routinq Throuqh The

submodel is a compl-ete hydrograph

If so desired, printed output of

obtained by excercising one of the

the model.

Storm Drain Submodel

This submodel is composed of various sections in or-
der that the routing through the system can be accomplished
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without any outside intervention " The submodel is first gen-

erated from the layout of the drainage system from the ends

connection status of each pipeo and number of junction boxes

in the system. fnflovr poínts into each pipe are then ídenti-

fied- and rearrangied in ord-er of their d-istance from the up-

stream end. of the pipe if they are not already in the order"

If there are more than one inflow hydrograph at the upstream

end of a n'ino- thcqo hrzôrnoranhs ârê first added before rout-

ing procedures are commenced. Routing through each pipe is

carried out using the characteristics method with specified

intervals previously described in Section 3.3 " Since most up-

stream end ínflovi hydrograohs start off v¡ith zero flow, and

the rouLing method used can not commence computations with

zero flow, a small- initial base flow is added to the upstream

end inflow hydrograoh " This small initial flow is computed

from the specified depth through the pipe using steady flow

condition equations. I¡lhen routing through each pipe ís com-

pleted, this artificial base flow is sulctracted in order not

to accumulate this base flov¡ through the system" Losses

across any junction poínt are assumed to be zero since inclu-

sion of these losses tend to underpredict flow through the

pipe (2t¡ 
"

In order to generate the layout of the drainage system

and routing in correct sequence, pipes in a drainage system

are classified into tv¡o types according to their end. connec-

tion status " If the upstream end of a pipe is not connected to
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any junction boxeso the pipe is classified as lateral pipe

and the end connection is designated as 0 (zero) . If the

dorvnstream end of a- lateral pipe is only connected- to a junc*

tion pointu the end connection status is also 0 t and this

lateral pipe is considered as an inflow point into a main

pilpe. A mai-n pipe is a pipe that has the upstream end connec-

ted to a junction box" Generally, lateral pioes can have

on1lz inflows from surface flows whereas a main pipe can have

inf lor¡s from surf ace f l-ow and inf lows from lateral pipes 
"

Routing through all lateral pipes is carried out first

so that hydrographs of alt inflor¡s into a main pipe are avail-

able " Routing through the main pipe is then follorved in se-

quential order from the upstream end of v¡atershed to the outlet

point,

Outflow hydrographs and maximum flov'¡ quantities at

specified intervals of any pipes can }:e ¡:rinted out as part of

output by exercising the option feature available"

4 "3 Simulation Procedure Descriptíons

In order to operate the programme to simulate the run-

offo three sets of data are requiredo namelyo the r:recipita-

tion, the land surface parameters and clrainage Þarameterso

and drainage netuzorl< layout data.

The first card in any data set for simulation is an

iclentification of the v¡atershed or the number of run. This
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information must not exceed twenty characters in length and

must be contained in t.he first twenty columns of the data card"

Thís is an option provided for convenience in identifying the

outputs " A blank card must be substitued if no identifica-

tion is so desired"

4 "3 "1 Precipítation Data Input

Precipitation d.ata ínput can be either rate of pre-

cipitation in inches per hour or precipitation in inches du-

ring time interval, âs descrilcecl in the previous section 4"2"L"

Therefore appropri ate identification for each type of precípí-

tation is required as part of precipitation data "

The first card in this d-ata subset contains the in-

formation on the total number of precipitation intervals (INT),

#rzna nf nrani n'i ¡ =.{- i an -i nn"{er'-- r-!vv*yruaçlvrr ¿rrvq¿ (NTYPE) and total length of simu-

lation run (TF) in minutes " Note that all time specifications

must be in minutes onlv"

The remaining precipitation data subset contains info-

rmations on the desired precipitation-time histogram" Each

card contains only a single coordinate point of the histogiramo

v;ith the time ordinate (TIME) preceeding the precipitation or-

dinate (PREC) " The values of precipitation ordinates are

taken as the val-ues at the end of the precir¡itation interval,

v¡i-th the exception of time zero, where precipitation is zero.
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Refering to the sample precipitation-time histogram,

figure 4 "2, the total number of precipitation intervals (INT)

is sixo and the type of precipitation is as designated, zero"

The total time of simul_ation rrrn /TI.l ì q tak_en to be equal

to the total time of precipitation rvhich is thirty minutes

long" Therefore, the information contained on the first card

of this data subset is 6,0 o and 30 " The format of data input

for this card are 15, I5o and F5.0 for TNT, NTYPE' and TF re-

spectively "

The precipítation-time information on each of the rest

of this data subset is the t'ime ordinate and precipitation or-

dinate values of each points of the histogram. Henceo infor-

mation on each card for the example ivill be 0. 0";5" 0"25"""u

30" 0.10" The formaLes of input data for each of these cards

are F10"2, FlC"2 for TIME and PREC respectively" The sample in-

put data set for the nrecipítation sample of figure 4 "2 is shown

in figure 4 "3 "

4 "3 "2 Land Surface Parameters

Land surface physj-cal characteristics used as paramet-

ers in the simulation of overland flow to inlet points are fed

in as part of the data input " The land surf ace of a r,vatershed

is divided into appropriate subwatersheds. Each subwatershed

overland flow is consid.ered to contribute directlv to an inlet

or catch basins of the drainaqe system.
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Only directllz connected impervious areas in each suir-

watershed are considered to contribute to runoff. Therefore,

only the gross impervious area of each subv¡atershed is used

and roof surfaces should. be converted into an eguivalent area

at ground- surface. The slope of the subv¿atershed to the inlet

': ^ !^1-^* â\zôrâ.rô c1nr1p of f I orU naf.h tO that inlet. TheIÞ Lctj\,C11 ctÞ Õ-Lr qvsrcyç Ð!v-F--

value of f low path length is also an averagie value, vzhich can

be estimated from an available map of the area" A guildline

value of surface Manningrs friction factor is shown on table

4.I" More details of the estimation quildlines and the value

to be selected can J:e found elsewhere (2) 
"

The first card in the land surface parameters data

subset contains information on the numlcer of land surface sub-

watersheds (NBL) " Each card of the remainder of the data sub-

set contains information on l-and surface characteristics of

each subrvatershed, namelyo impervious areas of subwatershed

lqrrtr:ra fao{-ì :r¡or:cro f 'l ôr^r ^^!L f ^--!1^ | F^^+ I =.,^*=ry6 q'l nrra\õvuals lsçt-,, f uvç!qìJç !!vvv .JclLlI JC.II9LlI \re:€L,, ¡ crVçId-9ç orvvç

(feet per foot) and estimated surface Ivlanning friction factor"

