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DESIGN OF DETENTION BASIN SYSTEMS ALONG HIGHWAYS

2

' Manoranjan N. Dhaubhadel

(ABSTRACT)

A system of detention basins is an effective device for
control of. storm flood both in terms Qf quantity and
quality. The feasibility.of designing detention basins for
flood contfol by wuse of abandoned spaces near highway
interchange and between‘highway embankments is‘investigated.
Three algorithms are examined for routing inflow hydrographs
through interconnected'basins‘under various hydraulic and
hydrologic conditions. The progfams solve for both the time
dependent flow - guantities and the exteﬁt of pollutant
removal in the“system for given inf;ows and pollutant trap
efficiencies of the individual basins. The first algorithmﬁ
is the extended version of the classical single-reservoir

routing and involves solution of a system of simultaneous



nonlinear equations. The other two algorithms employ the
so-called linearized or simplified Qersions of the
continuity equation. The algorithms can take ‘care of
various possible combinations of inflow, type of connections
between Dbasins, and the bouhdary conditions ét the
outlet(s). Reéults from the three algorithms are
comparatively analysed and the one which does not‘require
excessively émall time step for solution convergence is
selected. The Kuo method employing the standard
approximatioh for the mass conservatioh equations as in
classical single reservoir routing.is fouﬁd favorgble with
respect to the time step required for convérgence and hence
is selected: for application to design examples. Various
basin arrangements are included to show the routing results
with respect to quantity and éualiﬁy for different
combinations of storm inflows and outlet structure typeé.
‘Interconnection between basins is found desirable both in

terms of quantity and quality control of effluent.
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I. INTRODUCTION

1.1 General

Although detentlon storage has long been recognlzed as
;an effectlve means of flood control the;present pacexof
advancement -in' detentlon and retention 'design  can bef
:attributed to the use fof computer modelsl}towegenerate
catchment hydrographs, pollutant‘graphsfand.to‘route;them
'_throughtdetention basins and so on. Availability of high
fspeed computers “has made:*analyélég Of_lﬁémblé# cdetention
vsystems feasible. | | | BN | |

: Use ofﬂdetentlonlbasins_for;storm runoff controllhasi

reqently':attracted ﬁdeh“'aifénﬁion 'in :urban storm ;Water"‘
-management. Thelr functlon is to 1ntercept runoff delay
and-vdecrease’ peak flow -and reduce ‘the mean 1n-stream‘v
1Hpollutantvconcentratlon. Whlle the control of 1nflow to thefl
basinsi reduces the rlsk off downstream floodlng, dthe.
: reductlon 1n mean pollutant concentratlon of surface runoff-
‘is benef1c1al to downstream rece1v1ng water quallty -

Detentlon :ac1llt1esuare requlred to control 1ncreased‘
_runOffgdue to'urbanbdevelooments.3{But.highwayvconstructionv -

usually doesanot,seemftOjincorporate detention facilities in



the deéign as_residential develqpﬁent:does. The exCeséive
surface funéff'cdntributed by highwayvbonstruction becauée.
of thév increased pavement areé  caﬁ.'be controlled‘ by
ihcorporétihg detention facilities within the right of way
- of highways. | ‘ |

Dependihg on.the-topography, a number of sites along
hiéhWéys can‘be suitably‘utilized'fbr storm water detention.
The spéces ~near highway» intgrchange énd between highway.
embankments,_ fdf, example, ére» good locétion$  where- the
installation of detention  basins is feasible.
Interconnections beﬁween ‘basins,  where poSsible, can be
“beneficial for both storm water quahtiy ahd.quality control.
This is because  ﬁhe -intéréoﬁhecting structures can be
»désighed ﬁo-conﬁrgl péak stages to some extent, as will be
,»seéh later. Storm flow,foufiﬁé)_then willvinvolvé a system
éf detention basins. |

Mathemétical models are derived from the principle of
conservation of water maés and pollutént mass to-fepresent
" their movement;.*storage ~and pollutant removal of storm
runoff'through the_basin,system,‘ The conservation.oflmass
~equation‘a§plied to.ea¢h of the baSins in tﬁrn will givé a
system of differential équations,to be solvedbfor each case‘
_of 1qﬁantity v»énd quality anaiysis.‘ Because = of  the

’intefdeﬁendence-df-the_quantities involved within each basin



at an instant'_and- their‘.variability ~with the type of
p'interconnectiné vstructures ' [i£, becomes vpractically'
1mposs:.ble to get a‘closed form solutlon for the rout:Lng
problem Consequently, sultable numerlcal approx1matlons to'
the dlfferentlal equatlons and algorlthms to solve them arev

needed

In-‘an attempt to have improyement. in the present =

‘practices“ of detention 3basln« design, three “algorithms

consistent with"three ~different approximations"for ‘theﬂ:‘,‘

contlnulty equatlons are studled In the flrst algorlthm’

"‘the dlfferentlals are approx1mated by thelr dﬁfferences in a

"tlme step and 1t can be con51dered as an exten51on of the,ﬂﬂ'

*hf51mple cla551cal 31ngle reserv01r routlng to the case of'f;_

-multlple -ba51ns' w1th‘5a varlety fof 1nterconnectlons and
h boundary condltlons A» system of nonllnear 'simultaneous:

' equations »is'fvlnvolved 'and‘;fafh standardb nmethodh7,like;

vNewton4Raphsonj3procedure,pispfadopted?°for'hits-'numericalf‘7;v

'dsolution“' With' flowilyolumes' obtalned ‘as above hmasst

S conservatlon applled to conservatlve pollutants pasSing

through each of the bas1ns w1ll glve a systenl of llnear"x
equatlons whlch are agaln‘solved-to determlne the‘extent oftt

:prollutant removal Thelsecond'algorithm uses a less accurate‘

«but s1mpllfy1ng approx1matlon as proposed by Malcolm and New o

(1975) jThe' -contlnulty equatlons for multw—connected



multi-outlet system with possible flow reversals become
solvable directly-x»»The7 third. algorithmf:intrOducesvbthe
‘modlflcatlon of the 1nflow representatlon as suggested by
:Shlngofen (1982) -to the approx1matlon mentloned above 'The
‘computatlon 1s s1mpllf1ed in the latter two cases but may
_:requlre use: of smaller tlme steps for acceptable accuracy
'VA; solutlon algorlthm lfor analys1s and des1gn :ofl
multl bas1n system for both quantlty and quallty control of

"storm ' runoff is‘ presented ‘ Important factors ' llke_ v

bm'lnterconnectlng structures hav1ng elther plpe flow or. open

1 channel flow, time varlable tail water ,condltlons,v flow,

1reVersals .in:fthe' 1nterconnect1ng structuresb multlpleli"

outfalls Letc.lvare cons1dered in thel formulatlon The'lﬂl;yv

falgorlthm developed can solve routlng problems through up tow

‘six 1nterconnected bas1ns and should be suff1c1ent to handley"

lmost ~of _the systems to be located along hlghways - Wlth» f';‘l‘

-ycertain-'modiflcatlons 1t can be used to solve routingl»f

iproblems for both quantltv and quallty through any number of: '

‘1nterconnected ba51ns



‘1.2- Literaturé Review

'Stormwater’ﬂdeﬁention ‘basins havé  histori¢aily been'
apblied fof quéﬁtity control. Thé general routing'equationvg
'uséd'in most‘analyses is basedvon,the principl¢.of ﬁassi
conservation of . water}  Flow 'roﬁtihé throuéh | éingle"
'réserﬁdirs are found treated in!most~standard texté‘(Chow,
1959; V,Henders'or‘1,1966; " Wanielista, 1978, ', Rouse, ~ 1961; .
Linéley,-_Kohlef :éﬁa .Paulhus, ‘1975).. TechniquesA'§n  fidw,
routiﬁg thfoﬁgh,interconnécfed”baéins7haVe recentlylépbeared
in thé literature.~Ku6 (1981)-used‘a,¢ontrolvvolumé approaéhf
‘tofindividuél bésins in a.’sy$téh‘of basins cénnected’iﬁ '
Sines or -in paréllel;'thereby  geﬁérating~_a;-éysteﬁ ’qf.v
'funétional ¢§uatiohs'tp,be soived f6ﬁ‘fhé:unknOWnistaéés.ét‘,
'thélfend“rof éach  time  step._ The‘lmethodvrcan bé,:readily:
léxtended to é system &f ﬁﬁléi;éonnected basins. Despite'mdré‘
 terms thaffmay beainvolved in an'eqﬁation due,to‘multiplev
connection,'fhe nUﬁber'of unknbwns_fbf the system doés_hot
exceed ‘the number of basins. ‘In.ygeneral, " the- functibhal
~relationships are; nonlineér ~in ,nature - owing tQ‘ the
‘interdependence;of'the‘S£é§es dufing a routing period,andv:‘
the. 'nonlinear stagefStofaée' and stage-discharge
relationships. |

M;lcolm'and New (1975) simplified.the single reservoir

routing ‘equation by‘assuming that Storége Chénge in a time“



step ié'caused by inflow and outflow at the beginning of the
time step only. It is‘interesting ﬁo note that‘with;this
assumption the roﬁting problem is cénsiderably simplified
' but care should be taken to select sufficiently small timé
steps‘fOr écceptable accuracy. Bfadfdrd and Malcolm (1982)
employed the above siﬁplification for interconnected  twin
reservoirs and foundbthat~results by the method compared_'
- quite favorably with the classical  méthod'vex£éﬁded> to
interconnécted reservoiré.' ’ |
" Shingofen '(1982) proposed ‘a similar‘ aﬁproximation to
the continuity equation. Change in storage was assumed to be
influenced by the inlews at'both the begiﬁning'and the end
of the time step and by the outflow only at the beginniné of
‘bthe time step. He applied this to. flow ‘routing‘ through
multi;connected;basihé.>bire6ﬁ solution of‘thé‘continuity
'eduation.‘became possible as in the case df _approximatién’
adopted by Malcolm aﬁd New. In a multi—conhectedv basin
system, it is possible,'to‘ have flow revérsais ‘in  the
interconnecting structures and- the Simplified methods may-
require quite small time steps compared to-‘that required
with the standard method.
A comparative analysis using the three methods for the
case ‘of multi-connectedi basin system to. be  sited near

highways will be made in the present study.



Detention basins are known to reduce sediment discharge
through‘settling>and improve runoff quality by settling of
suspended particles of pollutants. Quality control aspects.
of detention basins have been treated for sindle basin
(Wanielista and Yousef; 1978; Whipple, 1981; Ward, Hann and
Barfield, 1977). vMedina;Hnber.andvﬁeany (1981) gave a model
forisingle basin,system for’pollntant ronting Theypassumed'
a flrst order decay of the pollutants and the contlnulty
. equatldn became dlrectly 1ntegrable for -the s1ngle basin
‘system. The>~model can‘ be'rmodlfled for ‘itsl use to
conservative» pollutants‘ with consideration of"settling o
instead‘of'decayrby:introdUCingvtrap efficiency instead-of-
'coefficient gof"decayl The method can be eXtended for
application to multiple'basin'system For 31mp11c1ty, only
conservative pollntants ‘and complete mixing condltlon are
con51dered in the present study

Ferrara (1882) took mass rate of settllng of pollutants

in a rectangular basin as the product‘of settling veloc1tyr,

'with the surface,area'and the‘pollutant cdncentration-inﬁthe
" basin. This approach‘looks quite simple and the accuracy:is
questionable.' Clearly  this assumption "willv ‘not be
appropriate if a particularvesize of pollutant: is tO”zbe'
~partly trapped in a basin but the rest of them ‘is to go on

for settling in others



1.3 Study ObJectlve,

’ The objectlve of the present study 1s to develop an
'elgorlthm- whlch is sultable forv_quantlty and quallty
analy51s of stormwater flow through a multlple bas1n system
v,_Follow1ng the three methods of approx1mat1ng the . contlnulty
equation  three ‘different algorlthms 'dere' formulated.
o Sensitivity anelysesfofithegmethods are‘oarried out for‘the‘
| typioal: oases-'oflva ‘four: basin system along,“a‘vhlghWay
interchange and :another two vbasinf systemv between.»highway
A embankments;"After_selecting a suitebleftime step‘foroeach
method results»from these are'comtared‘end the one requiringf
a reasonablv small time . step for convergence is selected
ThlS is then applled to. study a number of poss1ble varletles

.of s1tuatlons.



II. DETENTION BASIN SYSTEMS NEAR HIGHWAYS o

2.1 Introduction'

: Depending~on the topography a number of s1tes along the'
highways can Vbe'-successfully utlllzed for storm watervp
,_detention,'One”of’such s1tes is at the hlghway 1nterchange

Usually there are four falrly large spaces enclosed betweenl'

the. 1nterchange‘ rampsv wh1ch~' e,»often unused- Theseg-:

abandoned spaces can be sultable for stormwater detentlonfgj

dystorage and pollutant removal Flgures 1 1s an example of a."“

“hlghway 1nterchange wherevhthpg spaces may be used anﬁli.

’ detention ba51ns Asvw1ll be dlscussed 1n later chapters‘

1nterconnectlon between the bas1ns w1ll 1n general result 1n"

'a better,overall detentlon schemejforastorm‘runoff as each”;guv3”:

basin. Willr take ‘itshvshare' of the"total ‘storage and thes?. o

pollutant removal dependlng on the 1nflow and " the boundary’
‘condltlons -There ex1sts an.'unllmlted number of poss1ble'

1nterconnectlons and boundary condltlons The selectlon of a

“scheme w1ll be. gulded by 1ts SUltablllty for - partlcular:v' -

topography When the detentlon capac1ty of the ba51n system‘

.1S not suff1c1ent to control 1ncom1ng surface runoff the_f

system may ‘be connected to yet another larger ba51n nearby
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Another situation  where  detention  storage can be
advantageously employed is the space‘ between highway
embankments Figure 2 shows layout of.this detention system.
:Storm runoff from subcatchments are temporarlly stored in
’the ba51ns and released later thereby attenuatlng the peak
flow and -delaylng its peak tlme - lee rln the case of
.detentlon bas1ns at: hlghway 1nterchange different boundary‘
ycondltlons and 1nput parameters are poss1ble Anvemergency:

splllway is usually prov1ded

2.2 Example Detentlon Systems

. In | thei present :'study the_ fdllowinq sases | of .
:1nterconnectlons and boundary condltlons are cons1dered form'
the de51gn of detentlon systems,'at vthe s1te of hlghway_
~interchange and between highWaytembankments. |
»géggli : The four»basins are connected as 'shown in'f;gure
3b. InflbWsifrom subcatchments enterbinto all feur'basins;
. The outflow takes place in baSin}4"only. Possible,reyersible
‘flows in the interconnecting structuresdare acceunted fer.
In 'addition the folloWind subcases are ¢ons1deredbbin
dgselectlng inputs and fermulatlng the cemputational;alqorithﬁ
to be diseussed later | R -
(a) Inflow hydrographs of subcatchments can be of. dlfferentb
frequenc1es of occurrence and are given.

(b) tallwater condltlons are either constant or varlable



(c) Pipe‘culverts are employed tofinterconnect~the basins
and all 1nlets and outlets are assumed to be submerged

(d) All- 1nterconnect10n structures are box culverts either
flow1nq full or . actlng as open channels

Case ii: The same system as above 1s cons1dered except that
‘outflow takes place 1n ba31n 3 and ba51n 4 (flgure 3a)

- Case 111 The four ba51n system 1n case 'ii w1th 1nflow

. enterlng only at bas1n 1lis studled (flgure 3c)

VCase iv: The two bas1n system between hlghway embankments 1sf O

‘studled as. above for varlous 1n1t1al and boundary condltlons‘fd:"

h'(flgure 3f)



III. PRINCIPLES OF HYDROLOGIC ROUTING

3.1 ’Governing Equation

"~ The law of conservatlon of’ mass applled to a ba51n'
B glves the rate of change of storage as" equal to the 1nflow )

Tgfrate minus: the outflow rate Expressed in dlfferentlal form

“dsydt ={Ig;;¢av D e

. where ,

"frndShegdlfferentlal storage
;dti=?d1fferent1al tlme -

I:#‘lnflow ratev“

:h0-=_outflow rate'h
'._Theﬂabove oontlnulty equatlon 1s usually approx1natedf

.;by a dlfference form given below,,
v(SjESi)/Atz(Ij+Ii)/2"ijoi)/2 : : d_ (2?,

'where subcripts i, erepresent'theabeginning:and the end of

tlme 1nterval At

Inflows ‘are known from the 1nflow hydrographs for thev.';“;'

subcatchments and 1n1t1al condltlons of storage and outflowg-

are also known The equatlon thus:- contalns two. unknowns S.