The format of the first card containing information

on the numJ:er of subwatersheds is 15 " Formats for informat.ion

on each subwatershed are F10.5, FL]"2o F10.6 and F10"5, re-

spectivelv "

4. "3 "3 Drainage Parameters and Lavout

fn ord.er to route flov¡ through storm drainage system
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Estimated Manninq

TABLE 4 "T

Friction Factor

WaLershed Cover

Smooth Asphalt

Â qnlr .a 'i I nr f'nn r.ro'l- o Þ: r¡i n rt

Þz¡1raå f-l:rz

Lag'nilr'urr

Dense Turf

For Overland FIor,q

tr4enninoes n for Overland Flow

0 "0L2

0.014

U "UJ

0 "20

0"35
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f o the ort'l e.l. - nhrzqi r.a I r-haracteristics of each individualvqu¿vsf

pipe in the drainage system as t^¡ell as drainage lay-out in-

cluding positions of various inflow points need to be known

To generate layout of the drainage system, pipe end

connections to various iunction boxes are needed" This infor-

mation and physical characteristics of each pipe is Lhe first

of two parts of this drainage d.at.a subset" Information on the

numbers and location of inflor.v points of each pipe is the

second part" The inflol points can l¡e inflow from inletso in-

flovr from lateral pipes or a combination of the two "

The first card in this clata subset consists of infor-

mation on the numJ:er of nipes and junction boxes i-n the d-rain-

age system. Numbering of pipes can be in any sequential order"

Horvevero numj:ering of junction boxes must proceed in sequential-

order, that is, a junction box at the dov¡nstream end must al-

v/ays have a higher numerical numl¡er than junctíon box proceed-
'i ncri mmorii ¡l-olr¡ rrrrq{-ra¡muyr u!v(¿tlô

Referring to figure 4"4u the drainage system consists

of 14 pipes and 3 junction boxes" Pipes number 3, 41 5F 6o 11

and 10 are considered to be lateral inlow pipes since pipe

numbers 7 and 13 are taken to be unbroken at those connectinq

noi nJ- s i\llrmirari ncr ol J-ho irrn¡f inn l'rnvaq rrrn¡oa¡laÄ qêñrrôn.|- ì al I r¡!rurLUJv!¿r¿Y urrç Ju¡reurv¿r uv^çr plvuEgucu ÐEvuErIuIqI!J

ãq fn'l'lnr.zq" ìUnCtiOn bOXeS at the rrnsJ-roam ond of nine nUmbefvv^vr q u urrs qy r L! ç qtLL sf lu v! 11!]1(

7 and 13 are to be numbered first since the dov¡nstream end of

both pipe are connected to the same junction box, Therefore,



@

2 00'

(,
U]

Fígure 4.4 Sample of drainage system layout

SCALÊ IN FEET

ruruæ![ry
50 0 tÒo 200

UJ
L'l



36

numbers 1 and 2 are assigned to the upstream end of pipes

number 7 and 13, respectively" The dov¡nstream end of l:oth these

pipes connecting to the same junction box were assigned number

3 " The last junction box at the end of pipe number I4 or the

outflov¡ point need not be numbered. Thereforeo informatíon

on the first card of the data subset of the first part are

L4 for the total number of pÍpes in the system and 3 for the

total- number of junction boxes in this system.

The followinq cards consíst of information on end

connections (MCON) and physical properties (PIPE) of each pipe 
"

The end connection of any pipe must be specified in the direc-

tion of flow, that is o the upstream end first then the down

stream end" If a pipe end does not directly connect to any

junction box, 0 (zero) or blank space is used to designate this

end status " The physícaI properties of a pipe consists of

length (feet) , diameter (inches) o Manning friction factor,

slope (foot per foot) , and outflov¡ control coefficient and

exponent" If, howeveru the end. florv is considered to be a

free flov¡, both coefficient and exponent become zero as the

discharge is computed from critical depth criteria instead"

The format used for the card containins information

on the total nunuber of pipes (NP) and the total number of
junction boxes (NJ) of the system are both 15. The formats

for cards containing information on end. connections (MCON)

and pipe physical properties (PIPE) are 15, 15, FLO,2, Fl0"2u
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Fl0"5¡ F10"5" Fl0"2 and EL)"2t respectivellz.

The sample data input for the first part of this data

subset using figure 4"4 as a sample slzstem is shown in fígure

4.5" In this sample the first cardu contains information on

pipes number L,6,7 and l-4, respectively" Note that the end

flov¡ condition of all pipes are assumed to be free flow ex-

¡ar¡{. th¡]. nf oioe n¡mber 14 ín rvhich outf low is controlled"!-*!"v

The second part of this data subset consists of in-

formation on inflow points in the drainage system" This in-

flov¡ point informat.ion must be read in sequence ord.er of

pipe number" For each pipeo the information is further

d.ivided into two parts " The first part consÍsts of informa-

tion on the numl¡er of surface flor,v inflow points (NLS) ,

follorved then b1z the number of each inlet point (LATS) and

its distance (XLATS) measured in feet from the upstream end

of the pipe. ff there is no inflow point from the surface

flow, a zero or bl-ank is required before proceeding to the

second part"

The format used for the card containing information

on the numlcer of surface inflow poínts (NLS) is 15" Each of

the cards conLainíng information on the number (LATS) and

distances (XLATS) of each inlet uses format 15, F10.2"

The second part of this sub-subset consists of infor-

mati on on the numJ¡er of pipe inf lov¡ points (NLP) o foll-owed by



Figure 4.5 Sample of drainage system and physícal characteristics iata input
(/)
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the number of pipe infloi^¡s (r.arp) and their distance (XLATP)

measured in feet from the upstream end of the main pipe "

General descriptions and the sequence of data input including

the format of this second- part are the same as in Lhe first

part.