12
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"and Oj. However 'the outflow, Oj for a given outlet and
'»*boundary condltlons is a functlon of the storage ij,and'
thus- equatlon (2) 1s solvable expllc1tly |

| | Dependlng on the >complex1tyv due: to - interconnection

. between basinspand outflow'oonditionsj‘different techniques

have been devised to solve'the'continuity equation

3. 2 Clas51cal Slngle Reserv01r Routlng
Equatlon (2) rearranged w1th knowns on the rlght hand'

side,glvesj

| 28y/MHOUSIALE2S /AE-0; o (3)

.;Usinéttheﬁstage—stOrage and_stage—disoharge,curves:for'vA

‘hthebbasin'fa relationship between O and 2S5/4t+0 is developed

'h,ijfor' a selected At and for a part1cular~ outlet condltlon e

.l7Values of OJ for» each time- step can be found: from th1s

”relatlonshlp s1nce ZS /At+OJ can be calculated dlrectly from

'~»equatlon (3).

A schematlc representatlon of the 51ngle bas1n routlng SR :

is shown in flgure 4 - This method _works well w1th single
vbaSin_and oonstantftailwater depth but‘is not suitable for
multiple interoonnected basinsﬂwith‘possible flow reversal

and5outflow controlled.bybtailwaterdconditions.



3.3 Routlng Through Multlple Bas1ns

Thls method 1s referred to as the Kuo method for the

K'purpose of 1dent1£1catlon 1n'th1s study, It.uses control

volume,apprbach to individual”basins‘to obtain. functional

relatlonshlp between stages at the end of a routlng step

f:The routlng equatlon equatlon (2) as applled to n number of

'_interconnected- bas1ns glvesf[the follow1ng system of_”

:equatiens,
basin-la}’(s;j-sii)/At=<r; +11 )/2 (01 +oli)/2

. baSiﬁ;k--;(sgj-ski>/A%%(ij )/2 (o +ok )/2 .

pasinn (S, ns)

)/At (I +‘Ini)/2.-‘(°nj"‘“o ) /2
<=rwhere"'

i, J-beglnnlng and end of tlme step At .
Ikl—lnflow in bas1n k

0, =outflow invbasinvk',‘

S, =storage in basin k

@)
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In these n equations each éﬁorage term is related to
the ’stage in the individual basin at the time under
consideration by the stage-stofage curve.

All »terms -subscfiﬁfed. i are known from the previous
routing step 6r from the initiél conditibn for the very
Cfirst sﬁep. Inflows fromvsubcatchaments are all known from
‘ inflow hydrbgraphé for eaéh bésin. The tefms ij indicating
discharges from basin k at time j. are functidns of stages in
»‘thevbasins‘iﬁterconnected‘with basih k. The stages in the.
bbasins'intefconnected'with basin k are in turn fﬁnctiéns_of
stages in the.otherfbasins ihtergonnetting them. The outlet
cOﬁditions'éré éssuméd}known at all times during the routing
‘pefiod."Hénce the unknths in the.n ¢éntinuity equations 
: ére n stages ih"thé*basins'at the end of a time‘step‘At.'The’
storages andioﬁtflowé afé:néhiiﬁeér functiéhs of-the]stages
and hence we haVe a‘sy$tem of n ndniinear eqﬁaﬁions to éolve
"fdf:nuﬁﬁkﬁOWﬁfétagesﬂf:Bécéﬁééiéf.the‘nonlineaf nature of
the equations;_initial guesses“éléségto the'solution.values.
are ‘importantb both  for’iefﬁiciengyv and convergence '6£
solutibﬁé._ | ‘ | | |

“FbrvorifiQé‘flpw; the.diéchafge from basin k to basih-

k' at time 1 can be written as

N S
Ok =Ckk! (Fep By ) (g B 725 (3)

where,
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C =‘;oefficient in the hydraulic head-discharge

kk'
| relétionship_for outlet kk',
= staéef | | N
k and k'= basin designation 1,2;3;4 etc.
vFOr the’case of‘foﬁf~basins interéonﬁected with pipe
cﬁlVerts és éhoWn»in bfigure Sé;-the'flow~r6uting-equatidns 

are as follows
With basin 1 as a control volume,

(alHBJ-a I'IB1 )/At—O 5(I1 +I1l)
=0.5C, 5 (Hy =Ha ) (|Hy~Ha, 1y-i/e
~0.5C; 5 (H; .~H,. -H,.|)-1/2
L 'alz(llj ‘ZJ)‘IHIJ«.;JI)_ .
0. 5¢ 1. —Ha )(|H. -H. 1)-1/2
0 ??13(H1J Hsj)(|H1J _311) a

(6)

where,
 akAand Bk=jc0efficients_infthe'storage-stage*
relatiOnship)\
| S . Hﬁk , . : v . o ;’_.(7)'

'Ikl; inflow into basin k at time 1, 1=i,j

-

With basin‘2 as.a control VQlume,
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(“aHgJ‘“aHBz)/At—O 5(Iz5+1z;)

With basin 3 as

-0. 5012(H2 Hll)(le —Hllg)-I/a
"0 5012(H2 "Hl )(IHZ -H, »')-1/2
-0. 5C24(H2 ~Haj )(le —H41l)"/2

-0. 5024<H23-H4 ) (1Hz ~Hi 1)-1/2

a control volume,

(Gsﬂgl’“sﬂﬁs)/At-o 5(Ia; +131)

-0.5C, 5 (Hs; -Hll)(lel-Hzli)"/2

-0.5C; 5 (Hs.~Hj . Hs.-H, . -1/2
0.3 13( 3 H1J)(l 35 vijl)

-0.5034(H3.-H4.)(IH3~-H4-l)'?/?
1 1 1 17

-0. Hz.-H,.) -H,,|)172
5C34(H33 qu)('HSJ QJi)

. -O'SCSS(HS;-HS‘ )( 'HS-‘Hs- ')'1/2
1 1 i "1 )

With basin 4vas.

_ _— . ‘-._. ‘_:1/2
 0:5¢35(H3j Esj)(!Hsj Hsjl)‘

a control volume,

(0434 -a,H. )/At‘O 5(14 +145)

'.‘0 5C24(H4 "H?_ )(|H4 "'Hzl )-1/2 |

| -0.5C4 6 (Hy;-Hey )(|H4I‘Hs 1/z

-0.5C, & (Ha He, (I y~He 1) -1/2

-0. 5C34(H4 4-Hay )(1H4 -Hz. 1)~ 1/2
i i

-0.5C3 (Hy y=Ha ;) (IHy =Ha !)'*/2

-0. 5024(H4J'H2 )(|H4 -Ha i)-z/z[%.

J

-0 S(Q Q,,Smi,_w“v“ .

Sl

1(8)

- (9)

€10y
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where,
T,Qsl- splllway dlscharge at time l ’

= o;, if (H4l-H ) < 0.

(qu-H )3/?{’1f(H4 -H ) > 0. }', (11)
C = coeff1c1ent of dlscharge for the splllway
v1 H helght of the splllway “ o
| L perlmeter length of the splllway o
‘For- open channel flow 1n a box culvert dellvery curves:
ucan be prepared for each canal between two adjacent ba51ns

;hEor _'a-' rectangular ‘.channel L w1th flat bottom ‘ hav1ngftt

:bsubcrltlcal flow, the dlscharge between two ba51ns can De‘;-f'ff

‘capprox1mated by Mannlng S equatlon ufgr:;
‘t' bl z/s 1/2 o

Okk A 1 49/N R - » - |
/3(b+H' +H'k'l

t . L
kk'(H kl H' 1) k1

(H'kl l)(IH'- -H'

ll)
© vhere, |
| -. ‘lA¥~averagelaréafof”crossleection'tf
N= Mannlng‘é coefficient -
TiaR=chydrau11c radlus B

'.Gls#yslope of energy llne approx1mated by the Ry

""hydraullc grade llne

’hH' :stage in a ba51n above 1nvert level of

_,box culvert
C

‘kk'_- l 49b5/3/N L~ 1/2
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fvb=twidthxof box culvert

L= length of box culvert g

“Details of the ,computational 'method'”fOllow.viResultsv
":from' this’vmethod‘ areb compared w1th results from ‘other

"d'approx1mate methods under relevant headlngs to follow

'~3 4 Bas1n Routlng Proposed _y Malcolm And New 5 ,
Thls method referred ‘to as the Malcolm and New method ffff;.'f
| rtuses a less accurate but o s1mpler approx1matlon er theff:faffV

"contlnulty equatlon Increase in storage 1n a t1me step 1sﬂ7iﬂgat_

“v"’-'-‘:assumed to be caused by 1nflow and outflow only at the

H'}gequatlon of contlnulty becomes ‘ﬁ":ﬂ

if lbeglnnlng of the tlme ‘step For fa“ s1ngle baS1n _”fthé}f'””

Slnce vquantltiesvat.tlme 1 are known 1s5'i§7so1§eafford;ff'""’
? ‘{dlrectly f Stage HJ is next found from‘ the stage storageytf?'
'olrelatlonsnlp f:andeﬁhoutflOW‘dfish:fcomputed "from ;fthelf
fhstage—dlschardet};curue"for;joiven uboundary,’condltlonsfe
Bradford ~.aﬁd‘-M51c‘oim‘ v('.1'982:)¥:ha\/"e1_ shown that thls | method " B
'hbéives qulte : satlsfactory results when the tlme jstep v
dSmall For the case of. four baslns 1nterconnected as shownﬁ*vf'

f;lin figure,3a~w1thlp1pes the equatlons (5) (8) become
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) diHEJ—lesl I1 At

-Cy oAt (Hy  ~Ho, )<IH11-H2 1)/

~Cisbt(Hy ~Hay) (1BsHa :)'1/2'

(14)
azHgJ-—agng+Ia At
| Cyabt(Hy Hy )(lHZlealll)'l/z
-Caubt(Hay By ) ([Hpy~Hag )72 )
N | i
- aSHEJ—u3H§3 13 ae : |
-Cyab(Ha -y ) (1Hs, —Hllf)‘l/zt
Caybt(Ha,~Hy ) ([Ha -Hy, 1)71/2
‘casAt(Hs“Hs )(1H~;-Hsl|>-1/2_'
B Aa4HEJ—-a4H§"+I4 At |
~CayAt(Hy, ~Ha, )<|H4 -H31|>‘1/2'
~Ca 4t (Hy ~Ha ) ([Hy -Hp [)72/2
~CqeAt (Hq ~He, ) ( ;H4-i—Hsi[ )*1./_2
Qg4
, | | | o (17)
Stages Hit H;‘ Hgt)H4lt ére. found dlrectly from the-

: J J DRSS B o
equatlons (lO) (13) Outflows. at tlmevj are then found from.

fknown stages . at tlme J through stage- dlscharge relatlons

e
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A program has been written to takevcare of multiple"‘
‘gbas1ns w1th d;fferent klnds of 1nterconnectlons possible

lflow reversals and dlfferent boundary condltlons ' Results
"for the case of four basins in flgures 3a 3b_and 3c_andvfor
ftthe two basin'case inlfigureVBf'arevcompared with‘those;fromv

“the Kuo method‘and-the modified method.discussed below.

"h3 5 Bas1anout1ng froposed Ey Shlngofen’
A Shlngofen'(l982) has suggested a modlflcatlon in. theh
”jMalcolm and New method He proposes to 1nclude the 1nflow at

'time J 1n calculatlng the storage 1ncrease or decrease 1n afd'

rd'tlme step of routlng Thus the contlnu;ty'equatlon-forva'

“1jbas1n is wrltten as

‘E(sj;si)/AF=(;i+;jX/Z%Qifib' , _:, ‘hd"qu‘n(;g)

Storage Sj is obtalned dlrectly from the above equatlonyil'”

and; Ojv;iS' found from stage storage and stage dlschargev%

"relatiOns Here the inflow is represented in the averagel'“'

sense but the outflow at the beglnnlng of a'tlme step onlyffc

’1s con51dered for- storage change in- the tlme step Slnce‘an"

fdlncreased :1nflow> will .tend »torvlncrease-‘the "storage: and

3vstage and therefore the outflow, a better representatlon of
’1nflows only may not necessarlly glve better accuracy for

che‘quantltles'to be computed llke stage, discharge, etc.,
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“as will be _Seen‘"leter Thls 'method is feferred as the
Shingofen method.  The. routlng equatlons ~for the system

- shown in figuref3a become

alHEJ—alHBZ+O 5(1, +I1 )At :
~Cazft(Hyy ~Hy, )(|H1 “Hayl) V2
| -Crabt(Hy-Hs, )(tHll-Hs |)'1/2'L'

(19)

HBZ-aZH62+O 5(12 +I2 )At - |
“‘C1zAt(Ha -H1 ><|H2 -H1 |>'1/2'

‘V‘C24At(H2 "-H4l)('H21fH4 })-1/2 »

eangj a3HB3+O 5(13 +I3 )At | _
| =Cyadt(Ha-Hyy )(le “Hiy |)'1/2ff’ )
s —034At(H3'-H4 )(IHS--Hq 1)z

. ‘CssAt(Hs Hs, )(|H3 —Hsll)'l/ZtT -

o a4H§J-a4HE4+o 5(14, +I4 )t ,'I‘ |
| -Calt(Hyy-Hsg )(|H4 I 1yi/e
. ‘v’":‘—CZ‘,At(Hq ‘Hz )(IH4 'Hall )-1/2‘; -
‘Cqut(H4 "‘Hs )(|H4 "Hs |)'1/2  
f-Qsie . T o ‘ i
(22)

‘ ,12ny ;frf7
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:Stages Hlj,HZ.,Haf_-and =H4j are directly found from

37773 v
these equations. With known stages at time j, outflows at
- time j' are computed from> ‘known  stage-discharge

relatiOnships; Avprogram has been written for thisvmethod,
'the details_and the:results are discussed in the following’

chapters.

3 6 Comparlson Of Methods

| fAll of the vabove ‘mentloned .metnods 'are> based on
:baianCihg' 1nflows outflows and. the tlme rate of storage
_change , The dlfference lles 1n the approx1matlon adopted"

bffor 1ncremental storage in a tlme step : The sketches 1n

”u'flgure 5 show the 1ncremental storage approx1mated by these

'methods agalnst the actual ~case. As At»approaches Zero. all~

’_these methods converge to ‘the true value. For a flnlte At

and a multlba51h‘ system,‘rthe Kuo method employlng the
'nonlinear‘.simultaneOusﬂieguations w1ll theoretlcally glvev
better accuracy than the other two methods For 1nstance,,
whenf‘the inflow and »outflowb hydrographs‘.are, nearly
,parallel,the‘ngalcolm and ‘New ;»method "gives good’

3representation of the 1ncremental storage as does the Kuo

h:method'while for a time step as shown 1n flgure 5 'the-Kuoi.uf

method ‘and the Shingofen method are 'clearly better  than
Malcolm and'New,methonvSensitivity'analySes for the three

methods are carried out and the results are discussed below.