Figure 4"6(a) and 4.6(b) show sample data input on

inf low tcoints of pipes number I and- num.ber 7 , respectively "

For oipe number L, there are two surface inflow points, in-

let number 1 at zero distance and inlet number 2 aL 200 feet

from the upstream end of the pipe; and, there is no pipe in-

flow pipe " For pipe number 7 , there is no surface inflow

noi nf: hanca - zero on the first card " There are horvever¡¿ç¡¡vç r

4 pipe inflow points ¡ pipes number 3, 6, 4, 5 at distances of

250 feet, 250 feet, 600 feet and 600 feet from the upstream

cnrl of n'i ne ¡1rml-rar 'Ì ra cna¡'f i rre I rz \Tnte that inf OfmatiOnt-*|:-ç , Í

on surface inlov¡ points must preceed the information on pipe

inflow points "

A '1 zl l.\nÈ 'i ¡n ^ñ ¡'-\r r .t-nr r.t-
= o J. = VVLMM¿ VUUl'JUU

At the present time, three options of output are

ar¡aiIel-lla nrmalrz nrrl-fI¡r^r frnm ¡nrz nìna in J-ira qrzqì-ort !L.*¿\\vL_z t .r*r- -r - --.n, max-

imum quantities at any specified d.istance interval of any

r:'i oe i n the swstem- anfl l-he þrr¡Ärncrrenlr ¡f land SUffaCe f lOfV.r*r--,gf¿vvì,¿qy]¡

If none of the options is exercisedo a blank card or

zero in various a'ppropriate columns is needed as the last
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card of the data set" If the first or the third option is to

be excercisedo number 1 rnust apTlear in the appropriate column

in this data card. However, if the second option is excer-

cised.¡ âo apnroÞriate number corresponding to the interval at

v¡hich the maximum quantities are required must l:e used.

The fietd of data input for this option card ís 15

ior all options.

4.4 Srrmmerr¡ r¡f ñ¡'l-¡ Tnnrr'l-

The data deck for simulation of the model is composed

the followíng data;

l'ì I

Identification card, input can be either alphal:etic or

numeric or a coml¡ination of the tv¡o " This data should.

not exceed twenty characters in length"
Þraninì+.¡+inn ,l¡f¡ ¡nmnnca'il nf ¡{=+=data, composecl of data on intervals,

type of r:recipitation and total time of simulation run

on one card- followed by the time and precipitation

values at end interval.

Surface characteristics parameters n composed of the

number of subv¡atersheds card folloived bv characteris-

tícs of each subwatersheds "

lll )

iv) Drainage layout and parameters, composed of the number

of pipes and junction boxes in the systemu follor,ued by

the end-s connection status and characteristics of each

nina Èlran Ä-ta On .i nflov¡ nOintS Of eaCh nino_ Fe¡hl:-*!-" t e¿rç¿¡ vvrr¡ ur vr çqvrt -yr]/g o LGUII

pipes infl,ow points data is composed of the total number



Âa4Z

of inflow points followed by the number of distance

from the upstream end of that inflorv point" For each

pipe, surface inflow point data is read in firsto

f ollowed by lateral inf loi,v points data "

v) The last card is the options card that are to be

excercised regarding output "



CFIAPTER V

RESULTS AND DISCUSS]ONS

5.1 Results

Pulberry subdivision of the municipality of St.

Vitalo r.,{innipego }4anitoba was chosen for testing the model"

Subdivision of the watershed and the lay-out of the storm

drainage system as modified from the proposed layout by

Templeton Engineering of Winnípeg is shown in figure 5 "2 "

The rvatershed is semi-arbitrarily divicled into sub-

watersheds according to the previous explanation in section

4 "3 "2 " The two end.s of the boundary of a subwatershed is

chosen to coincid.e with the crest on the roadivay through the

subwatershed " The other tv¡o ends }:oundary are arbitrary

divided between tv¡o roadways. The total- number of subwater-

shed-s is seventv-f ive "

The impervious area of each subwaLershed is estimated

as a percentage of the total area" The estimated impervious

area of each subr,vatershed ranges from thirty five percent to

over fifty percent of the total area" rt is assumed that the

flow path of surface flow into an inlet of any subwatershed

is dominated by the contour of the roadway crossing the sub-
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\tratershecl. Hence the averagie slope of any subwatershed is

estimated from the averagie slope of the roadvray" Alsoo

Manning's friction factor of each subwatershed is estimated

based on road surface criteria, the average value usually

tal<en as 0 " 016 "

Píoes anÁ -ìrrn¡J-i nn lfOXeS in the flra'i naoe svsfem afeu!q4afqYç rJ Ð u\

numbered as previously explained in chapter 4.3 " 3 " The

Manningos friction factor of all pipe is taken as 0"013 (30),

as pipes used are reinforced concrete pipe. Pipe outflows

are also assumed to be free flow" The length, slope and dia-

meter of each pipe are estimated from proposed design of the

drainage system by Templeton Eng,ineering of Winnipeg"

To study runoff from the r,vatershedu a synthesized

fÍve-year return period storm of the Winnipeg area, as shown

in figure 5.3, was used as precipÍtalion input.

Preliminary studies on surface runoff from the five-
year storm in the l¡Iinnipeg area have been carried out as part

of testing the surface runoff submodel" rt is evident from

these studies that the partial precipitation period from 30-

minute to 9O-minute interval can be substituted for the full
120-minute precipitation period for simulation, of surface run-

off with an insignificant difference in the peak rate of runoff"
only part of the rising limp of the simulated hydrographs show

any apcreciable difference as indicatecl in figure 5"4" There-
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fore o in this particular case a partial precipitation period

can be substitued for the full precipitation period in sub-

sequent studies. The d,ifference in computer time required

for simulation of surface runoff between a partial precipita-

tion period and a fult precipitation period for each sub-

watershed is only a sma11 fraction of a second CPU time "

Hor,vever over a consid-erable number of sulcwaLershed.s as in

this study, saving in computer time is substantial" Further*

mrìrê- 1-he rorrfincr nariod rran also be reduced"rLLV!ç, errç rvuu¿r¡Y

Routing through the storm drainage system submodel

was developed- and tested successfully against the Colorado

State University data (34,35). The testing data alvzays has

an appreciable amount of base flow. When the submodel is

'i n1- ooraterl ând a very small base f lor,v is introduced to start

the computationo the routing procedure has to be modified Lo

handle this very smal-l initial- flow" The routing computa-

tions become exceedingly lengthy in time and required consid-

erable more computer storage than the initial procedure " The

computer time required for routing in each pipe comes to the

order of two minutes CPU time. For this watershed where there

are fifty two oípes in the drainage systemo the total time re-

crllired for rorrtj ncl ¡lonc is estimated to be in the order of twovfu!!uv- ¿vuÇr¡¿Y

hours CPU time " This time requirement is considered to be

far too excessive to run the complete synthesízed \'vatershed"

Thereforeu it was d-ecided to terminate the study at this point"
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5 "2 Discussions

Generallv" exclusion of initial losses from consider-

ations of runoff tlrocesses v¡oul-d result in overprediction of

peak rate of runoff and early responses of the watershed" If

actual measured runoff and simul-ation runoff of a watershed

are to be compared, initial losses have to be incl-uded for a

better understanding of the effects of various parameters on

the watershed response" Hovrevero for designing purposes¡ treg-

lecting the initial losses has only marginal effect since preci-

pitation data used is generally a synthesized d.ata that already

has a limited accuracv"