IV. DETENTION BASIN FOR 'QUALITY MANAGEMENT

4.1 ‘Introduction'

Detentlonlzjf“Cilitiesi» mayf 1'alter the pO1lhtant'ﬂ*‘

‘characterlstlcs and reduce concentratlon in the storm water'

2bY settllng process 5much e they prov1de storm runoff7t?f"ﬁ

control by temporary detentlon and vattenuatlon of flood}
flows When vthehrconvectlve forces 'transportlng thef'

'_pollutants dampen .heav1er partlcles start to fall and arej

‘fultlmately depos1ted at the bottom 'ﬂhThe‘ result-rls the”jfﬂjd“*

"'qoverall reductlon 1n effluent pollutant concentratlon andm

nmass outflow rate from a retentlon ba51n Byvdeslgn;ng a,
j'detentlon ‘ba51n w1th _suff1c1ently long‘vdetentioni time3

"cons1derable reductlon in effluent pollutant concentratlon

.can be achleved The quallty 1mprovement can be 51gn1f1cant&°ln'"”

when the storm water is dlverted to pass through a system offma

detentlon~ba51nS¢

24
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4.2 Governing Egquation ‘
Aésuming cbmplete mixinq conditions in thexbasin the
‘mass balance eqﬁation for a pollutént in a detention basin

- can be written as
d(sC')/dt=IC-0C'-KC'S-M | ) o (23)

'wheré,v
S = sforagéxin.the;basin
C‘-# ¢6ncéntréti§n df“the-pollgtant‘in the basin
‘ 'and the efflgent B
‘ ii= ihflow B
cC = iﬁfluénf ¢Qﬁééntra#i§ﬁ  ,
,ov:‘but£16w  :> -
K = éoéffiéién#-of:dédaf’

time rate of mass deposition
" For the sake of>simplicity_only conserVatiVe pollﬁtants
are considered in this study. Thus, omitting the‘decay‘term;‘

the equation of mass conserafioh reduces to
d(sC')/dt=1Cc-0C"' -M o S (24)
In difference'form,

(SjC'j—SiC'_)ZAt=(Ii+Ij)C/2

;
_ . PP -
(QiC i+OjC j)/2

- (M +M) /2 : | - (25)
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The inflow'andaoutflow ratesvand'storage:volumes‘are
‘known from_ the quantity analysis of the basin flows. 'Ihe
;quantities atgtimefl‘are,either'knownvfrom the:prewiousvtiﬁe.'
Stepborvthe initial conditions given. Hence C. and'MJ are
'the.two unknowns' The sizes and amounts of the part1cles‘
'dep051ted depend on their"respectlve.settllng«velocltles,
l 1nfluentlveloc1ty, ba51n conflguratlon etc ~In general lif*
avflow throughvthe ba51n, Q causes an upward water Veloc1tyt
.componentél'wpfinh the ba51n ‘the partlcleS» w1th settling
.welocities xéreater than v w1ll settle (Poertner 1974).

Hence; for a partlcle to settle’ the mlnlmum ba51n areaj"

“,prequlred 1s Q/v where vS is the settllng veloc1ty of the

qpartlcle ' Thls 1deallzatlon 1s however far from the real7
'.;lflow ‘sxtuatlon ~ﬂthe_ksett11ng~ proces5'~may vbev adversely B
5affected by - turbulence present inp’the tflow "temperature
dlfferentlals between the 1ncom1ng flow and the water-.in. the

_bas1n; den51tyscurrents etcu Theregare'standard computer

codes' available  for »‘determination ~of vsedimentc» trap -

efficiencyvof a basin. For example 7'DEPOSIT' developed at:
thevUniwersity of Kentucky (Ward Haan and Bar field;11977)
wcan bevusedpto determine the sedlment'trap‘efflciency'of_a
detention basin ~ The 'DEPOSIT' 'computer code‘ has ‘beend
fextended to study the pollutant trap eff1c1ency at Vlrglnlau'-

f{Tech (N, 1983)
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(

4.3 Pollutant Routing Through Multiple Basin Svstem

- In the»present_study, the pollutant trap efficiencies
 for the indiVidusl basins are assumed known. With known trap-
efficiencies for settleable pollutants and those attached to
thé-Settling ssdiment for each-of,tﬁstbasins in a systém;'
tne time depenoen* efflueut polvutant concentrations_from
each bas1n of the“system can be determined from the mass
-conservatlon equatlons applied to the basins in the system
| For the case of four basins 1nterconnected as shown in

,figure 3a, the pollutant mass.conservation’equations are

(814C"14=51,C 1) /BE=(1-ny) (11,Cy+ 10y C1)/2
'v‘(Q1;j¢'12j+Qizi ,12i)(1‘n1;)/2_
‘(Q13jc'13j+Q13ic'1si)(lfﬂr3)/2

- (26)

(szjc"aj-szic' 2;)/88=(1-n2) (I2,Co+1, iC2)/2
+(Q1aJC 125 +Q12 C'izy)(1- n12)/2
-~ (Qaa s C'ays. Q24 Claa ) (1-mz4)/2
(27)

(534C"54=83,C"5;)/8t=(1-n3) (I3,C3+15,Cs)/2
#(Q:34C" 135%Q155C 133) (1-115)/2
(QQ4JC'34 TQ34 oh 344 ) (1-n34)/2
-(Qast'gj+stic 3y) (1=n35)/2

(28)
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_(s4jc'4j-s4iC'41)/At=<1-n4)<I4ic4+njc4>/2
*(Qz4jcf23j+Q24iC'241)(1‘nz4)/2
+(Qaéjc'34j+Q34ic'34 (1-n3z4)/2
-(Q4Sjc'4ﬁ+Q46ic’4i)(l—n46)/2

~-{Qsic'4i+Qst'4j)/2

)

(29)

where,

subscript, 1 = beginning of time step

subscript, j end of time step

subscripts 1,2,3,4 basin designation

Qkk'= discharge from basin k to basin k'

C'kj pollutant concentration in k basin
at time j
Ny~ pollutant trap efficiency of k basin
! —_— t 3
c Kk'§" C k3 if Qkk'j 2 0.

—— 1] : .
= C k' if Qkk'j < 0.
Mot = M 35 Qpger < 0.

= 0. if Q. ., 2 O.

Qslz spillway discharge at time 1, 1=i,j

‘Flow volumes calculated in quantity analysis are used
here with the assumption that the flow volumes are not

affected by the volumes of pollutants settled. Complete
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m1x1ng is assumed and the discharge g01na out‘of a ba51n at
anh‘lnstant iis' assumed to have the same pollutant
concentratlon as that in .the basin. In other words, 1if there

is a flow ﬁrom'.one bas1n ‘to another, the = pollutant
'concentratlon'in thevflow is taken'aszthe concentratlon at
the source of tn1 flow : The unynown C kj terms may or may
'r'not appear on. botn sides of the equatlons dependlng onv

v'whether the dlscharge is outflow from the basin or 1nflow tovw

it The system of s1multaneous equatlons is llnear and is

i.: :solved to flnd the four unknowns '» (k-l 2,3, 4) at time J.

;'When the fluctuatlon of concentratlon is . small the C term‘

3]
‘appearlng on the rlght hand s1de can be approx1mated by thei

'icorrespondlng cki termw Marchlng forward to the next tlme"-flﬁ

'”step}. 'pollutant'--concentratlons,d in each : ba51n ’foruf
conservathe pollutants - as functions :of tlme “and. them
-vresultlng systemw1de trap eff1c1ency for “the routlng perlod

is obtalned

A subroutlne .was developed to-lntroduce the pollutant4>b

'routlng through detentlon bas1ns in the main ‘program. The
results of pollutant routlng for, the ~systems shown in'

t;figuresv3a, 3b, 3c and 3f are presented below



V. COMPUTATIONAL METHODS AND ALGORITHMS

Closed form solution of the simultaneous differential
- equations of mass conservation involved in flow routing
through multibasin systém‘is difficult if not impossible.
Hence a numerical method to solve them is desirable. Thfee
élgoritﬁms have been considered in accordance with three
different .approximations employed for mass conservation
equations. = The first aléorithm involves solution of‘a set
of simultaneous nonlinear algebraic eguations. These are

'solved by iterative procedures'like Newtonrs method, secant
method etc. Sténdard text books(Gerald, 1978;‘Johns§h and.
Rieés, 1982) < list programs to solve  sets of nonlinear
equations. Since such programs are also available as IMSL
routines in the IBM 370 system, one such subroutine ZSPOW
which uses the'variationvof Newton's method is used in the
present case. A subroutine +to evaluate "the functions
derived from the continuity equations and which are to be
made zero, is needed. The -other two  algorithms give direct
solutions to the mass conservation egquations. -_Howe?er,
because of many variables involved in a multibasin system,

the use of a computer begomes inevitable. The pollutant mass

30
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conservauioﬁ equations are linearized by using flow volumes
vcomputed in the quantity' analysis and vare ‘éolved
accordingly. A déséription of - the fifst algorithm named
program DPDMS (Dual Purpose Multiple Detehtion System)

follows.



VI. PROGRAM DUAL PURPOSE MULTIPLE DETENTION
SYSTEM (DPMDS)

6.1 Scope and Limitations

. The program in its present form caﬁ solve flow and
pollutant routing through a multi-connected basin system as
shown in figure 3d. Any component in the system not requiréd
fof"analysis can be omitted by simply prescribing the
discharge coefficient for the unwanted linkage structure as
fzerc and aﬂy unwahtea input vas’ Zero;' For; example, if a
systembshqwn in figure 3evis to be anaLyZed, the.coéfficiént
of discharges for flows between basins 1 and 2 and betweén
basins 1 and 3 cén be set equal to zero and so also the
“inputs to basiﬁs 3 and 4. ‘With suitable changes in the
' progfam DPMDS éan-be'used for quantity and quality analysis
of stormwater fl&w through any number of detention basins
‘interconnecﬁed 'in"any' manner.b The program handles only
conservative pollutants and trap efficiencies of all basins

for the pollutant of interest are required as input.

32



33

6.2 Program Description

The program DPMDS has three subroutines. The main
program.reads all input data and computes all inflows and
'dischargés at the beginnihg of a time step before a call to
the IMSL routine-ZSPOW is made. ZSPOW uses subroutine FCN to
solve a system of ﬁonlinear ‘simulténeOus equations with
staqes ét the end of a time step as unknowns. In doing so,
it calls a set of subroutines in the system and uses the
.initiai given stages which are input for the very first time
step or the guessed‘values'f§r 6thef timé steﬁs and updated
subéequently for the following step in the maih program. A
loop is formed to march in time the computation of unknown
Stages and updating éf‘initiai éuesses in qaléulating the
flow qﬁanfities. ‘

Subroutine FCN puts the continuity equations in the
format of fuﬁctions to be equated to zero. To account for
‘the possible flow reverséls, the continuity equations may
in?olve'divisidh by square root  of the absolute-valués bf
differences'in stages. Also a negati?e outflow at any time
'requires to be treated as an‘actual inflow.

Subrouﬁine POLLUT . solves - the pollutant mass
-conservatibn equations.  Flow volumes calculated from
qﬁantity' analysis through the.‘main. progrém are used here

with the assumption that flow volumes do not change because
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of settling of pollutanté. For a completely mixed system,
the pollutant mass conservation equations then become‘ a
linear system of simultaneoqs équations. An IMSL routine to
~solve linear system of equations can be used to solve these.
However, sincé the concentration change in a time step is
generally small, the_pollutanﬁ concentration in the flow
‘between ény two basins at the end of a time step oan bé_
approximated by the’pollutant concentration in the basin at
the beginning of the time step. Subroutine POLLUT employs
this approximation and 'the system of equaiions become
solvable diréctly. Also pollutant. trap efficiency 1is
applied only to positive infiow to a basin. Negati&e inflow
being aotually an outflow for ‘the basin,,‘it does not
contribute to pollutant trapping in the basin. Sdbroutine
POLLUT computes concentration and polluﬁant mass fiows as
- functions of time. It also computes the overall system trap
éfficiency. | | |
Figﬁre 6 shows - a flowchart forv tho method - of

computation. adopted.
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6.3 Input Data

- 1. Stage-storage relationship:'A regression equation of thév,
type storage = a(stége)B is assumed.- The coefficients o and
B for each basin are input as CP and CPP respectively, where
P represents the basin deéignation”l)Z,B or 4.

2. Stages: Initial values of stageS‘for'all basins and all
boundaries such as tailwater depthsare input as ‘HP1 for
basin P, HCX for boundary frém basin 3 and HDX for boundary
from basin 4. When the tailwater is variabie HCX and or HDX
are input as functions of time. |
3. Inflow hydrographs: Inflow hydrographs to all basihs are
input as QP's which are'fuﬁctionsvof time. Here P denotesv
basin desiénation. If a‘basin does nbt‘get inflow a value‘
of zero is input for that:paftiéular~basin., | |
4. Type of flow in the interconnected structures: NTYPE = 0
and 1 indicate open channel flow and pipe flow reépectivély,
The program as pfesented can - handle pipe flow and open
channel flow with a mild slope. If other conditions of
linkage and. outlets are to be ﬁsed the program will need
some changes to accomodate these.
5. Discharge coefficients: Discharge coefficients for all
links and outlets are input as CPQ, where PQ meansb‘link
between basins P and Q or outlet from basiﬁ P to boundary Q;
Coefficients .specified ‘in the program for diécharge are

1;49b/(NL1/2) for open channel flow with mild slope,
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| CA(Zg)i/2 for Qrifice flow and CL for‘weif flow. All the
symbols used haVevbeenldescfibed.in chapter III. Length‘and‘
héiéht‘of the spillway weir iﬁ Eésin 4. are input as LWEIR
and HWEIR respectively.‘ The coefficienf of diécharge for
ﬁhe drop-inlet type spillway isftéken as 3.3.

6. Pollutant ‘ébncentraﬁions: Pollutant concentrations 'of
inflow from subcatchments to all basins are input as CNP

7. Pollutant trap efficiencies: Pollutant trap efficiencies
of individual basins for the pollutant of interest are ihput
as TEK, K -denoting the basiﬂ designation. | |

8. Number of basins, number of digits of accuracy desired in
the computed values and maximum humber of iteration to be
allowed are specified as N, NSIG and ITMAX respectively. '
9< Initial guess values for the‘stages at the end of the
first time step as X(1l) for basin 1, X(2) for basin 2 etc.
The initial guess values for $uc¢essive time steps are taken
as updated stages for the preceeding stép.> This should work
well with reasonably small time steps. In case of
nonconvergence 'terminal error' is indicated and a suitable

updating of the guess values should be included.
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6.4 Output

A typical output shows all étages, storages, dischérges,
pollutant concentrations, mass flows as functions of time.
Overall system inflows and outflows are also tabulated as
functions of time. Peak stage, peak discharge and the peak
times including maximum spillway discharge are also

tabulated.



VII. RESULTS AND DISCUSSION

Determination of peak stages, peak outflows, pollutant
mass flows etc. for storm runoff passing through a detention
basin system are important considerations in dual purpose
detention basin design. Because of complexities involved in
a multibasin system, a fairly simple but accurate method to
carry -out the roﬁting process 1is désirable for practical
design purposes.