Consideration of runoff from only the 'impervious part

of a ttratershed does simplify computation considerably. How-

ever, the exclusion of the pervious area contribution to run-

off has resulted. in a tendency to underpredict the peak rate

of runoff" Approximation of a single averag:e flow plane into

an inlet point applies fairly r^rell to a relatively flat water-

shed, especially if the outlet is located at the end of the

flow path" fn most of the actual subwatersheds, hovrever, in-

let noints ârê crênêrâl'1 v r^rì.thin the v¡atershed" Under this

condition a multiple flow planes approximation should yield
¡ hal-l-ar -nn-a¡çi¡¡latiOn tO aCtUal rUnOff than the sincrle flOWs.|-Jj:. I qvuuqr ! qa¡v!! Lfrqr¡ urfs r!¡¡y_

^'I ^*^ ^âã..'-^rìr.rqr¡ç qÐÐurrl¡,'ion" The accuracies that might be gained from

this consideration may be limited by the basic available data

of a waLershed.
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The relationships adopted here for simulation of

surface flov¿ are tailored for the purpose intended; rapid

simulation of overland fl-orv from linited available data. Thev

are not intended to compete with the more general or precise

solutions for unsteady two dimension flov¡. The relationships

adopted are substitued for the more exact method to gain sim-

n'i .i r:i tv and rì¡. ^.-1 -!.: -- r ,,r^.:'t ^ --+emnJ. i ncr f o meintain a¡J!¿v¿Ly qrru vd.IUL.¡.-LcLLJIfV Ð}JeEL.l,¿ \ryfl¿J-E O.LLg¡ttyLrIrY Lv tltq.

reasonable approximation to physical behaviours " Constant

theoretical resistance parameters for overland flow with

rainfall have not yet been developed, and even the d.ivision

betv¡een the laminar and turbulent range is still- difficult

to establish. Manningus equation is used although there is

considerable experimental evidence that ManningÍs n is not

constant with depth decreases and Reynoldns numbers approach

the lower limit of the turlculent range " nespite the limita-

tions of these assumptions, particularly the use of constant

l4anning u s n, the relationshir-¡s used appear to give a reason-

able approximation to actual physical behaviours 
"

The approximation of free outfl-ow at the end of a

pipe into any junction point is certainly not accurate over

the v¡hole range of outf low condi tions Ì:articularly at high

flow v¡here back rvater effects become pronounced" However t.here

is no study that can indicate a simpl-e accurate discharge-

depth relationship at the end of a pipe under all conditions

of flow" fnclusion of losses across a iunction tend to under-
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estimate fl-ow; furthermoreu there is no study that covers

losses across all type of junctions that exist. However

necrla¡f ino lnqqaq âr'rÕss â irlnnf ion dnes s'i mnl'i frz ¡omouta-¡¿uY ruv Ç¿¿¡Y

tions even thougir there ís a tendency to overpredict the flow.

Introduction of a small base flow is a necessitv to start the

routing procedure " This initial flow is considered to be

sufficiently small so that errors in prediction of maximum

flow quantities should be insignificant. Furthermore this

initial florv is not accumulated through the system.

At very loiv flow, the curvature of characteristics

become so acute that a linear approximation is applied only

at very small íntervals " Since the method used the same

specified intervals throughout the computation, the scheme

then rêcnli red a l arcre amolrnt of storaoe and r:omnrrfcr time inleYq¿!vs s ¿q!Ye

routing flow through a storm drain. Flence the scheme becomes

less efficient if the initial flow is very small- " The assump-

tion of a constant ManningÍs n throughout the whole rangie of

flnr.z m=¡z nn.l- t-le ou.i fe eorrer-l- _ nartir.lllerlv at \/êrv'lOW flOW"\as! uv vv!lvee t ulsr¿J

It is suspected that this assumption may also introduce some

inaccuracy and difficulty in the computations at small fl-ow"

The relationships adopted for routing of flov¡ through

the drainage system is the most general method for computa-

tion of unsteady free surface flow. The application of the

method is justified if accurate estimations of basic data are

available" In this study, it is apparent that the method of
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iriqf i fì orl d¡e to limited d.ata

to excessive computer time require-

methods should l¡e investigated

the efficiency of the model "

The digital simul-ation approach should not be consider-

ed to design an isolated storm drain" Considerable background

information is required for this approacho primarily for the

development of an accurate estimation of various parameters 
"

However, it is the thorough analysis of flol and precipita-

tion data that replaces subjective estimates of runoff, and

allor^¡s realistic derivation of f lows at selected f requencies "

If several i¡¡atersheds in the same region are involved, the

cost of urban drainage provides ample justification for an

advanced desiqn method.

The relationships outlined are for flows with a free

surface and would not apply with a storm drain surcharge or

flov¡ under pressure " They do not apply well to a large area

with areal variation in rainfall intensity " Effects of var-

ious factors excluded. from consideration in order to simplify

the various relationships are not intended to compensate for

each other" Their compensatíng effects are merely a coinci-

dence.



CHAPTER VI

a1

CONCLUSIONS AND RECOT,IMENDATIONS

Conclusions

A mathematical method to synthesize urban runoff

has been presented" A simulation model rvas developed as a

means of providing a practical solutj-on to the proposed

mathemati-cal method. The model is capable of computing run-

of f hyclrographs as \^/e11 as veloci ties and depths of f low at

desired points within an url:a.n rvatershed" The model requires

data on physical characteristics of the v¡atershedu its drain-

age system and local hydrology"

The model d.eveloped is derived from sequenci a1 inte-

gration of three sul:modelsu namely, (1) precipitation' (2) surface

flow and(3)routing through storm drainage system submodel-s.

The precipitation submodel generates excess precipitation at

specified intervals from nrecipitation data input" The sur-

face flow submodel simulates surface flovz to inlet points of

each subwatershed using a tlo d.imensional approxímation to

the overl-and flow method." The routing through the storm

drainage system derived. an outfl-ow hydrograph from routing

inflor^¡ hydrographs into the drainage system using the charac-
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teristics method with specified. intervals.

By virtue of the assumptions used in the d-erivation

of the various mathermatical relationships o anplications of

the model are restricted to watersheds of relativelv flat
terrain "

From test studies of the model using data from the

Pulberry r,,zatershed, it is evident that the model is not fea-

sible for practical use in designing a storm drainage system

due to the excessive requirement of storage and computer time

on its routíng through the storm drainage submodel"

6 "2 Recommendations

Future studies of the various processes involved in

urban runoff should inclucle an anall'sis of the initial losses"

ïnclusion of these losses into the model mav vield a better

prediction of runoff.