Sensitivity tests on the three algorithms discussed
earlier were carried out for storm water guantity and
quality routing through three typical multiple basin systéms
shown as figures 3a, 3c and 3f. Both open channel flow and
pipe flow cases were considered for the system in figure 3a
and pipe flow was conéidered for the system in figures 3c
and 3f. The results of the sensitivity tests of the Kuo
method and the Malcolm and New method are shown in graphical
form in figures 7-16. Figures 7, 8, 9, 10 and 11 show the
stage in basin 1, the discharge ffom basin 1 to basin 2, the
system outflow, the system mass outflow -and the

concentration in basin 1 as functions of time as calculated
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by the Kuo method with variouévtime steps indicéted.‘Eiqures
12, 13, 14, 15 and 16 are reéult.s of sensitivity analysis of
the Malcolm and New method in terms of the same
time-variable;quantities as‘considered for the Kuo method{
Sensitivity analysis of the Shingofen method ' gave
Apfacticaliy the same results as the.Maléolm and New method.
The results are not‘inciuded here. The smallest time stéps
which gave convergencé' or no».appreciable change in the
solutions With further decrease were selected fér each
method.rAs one would expect, the.finally selécted time step
varies»with each method and with'each,basin system; From
fiqures‘7—ll and 12-16, it is évident.that.a time Stép of 10
»minutés or éveﬁ—lSvminutés yields qon&érgence of solution¢by
the Kuo méthod,applied to the four basin system while a time
step of 2.5 minutes is r%équivrvedIWi'th' the Malcolm and New
vmethod applied tq the Same\gystem.i SénsitiVity ahalysis of
tﬁe Shiﬁgofénfﬁéthodvalso resulted in a time step of 2.5
minutes'onfconvergence. These time stepé are éelecfed for
' comparison of the reSultsf _‘Alternatively“_a 'criﬁerié for
selection of a‘timé step in terms of percenfagevchangé’inxé 
-,Computed quaﬁtity versus a céftain'chaﬁgé in the time step
could also be used, but this>méy th'bé feasible.wheﬁ théré

is a fluctuation in the computed quantities.
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The sclution (stage,'discharqe etc. as functions of
time) obtained from the three algorithms with the use of the
selected time Steps were plotted for comparison and some of
these plots are shown in figures 17-21. It ie interestinq
to note that, despite use of different selected time steps,
the results from the last two algorithms are different from
those from the first algorithm. The differences in peak
stage invbasin 1 and the maximum diseharge from basin 1 tb'
basin 2 by these methods are quite significant. The
descrepancies can be vattributed to the different
approximatiohs involved and’to the routing method used fer
the " basin system. In the Kuo method the unknowne are
obtained by selVing-eimultaheous eqﬁations>ahd,any\chanqe in-
a variable in:ene basin affects all others in thetwhole‘
system. FQr every time step ali inflows to all basins during
the timé»beriod are‘reSpohsiblegfp:vstage changes during
during'the'period, In' the ether two methods the continﬁity
equations are solved independehtly'fbr individual basinsvand
inflows to adjaceﬁt'baeins in a time'step_de not affect the
calculation of quentities in‘avbesin invthevsame period.
Hence it -i‘s poséible that small differences in each step
‘accumulate toeaffect the result appreciably.v The qﬁantities
found by the :three methods‘-vafy .end the amount of

discrepancy in -a computed quantity wiilvdepend»on various
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parameters'of the system like inflow rates, type and number
of interconnections‘etc. For a single basin systembwe would
expect the stages as determined by the three algorithms to
follow a certaln pattern according to the approx1matlons
involved. With a multibasin system the interdependence,of
the uvafiables in the four basins sucn as discharges and
stages is significant7> Flow reversals or tendency to adjust
watef levels ‘simultaneously :in the basins may 'result in
patterns unexpected from a s1ngle basin system. The
computed quantities after the peak time calculated by the
_Malcolmvand New‘method'andlthe Shingofen method are nearly
equal But stages and outflow quantities'with respect to
basin 1 calculated by the Kuo method have hlgher values near
the peak than those calculated by the other two methods
After the' peak tlme, the curves . diverge with~ “time
siénificantly. This is tfue'also for a two basin system~as
will be seen later.

‘Comparison of the three methods for the‘same four basin
system for the case of pipe flowA:in the interconnecting
‘structures and having inflow‘hydfograph as inout,to:basin 1
‘only'was also studied.The detailed results are not included
’invthis thesis. It was found that the peak value of stage in
basin 1 came out nearly the same tor all three metnods On‘

the other hand peak stage for basin 2 as calculated by the
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Kuo method wés greater thaﬁ:that calculated by the other two
methods by aBdut 13 percenﬁ;;vThusvthe méthod of domputation‘
.employed affected the peék quantitiés in basinv2.mOre than
those in basin 1 for this particularvéase. |
| Some.resultsvof quantity and quality routing through
the four basin system (figure 3a) with pipe flow by the Kuo
method with infloQ hydrngaphs of figure 22 and
stage~-storage curves of figure 23 are shown in figures
24-28. In actual practice the hydrographs will bevthe design
storm hydrographs of interest for the subcatchments. Time
variation of stages, storages and-‘all. flow quantities
inéluding, pollutant mass flows and  concentrations were
plotted. It can be seenbfrom figurés 24—27 that the peaks
"in the four basins do not bccur at the same time. In the
. present cése the peak stage value is lowest in basin 4. If
spillway height in basinr4 is 'to be limited to this peak
value, one could fully utiiize the additional storagé
capacity available 'in = the other ibasins due to ‘higher
permissible stages in them, by employing . suitable
intercdnnecting structures. This is clearly an advantage of
having-interconnection between basins. |
Inflow:hydrographs and stage-storage curves‘aé shown in
figures 29 and 30 féspectivély were used for ~routing

analysis of a four basin system (figure 3é) with open.



43

channel flow in the interconnecting structures. The results
are shown graphically in figures 31-35.

Table 1 shows the inputs and the results of quantity
and gquality analyses of stormwater routing through a four
basin system as shown. in ’fiqure 3a. The interconnecting
pipes ahd outlets are assumed to be submerged. A peak fléw
of 1155 cfs into the system produces a peak outflow of 197
cfs with 83 percent reduction and the peak time is delayed
by 90 minutes. It caﬁ be seen from the table that peak
stage, peak outflow, and peak pollutant mass outflow‘for the
system do not occur at thg same time. This is a typical
characteristics of a multiple basin system. For example( the
maximum stage in the system of 7.34 feet occurs at 150
‘minutes, whilé the peak»putflow of 197 cfs occursvat 180
- minutes. The peak pollutant mass outflow.of 2.4 1b per sec
occurs at 120 minutes as‘compared to the peak pollutant mass.
inflow of 21.7 lb per sec at 80 minﬁtes. Maximum detention
storage for the system comes to 4.362 million cubic feet.
"The overall system péllutant trap efficiency is found to be
68 percent with known trap efficiencies of 0.6, 0.5, 0.4 and
0.3 in the individual basins.

Table 2 gives the input and some important results of
quahtity and~§uality analyses for the four basin system as

shown in figure 3a with open channel flow in the
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'interconnecting reaches. The importance of the size and
‘nature of the outlet »structures and the interconnecting
reaches involved indflow routing becomes evidentl The sizes
chosen for analysis in this case of open channel flow do not
give'better result as compared to the pipe flow case with
respectv to ‘system pollutant trapd efficiency. ‘The peak
values of stage, outflow and'pollutant mass outflow in this
case are 8.17 ft, 191 cfs and 1.9 lb/s,reSpectively. System
pollutant trap efficiency of 64'percent’is'obtained.

Table73 shows the comparison of the three methods by
their responsebtovflow routingfthrOugh a four basin system
as.shown in figure 3a with pipe flow. - Peak stages in the
four bas1ns obtained by the Malcolm-New and the Shingofen
methods are found to be the same. The peak stages obtained
by the Kuo method are higherrby 2 to 9 percent. System peak
flow calculated by the Kuo method‘is greater than those from
the other two methods by about S percent‘ Although stage,
’ discharge etc. at some 1nstant differ by as much as ‘10
percent - the peak values dlffer by less than 5 percent
Convergence of the Kuo method was obtalned w1th less than 10
iterations in this case and other cases studled.'The other”
'two methods gave converged solutlons only for. 81gn1f1cantly
"smaller tlme.steps. Execution time for each of the three

methods was less‘than two minutes for all the:cases studled;
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Results of sensitivity aﬁalysis of the Kuo method for‘
the two basin system as shown in figure 3f are presented
graphically in figﬁres’36-401 ' The two basin system is more
sensitiVe to the size of the tiﬁe step selected as compared
to the four basiﬁ syétem. For example) with thé‘same,time
i‘Stép the stagé—time cuses in theftwé basin case are nct as
smooth as in theifour basin case.vRésuits for the two basins
case from -the secohd and the}third methods, althou@h not
,included in this thesis; indigated~instabili£yveven,with“a
timéfstep of 1.25.minutes. Superiority of the Kﬁo method was
evident from;stability>considerations. ‘Thelﬁimé=dependent
: quantitiésvcalculated by the Malcolm—New‘and the Shingofen-
~methods behaved erratically'with-timé steps of tén mihutes;
’This may be becausé'SIight-éhanges invstages'héaf steady 
state'valueS‘causés reversal of flows. The fluctﬁaﬁion once
started takes time to démpen{‘For a time step of 10 miﬁutes
b‘with the Malcolm-New and_ﬁhe Shingofen methods the soiutiéns}

fof.Conéenﬁration in basiﬁ 1 and the systemrpoilﬁtant mass
 flbws  blew up. With a time ‘step of 5 minutes the
fluctuations*were moré~than‘the éxpected peaks. This kind
of situation may SOhetimes‘leadAto erroneous conélusions.