In areas \,vhere a bare soil surface shows a tendencv of

imperviousnessr studies of the contribution of runoff from such

areas should be carríecl out before any decision is made to ex-

clude such contributing areas " The possibility of using mul-

tiple flow planes in simulation of the inlet hydrograph should

l¡e considered if sufficient data are available. Restriction

of the florv into an inlet poÍnt in terms of the inlet charac-

teristics may lce includecl in considerations if such data are

available "
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A simpler routing Þrocedure should lce considered as

substitution of the existing routing T:rocedure in the model

in future studies " Other routing methods as appear from time

to time in various publications should be investigated. and

evaluated "
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APPEND]X A

Overland Flov¡ : A Theoretical Consideration

The movement of overl-and flow torvard channels is gen-

erally assumed to be two dimensional or to take place in a

thin sheet of ínfinite v¡idth" Overland sheet flow is consid-

ered to be initialllz laminar, becoming turbulent as the depth

and velocity of the flow increase sufficiently before a chan-

nel- is reached"

Hov¿evero in this appendix only a simple analytical

approximation for turbulent trvo dimensional flow wílt be out-

f ¿rfçu â

4"1 Approximatíon For Tv¡o Dimensional Flow

The features of overland flov¡ that are of primary in-

terest are those that govern the response to various patterns

of uniform rainfal], For Lurlculent flow the discharqe is re-

lated to flow depth in the form

h
-rtv n 1

\{ - ay fr_L

Aqqrrmi na J-lra r¡¡'l'i ãì'f-rz nf M¡nn'i na oa"=.1-'i nn ñ l-ra¡nmoqnÐ Ð urrLI¡IY urlç v aM¿ LJ u! lrqllrllIIV gv ua L!vll ¡, w _ug!\jultleÞ

1 e t^

'<-,5 / JI"486 S'Y n-q: 

- 

- "" A¿-n

where the hydraulic radius of the flow is assumec1 equal

to the floiv deptho and the energy gradient is assumed equal to

the crradienf of .|-he flow nlane"
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The continuit]' equation for two dimensional fl-or¿ is

ôq:âyA3
ãx"at

v¡here n is the inflorv or supply rate in ft3/sec/fLz.

Two useful conclusions can be drav¿n from equation 43.

^+ 
anr.i'l i]..ri rrr Àr¡

^L çyu!rr-.J!r-m Yå is zeTo, and
dt

q^:lxA4
Ç

?
where q^ is discharge in fL* /sec/fL at any secLion x

Y

on the flow plane. As Wolf (33) points out, the change in

discharge as a function of x on a uniformly sloning plane

must lce zero, before local equilibrium is reached" Hence

rx^^ 'i^*+r^ -+ anv noin1- ôn l;he nlane isLf lç ucy Lrl aL ur!\/ Pv!Iru vlr L _

y=ntA5

prior to local equilibrium.

For overland flow on the plane in figure Al, with

depth y at a distance x along the flow plane, the general

clr=na aF nt¡arì ¡nÄ fìnr.r hrrÄr6g¡¿ph betWeen t = 0 and | = 1.¡¿J s¿ vì, ! qyrr vu uvv euar u - u q¡rq u _ -e ,

is shown in figure A2 
"

The outflow at equilibrium is q^ = Lr and the total
ç

infl-or.¡ between time t - 0 and time t - t^ is t^ L"

The volume of surface detention at t = to o is

,LD^ : )^ V tl'x A6
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F'i orrrp Al'_Ò*_- _'_ Overland flow plane
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t-t issome
c

period. Hence,

0to
+l^^LfIU

ßt nL
Ë

The total inflow is
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qdt

or the time to

From equation

the f low nl ane should

t_nl, = D^ + ßt nLeee
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From equation Al and AI0
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At4

¡l Ã

AlB

or

Substituting

eral- expression for

I
bnb L

I
(f+b)

D I
alJ (1+ b)

t

ar.rlr¡l-i 6n Al 6 'i n ôdrr=+ì nn 
^1 

qçvuqulvrr nrJ Ilr ç\-ÌUALJUll ðLJ t

time to equilibrium is
11

lL r \ f,\ñ- L) b'JJ
tt !

I
rl

d

Qrrl-re{- j r,,s.ì '^- !r^^ ---.f ues ofU UUÐ L! L LT L¿JIV L]TE V C

anrr:l-i nn L) 'i n#n aarr¡l-i nn O.1 3, Al 5

nrâqqi nnq ^TA fnrrnÄ

'l'nen

for surface

The time to

detention

the parameters a and b from

anÄ Ä'l Ã {-}¡a fnl'ì nr^r'i nõ ôv-q¿¡v ¿¡¿vf !vr¿vvY¿¡¡Y

b

ß

\/ 1

3/5 3/5
0.492 n n

s3 
/ro

3/5 3/5 B/5
C"000818 L n L

" 
/1ñrl Lv

S

î
in fL- /fL"

LD

n

arrlrilihrìlrm in minrrJ-aq ârêçYq¿¿¿vr s!u,
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J-=1^n
eu al q

60L

t = o,ot32 n3/5 L 3/5 
A2o

2/5 3/Lo
ns

or

3/s 3/5t = 0"94 n L AzLôç ffi u/ r r/ Lv

iS

In equations above, the surface detention D. Ís in
?-, J t-, -. ?, ,-.)fL"/fL, \^/here n is in fL"/sec/fL'" Equations for rainfall or

supply rate i n inches per hour are obtained by substituting

i - 43200n 
"

A.2 SimulatÍon of Overland Flow

Continuous surface detention storage can be calcul-a-

ted as explained in the previous section" The volume of sur-

face detention can then be selected as the parameter to be rela-

ted to discharge" Since no fixed relation exists betr¡reen de-

tention storage and discharge from overland- flow when flow is

unsteadyu then approximations to the natural behaviour have

to be made"

To calculate continuous overland flov¡ frcm total sur-
&flface detention storage the depth y must be related to surface
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detention storage "

v¡here

done at equilibrium

fÀ.¿ z
5L

but for other conditions some approxímations are needed.

In the unsteady overland flovr, three general conditions will

occur" Initiallyr âS rain begins the depth of overland flow

will be uniform along the flow pl-ane" Thereforeo ât time (a)

a transition from a uniform depth to an equilibrium profile

is taking place " If rainfall continues the equilibrium pro-

file is reached at time (b) , and r.¡hen rainfal-l stops reces-

sion flow occurs (c) from v¡ater in storage"

The minimum value of y must equal the mean depth DrlL

where D is the current surface detention storage in fLr/fL"

Therefore, y must be in the range

Y õu^ A23

f,L

The current detention storage D, d-ivided by the deten-
fì nn q{-nrrna rê.rrri rod ¡f o^UilibfiUm D^ fOf the CUffent fateluYu¿lus su çY õ

^ç .i .^ €] ^,.. ..i ^v! rrf lruw, rù used. as an index to the ãr=arroution of v¡ater in

the overland flov¿ plane.

The most satisfactory empirical relationship found be-

tween outflow depth and detention storage for reproducing an

experimental hydrograph is

'l'nr_ s : ^ ^^^.:1..rÞ ec,-Þ J-ry

OTI
g

Y

*\<

DY - ¡/-\- \L/
fl ,)(1.0 + 0"6(; )

U
" Í\¿1
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A.A ..i- .ion A2. the rate ofna= rr¿ çYuaL!--- ---,

, -. a ,1n ffJ/sê../Ït- l_s

is the function of

is calculated from

D is l-ess than D

r-:rrrrent- sllon-l v

ô^ìììf1^ñalxv\aqs

T-'ìthe ratio a is
tt

rate to overland.

f)rrri no rar.essiçr¡¡

assumed to be 1 "

\l

-tr.5
1.486 s4 fql I (t"o + 0.6(P l'lã_-;- D^lt e

where D

flow and

flow when
g

Now the overland flow at anytime can be computed by

so'ìr¡ino ã ñÕnfinnitv ecrrra1-ionvL1 uq u4

OZ = Ot + AD - q¡t r\¿ o

where At is the time interval usedr D, is the surface deten-

tion at the end of the current time intervalu Dl is the sur-

face detention at the end of the previous time intervalu AD

is the increment added to surface detention durinq the time

interval, and { is the overland flow into the channel d.uring

the time interval, The discharge q is a function of moisture
qrrnn]rz r¡l-a -'ld of (D., + D") /2u the average detention storage

LL

d-urinq the time interval "
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APPENDIX B

ROUTTNG BY THE CHARACTERTSTIC },{ETHOD

The following section presents a brief theoretical

consideration of flow routing in a circular channel by the

characteristic method "

8"1 Definition of characteristics

The two partial differential equations for gradually

varied unsteady f ree surf ace f l-ow in condui-ts, with two depen-

dent variables (Vuy), and the two independent variables (x,t),

can be written as

A AV + ðy + ! ây = 6 "".8 I
;:-Ã-'Ã---._v\IB öx ôx V ât.

f nr ¡nnJ- i n rr i tr¡ ¡nÄ!v! Vv!¿ U!f t U¿ Uf t @I¿q

Y gY + I g + ^q¿ - (s -s_) : o .."8 2g ãx g ðt ðx ' o -ft

for the momentum equation"

The energy gradient, measuring the energy head loss

along the conduit, is expressed by Manning equation in the

form

S=
I

2-_2nv_=_,Tre
2 "2082 R

The following assumptions are incorporated in deriva-

tion of equation B 1 and B 2
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(i) There is no uniformly distributed lateral infl-ow"

,(ii) Vertical acceleration can be neglected in com-

parison with horizontal acceleration.

(iii) The gradually varied unsteady flow has the hydro-

static pressure distribution along the vertical "

(iv) Flow patterns in vertical_ planes parallel to the

longitudinal axis of the channel are the same.

(v) \¡elocity clistribution along a vertical in un-

steady flow is the same as the velocity distribution in steady

fl-ow for the same water depth

(vi) Frj-ction resistance in unsteady flow is Lhe same

as the friction resistance in steady flow"
(vii) Conduit slope is small enough that cos (S^) can

ha ron'l a¡aÄ l-'rz r.rn'i 1-rz :nÄ "i_n (S_ ) l:y tan (S ) .ur¡luJq¿¡Lto.o

liTow consider the (xrt) plane, assuming a curve is given

as t (x) " Then dt is the tangent or the directi-on of this curve
d-x

with v(x,t) and y(x,t) as the solutions of equations B I and

B 2" For this case, the total differentials arer

and

dy = pu**5u.
dx dtr

The four equations B L, B Zo B 3 and B 4, with four
a--

unknowns lv , * , +L and PI can be ivritten into a singleôx At ôx ðt
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matrix equation as

A^1I t, lVBV

YIt-o
dYY

dx d.t. 0 0

00dxdt

AV:--dX

AV
Ã=OL

ðy
o.¿!

ôy
OL

U_I

dV

ärz

B6

RI

Solving the system of equations B 6, the four d-e-

rivatives are

r^ri {-h

Aol
VB

v
g

T
Is

1

0

dr

dxdt0

0dx

The system has a unique solution v¡hence the deter-

mìn:n+ ( A\ ì q ZeyO if and ¡nlrz ì f ¡1 i ^+-.her determinants (A¡ )e 
\-/

are also zero. This partj-cular solution of the system of
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equations is known as the characteristícs of the system of
anrr¡J- i nncv\agg

By expanding A - 0, the two characteristic direction

ê.r'nâf i onq ârê Obtained aSv\aqg

l'u L\

clx +
I_:s+ V+7sTÆ

and

^+ 
1

¡/vu\ - _ Ltd['- ç- v=GA7tr B 9

Similarlvu by expanding any Ai = 0 and reptacing

ê! bV 6a and E- respectívelyo the two ordinarl. differential
clx
equations for v and y arong the characteristic curves are

rf_4: - Yl , +!l 9v * -L gY + +=- rs -s_ì r : n$VÈ g' Ç.¡ g, dF õVB ã" VB (bo -f / e+ B 10

and

((L-v¡ r +!) 9y*+=*y+_L(s-s-)r :0 "..BtrAB g e- g' dx gVB dx VE ' o f'e-

Equation B B through B 11 are called_ the four charac-

teristic ordinarr¡ riiffaron#.ial equations and are equivalentty
set to the two partial differential equations B I and B Z"

B" 2 Numerical solutions

There exisLs numerous numerical methods to solve the

system of characteristic equations B B through B ll; a method

chosen is known as the numerical solution by specific inter-
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vals system" The advantages of this scheme for automatic

computation is rvell documented by Lister (17) 
"

In this method, V and y at point P on the (x,t) plane

of figure B 1 are to be computed from the initial conditj-ons

or from previous values of V and y at points A, B and C using

the following assumptions:

(i) At is sufficiently small so that the part of

the characteristics between P and R and between P and S may

be considered as straiqht lines "

(ii) the slope of the straight lines PR at point P

is the positive characterj-stic direction of the position Cu

(6+)co and the slope of the straight line PS at point P is

the negative characteristic direction of the posítion Cn (E )^u
U

and

the values of At satisfíes the Caurant condition

Ax
:=----.-r'=---i=v +,/qA/ B BL2

(iii)

in which

At

Since x and t are knownn!:Y

\/ an¡l #lra Äan{- l.r ¡# nni nl- D r¡
'nf qL _F/vr¡rç L rJ^t
Y|J

computations proceed as follow:

(i) the co-ordinates

the relations of (6+)",

't-ha ¡za'ln¡'i {-r¡ aJ- nnin# Þ
r ur¡u qu lJv¿¡¡u r t

can then be computed" The

of R ancl S are determined from

¡nd Èho cfaarmatr¡z nf +l-ra ari fi hrzqr¿u LfIs \-,|çV¡Llg u! Y V! Llrç Y LLv Ðf

ttp

tF \\=-/"r

=
R

¡nÄ

(E+) 
c 

(xn-x*)
.B13



Ax ¿\X

Y

7 \
At
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i+^i

t+At

t +ai

4R

(b)

L

(.)

Rectangular grid for the
of specified intervals, I
flnr^r fh) aritirnl flor¡\" /

v < .6ñ78

V = vÇñ78

V > JyNB

solution by the system
f and Ax: la) snbcritical\*/

lc) srrnereritical flow\'/

\o/

I

Âx Ax

P

7 Ai

I'r'orrra Rl



| -J-u\
( 6-) 

" 
(xn-x, )

TT I-I J- TTÞI
C'

/aL\ / /uL\
t 

-¡ 

,. I 

-l
'Ax' ' 'dx' *
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BL4

in which (€+) and t6-l are computed respectively , àL

point C,

(ii) the values of V-o V.o yÞ and y, are determined
RÞI(

from linear interpolation of the corresponding values at A, B

and C" Thus the values of the functi-on ( tl = V or y ) at

points R and S are then

U

UP

R
U .UP

A
1-

1a
4V

BLl

in which

¡nrl

u, = uc (1 + LrN) uB.uN

in which
Â+ Ä+UN : r-l ,zfi:l B 18'Ax" 'dx' -

from which Vo, V., y- and y ñân l'ra nnmnglgçf knorving the valuer( Þ -K -S

of V and y at points A, B and C"

(iii) the values of vn and yn are obtained by solving

simultaneously the finite difference forms of acniaJ-ions B I0

and. B 11, that is

(F+)c(Vn-V*) + ("*)"(vp-VR) + (S+)c(xn-xp) = 0 ".. B L9

and

(t_)"(Vn-vr) + (G_)c(vp-vs) + (s_)c(xn-xr) = 0 .." B zO

in v¡hich
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of dischargie at selected intervals of time.

The other boundary condition imposed on the problem

is that of a discharge-versus-depth relation at the down-

stream end characterised. either by a control structure or by

the critical depth at a free outfall " This is the bound.ary

condition that exists for subcritical flow of the base flow"

B. 4 "L Upstream Boundary Condítions

The boundary condition at the upstream inlet is

given by an inflow hydrograph, Q(t), with no limitation on

the shape of the hydrograoh"

The depths and the velocities at the upstream boun-

dary point P, figure B 2, which is at x=0 and at time t+At,

can be computed from initial conditions at C and Bu with the

boundary conditions given by the inflow hydrograph

Q (r) AV 822

in v¡hich

at point

is the cross sectional area and V is the velocity

T'tqì nn orevi olrsl v di sr-.lrssed assrrmnf ì onq ¡nr1 nroced.uresgU J qILI}J L¿V¡IJ qlIU 
!/! \

of computing velocities and depths at other points along the

channelo the negative characteristic clirection at point C is

also given Jcy the initial conditions " The relation berv¡een

+- ho rlan]-lr \/ ¡¡Ä ¡za'ì n^ j +\z \/_ at pOint p Can J¡e detefminedvv¿vv¿LJ t 

"

from equation B 11"

A

p
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t+At

c
X =0

L,)

X=0

c
X=0

B

\o.i

B

(b)

v < 6^78

v = .687tr

v > /lñ787

J __
B

(.)

Upstream boundary conditions
flow, (b) critical flow, (c)
flow

(a) subcritical
supercr i t ical

H 1 grrrê 6 /



Substituting the

ínto equation B 20, gives
lõ \
( \r_ /

Y _Y

Solving for yn from

yp into equation B 22 malces

B1

boundary condition of equation B 22,

.,P-vr) + (s-)c(xn-xs)

fr- ì
(-

equation B 2.3 and substituting
i t n.ìqqi hl a l-o dof orm'i no \/"P"

P

B 4 "2 Downstream Boundarv Conditions

The boundary conditions at the d.ownstream outlet can

generally be given by a stage*discharge relation. However for

free outfall at the end of conduito a critical flow at the

down stream end exists

1" 824
qA/B

For free outfall, it can Jce assumed that critical

depth occured at a distance of 4 "5 times the critical depth

from the end " This assumption lvas also applied to the un-

steady case, with the critical depth computed from base flow,

t7

À-+."3 y """*c B 25

of the channel and v is the-C

0x" Therefore, the total distance x- from the inlet to the
u

downstream boundary is determined bv

.E

in which x"' is t.he total length

r.r'i f i r.a'l Äon{-1r f r¡r Ä ì q¡h¡ rna ôvl^

823

The depth and the velocities at the downstream boundarv
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point P, figure B 3, at time t+At can Ï:e computed from the

initial conditions at A and C, and from the boundary conditions

cri r¡on hv eorralion B 24"v\asq\

Using the same assumptions and computation procedures

as previously described, the initial conditions also give the

relation between the depth y- and. the velocity V- by applyingr.t

equation B 10 " Substituting the boundary condition of equa-

tion B 24 into equation B 19 result in

^a

lr., 't

'-f/C

Solving yo from equation B 26 and back substÍtuting
\/ m¡ìzac i + hCSSibIe tO determine V^ "-¿PIllgJL9v..y

B. 4 "3 Boundary Condition aL a Lateral Junction

Figure B 4 shov¡s the x-t. plane of a lateral junction

at J r¡¡ith the dìstanca r¿ from the rrnsl¡s¿¡¡1 inlet" The"LAT u¡."

velocities and the depths at the time t+At at point P are

computed to satisfy only the continuity condition since any

losses across the junction is neglected"

The dJ-scharge at point P is given by continuity condition

Qn=Qo+QLAT

QP : unon"

^-Àqrlg

^a
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l_\ x

P

^i

t+Af

L

X=X,

Figure 83 Downstream boundary conditions for subcritícar flow,
with x, the computatíonal conduit length
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The relationship between depth Y- and velocity V- at
YY

point P can be determined from equation B tl " SubstitutÍng

the continuity condition of equation B 27 into equation B 19

qives

Y=V-P 'S
(C \ rAP Itv-/c t* - ut' + (s-)c(xo-x=)

lFl'- -' a'

Solving for Yo from equation B 28 and substituting
V i n{-n aarr:{. i nn Iì )1 mal¿aq i +- ñ^qc'i l-r'l a {-n ¡lal- armì na \/-p -=**-ion B 27 makes it possible to determine '"o"

It should be noted that in solving these relation-

ships iteration procedures v/ere required since the relation-
qhi nq ârô nnJ- 'l i na¡r i n \/!t, ) õ



B6

APPENDTX C

CIRCULAR CHA}TNEL SECTION PARAMETERS

To facilitate the computations for the wave in part-

full conduits r some geometric and hydraulic characteristics

of the circular channel section are supplied in the follow-

ing section, assumingi that the }4anning formula is valid,

" 1 Characteristícs of Circular Channel Section

As shown in figure Cl the geometric parameters of

a circular cross section which influence the florv of a free

surface liquid are defined- as follows

I - Diameter, D

2 Depth, Y

3 - Central angle, 0

4 - Wetted perimeter, P

5 - Surf ace vridth, B

6 - Area, A

Derived parameters of significance are:

1 - HYdraulic depth, Y¡ = A/B

2 - Hyd.raulic radius, R= A/P

"2 Relationships of Circular Channel Section

Each of parameters in section A "1 can be expressed

as the ratio of its value at a specific depth to diameter of
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Hlotlrê f ll Definition sketch
channel

for parameters
sec tion

of a circular
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the section as follorvs:

I - Central angle, 0, defíned âsr

o - 2 cos-l (1 - fl for o<o<n

e = 21 2 cos-I êY - t) for n<o<2r c ]b
Tì

2 - tr{etted perimetero P I defined as

n-D^^1r-ú\-¿
a

3 - Surface width" B, defined as

B = nsinrgr C 3
'21

4 - Area, A, defined as
n2

An =
Î

C l-a



APPEND]X D

FLOI,\Ï CHARTS AND PROGRAMI4E OF SI}ÍULATION MODEL



PROGRAMME VARTABLES

area of circular secment

AREAS impervious area of a subwatershed

AVL average length of overl-and. flow

AVS average slope of overland flov¿

B free surface v¡idth

CD pipe discharge coefficient

CN negative characteristic direction

co -DT/DX

CP positive characteristic direction

D depth of flow at time T

DC critical depth

DE surface detention at equilibrium

DD increment of surface detention during time interval

DDT depth of floi¿ at time T+DT

DIA pipe diameter

DM hydraulic depth

DN normal depth

DT increment of time

DTOL maximum relative error in depth calculation

DX increment of distance

ED pipe discharge exponent

F pipe i)4anning 's f riction f actor

FS land surface Manningrs friction factor

GR gravitational accel-eration
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INT number of precipitation interval_s

LATP lateral pipe inflow number

LATS overland infl-orn¡ number

MC backwater profile code

ì\4T ni ^o anÄc nnnna^lig¡
Y -I-v

N number of x intervals

NBL numJrer of subwatersheds

NUUUN'I' l_t'eratl_on count'er

NJ number of junction boxes in a drainage system

NL total number of lateral inflow points of a pipe

NLP num]:er of lateral pipe infloiv points of a Þipe

NLS number of overland inflow rcoints of a oipe

NOPT ontion code

NQP number of hyd-rograoh poínts

NP number of pipes in a drainage system

NT number of time intervals

NTYPE input precipitation type code

u l l-J k' ñr 1.lê nfì\7q I õâ | nranarJ- ì ac-L'r-Yç yr¡)'Ðrvq¿ .b/rvLJç! L!sÐ

PREC input precipítation

PRECT rate of precipitation at specified time interval

PROPL land surface physical properties

0 discharge at time T

QB base fl-ow

ôf) ni na nrr{- f I ôr^7 h\zÄrñr.rr:nhYv ¡.-I/u vqu!¿vvv ¡r_Yu!vY!qJJr¿

QDT discharge at time T+DT

QI upstream end infl-ow hlzdrograph



Y¿

SLAT lateral inflow hydrograph

QP peak discharge of QI

QS overland flovz hydrograph

R hydraulic rad.ius

SF friction slope

SO invert slope

r L IIttE:

TF final time for simulation

THETA central angle subtended by free surface

TIIUE precipitation time

TrO lrrzÄ rncrr:nh {- i ma

V velocity at time T

VC critj-cal velocity

VDT velocity at time T+DT

VH velocity head

WP wetted perimeter

X distance along a pipe

XE computed length of a pipe

XF total length of a pipe

XLAT clistance from upstream end of an inflov¡ point

XLATP distance from upstream end. of a lateral pipe inftow

xLATs distance from upsLream end. of a overland inflow
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(c)
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Rate of Precipitation
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Rate of Precipitation

at Specified Intervals

Generation of Zero Rate of

Precipitation for Exceeded Time
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Repeat for all Time

No

Ini tial-ised

DS , QL, QS

Computes

DD, DN, D, DE , QL, QS

I-

fìnf ì nn Fv¡ar¡ i eaÄ\/|JUTVI¡ !4Uç!UIÐEU

TJr¡Ä rnar¡nhrrJ u!

^+v!

Surface Flovz

Repeat for all Subwatersheds
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Repeat for all f
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Increment I

XTEI{P <_ XLAT ( I )

QTEIIP (r() <- QLAT (r , K)

XTEMP < XLAT(J-r)

XLAT (J) + XLAT (J-l)

QLAT (J,K) <- QLAT (J-1,K)

XLAT (J) <- XTEI.{P

SLAT (J,K) <- QTEMP (K)

L12

Repeat for all I
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| SÌrecr- rreo_ va-Lues Il^ñlL proL,GR 
I-----T---

{

I ro-enrr_ rr_eo ItlI Pino Þ:r:ma{-arqlI rr|'JE f q!qr[çLçIÐl

----T---{

f-nmnrr.{- al. ion

of

Number of Intervals

Computation

of

Distance Increment

Computation

of

Time Increment

^ann'.+. ^ +-.i ,L(JltrpuEatrlon

of

Initial Conditions

From Specified Depths

Added Initial Flov¡ to

Llpstream Inf 1or.¡ Hydrograph
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Call BOUNDI
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Call OUTF
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