A time step of 10 minutes for the Kuo method‘and 1.25
- minutes each fOrvthe other two'methods‘were éelecﬁed for‘the

gualitative comparison of the three methods with FYesults
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shown in figures 41—45. The peaks by the three methods again
differ and so do the times of peaks. The Mélcolm—New and
Shingofen methods again give almost identical results based .
on the selecfed time step of 1.25 minutes. The peak stage in
bésin 1 as found by the Kuo’method'is greater by about 5
’pefCent compared to the peéks given by the bther two
}methods. Peak flow quantitiés élso differ.

Results of the flow routing simulation through a two
_basin system of'figure’3f withvinflow hydrographs given in
figgre'46 and stage storage curves in figufe 47, ﬁsing the
Kuo method are shown ‘in. tableb 4. The peak stagé, peak
outflow,ahd peak.pollutant méss outfléw afe115.65’ft; 255
cfs and 2.4,lb/s'féépectivély;System trap efficiency comes
to'S7‘percén£. o | |

Tablé 5 gives the cbmparisdﬁ of'computed gquantities for
a fouf bésin system shown in figure 3b with theAquantitieS'
for a single :basin system of equivalent total storage
capacity-for the same totai inflows used, A lower sbillway
height is required in basin 4 of the four basin éystem than
that in the: single basin system to route the same' total
infldwi The differenée in Spillway height'between the‘twq
cases 1is ,0.18 “ft for this .particulaf example detention

system studied.



VIII. SUMMARY AND CONCLUSIONS

An éigorithm whiéh is suitabl¢ for quantity and_quality‘
analyses of flqwirputing thrgugh multiple-detention’systems
has been devised. Thréé élg6rithms eaéh using a different
b.approximationi for the maséﬁ»conser&atiqn' equation were
formulated and théir pérfémance as applied to four basinvénd
two basin.systemsvwith a Variety of‘hydraulic‘and hydrologic
chditions were analyzed Befdré‘making_the final selection.

The Maiddlm and New‘and the Shingofen‘methodé using
simplified épproximations for the continuity egquation wére
also found to give fair results, usually,within lovperéent
for the peak values of stages‘and‘discharges as ¢omparedv
IWith the selected Kuo methodf Buﬁ, on occasions they tend
tQ give'erratic results especiélly when fluctﬁation of‘theée
quantitieS'is seen."Based on‘the_findingS’in this research,
the foilowing conclusions‘can be présented

| 1. All the three methodS’give.compafable results.wheh:
convergence of the solution is obtained. The peak stages

calculated by the Kuo method are higher and the differences
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are withinuten percent for allpthe cases of'detention basin
systems considered.

2. The algorithm employiné'the Kuo method is favorable
in.respect of stability'and time step required for eolution
-conteroence as ~compared vto the Malcolm andp‘New and the
Shingofenvmethode. |

3. The peak stages in the basins dovnot 0ccurfat the
same time and they differ from onerbasin to anotherQ' For a
design storm of interest in a particular detention»system,
-outleteand interconnecting structures can be designed for
‘optimum use of allowable Stage heiqht.inveach baSin;

4. A multiple detention basin system is Vefy effective"
~ for contfol-of‘surfacé runoff For an example case of four
basin‘SYStem'studied, the peak flow is found to be reduced»
by 83 percent and the peak time delayed by 90 minutes

S. In terms of water quality control the pollutant
‘trap eff1c1ency can be enhanced by allow1ng 1nterconnectionv
between basins. For individual-'baein pollutant ‘trap
effioiencies ranging from 30 = to 60 'percent a system
pollutant trap efficiency of 68~percent was’found for a four‘

basin detention system studied.
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The  present studyA has clearly illustrated the
methodology in designing a multiple detention. basin system
"with respect to quantity and quality analyses. In order to
refine the design method propov,sed, further research is
recommended as follows.

(a). The program in its»present form can take care of pipe
full flow, Vopen -channel flowb'through box culverts with‘ mild
slope and weir flow over: spillways. Modification. in the
_program is required for other kinds of ‘flows through the
interconnecting structures and outlets

" (b). The program requires pollutant trap efficiency of each
individual basin as' the input A computer subpvrogram to
‘c.alcu.i-ate the trap efficiencies from basin and flomdata may
be desirable. The trap efficiency of a basin need not remain
constant for two dif ferent flows or for the same flow at
diffe.rent times.

(c). The program can s»olveb flovw ‘and pollutant routing
through multiple basin  system shown in figure 3d and its
subsvstems. Modification in the programv will be ‘requir_ed
for its use to sYstems ‘with more ba'sins and more number of
interconnections. | | | | =
(d). In> cases . where ‘percolation’ is. significant, the,‘
e,ffectiife flow input to the. system can be taken as . the net
inflow‘ hydrograph which is ‘the difference of the. inflow

»hydrograph and the infiltration rate curve.
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(e). Non-conservative pollutants can be taken care of in the
proposed design method by introducing the coefficient of

decay in the quality analysis.
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Figure 1. TypiCalvhighway interchaﬁgeIWith four

"detention basins.
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Figure 2. Layout of a two basin detention system
' between hlghway embankments.
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Figure 6. Flowchart of the computer program "Dual
Purpose Multiple Detention System (DPMDS)".
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TABLE 1. INPUT DATA AND IMPORTANT RESULTS FOR
A FOUR BASIN SYSTEM WITH PIPE FLOW

INPUT:
INFLOW HYDROGRAPHS : FIGURE 22

PEAK INFLOW = 1155 CFS, TIME TO PEAK = 90 MIN

STAGE-STORAGE CURVES : FIGURE 23

DISCHARGE COEFF. FOR OUTLETS

D - —— - - - . - - . - - = - =

CIJ= COEFF.FOR OUTLET STRUCTURE
CONNECTING I AND J BASINS
J= 5,6 - NATURAL DRAIN BOUNDARIES

12 c13 c34 cia  c35 ca6

70.00 90.00 90.00 85.00 75.00 65.00

INFLOW POLLUTANT CONCENTRATIONS, PPM
- BASIN 1 BASIN 2 BASIN 3 BASIN 4 -
300 300 - 300 300

TRAP EFFICIENCIES

0.60 - '0.50 ~0.40 0.30

PEAK POLLUTANT MASS INFLOW = 21.7 LB/S
TIME TO PEAK = 80 MIN

RESULTS : o
SYSTEM PEAK STAGE = 7.34 FT

TIME AT PEAK = 150 MIN | \

 PEAK OUTFLOW

PEAK POLLUTANT MASS OUTFLOW = 2.4 LB/S
TIME TO PEAK = 120 MIN :

OVERALL SYSTEM TRAP EFFICIENCY = 0.68

197 CFS, TIME TO PEAK = 180 MIN
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. 'TABLE 2. INPUT DATA AND IMPORTANT RESULTS FOR A
FOUR BASIN SYSTEM WITH OPEN CHANNEL FLOW

INPUT: ‘ .
- INFLOW HYDROGRAPHS : FIGURE 29 '
PEAK INFLOW = 980 CFS, TIME TO PEAK = 150 MIN

STAGE-STORAGE CURVES : FIGURE 30

DISCHARGE COEFF. FOR OUTLETSv

CIJ= COEFF.FOR OUTLET STRUCTURE
' CONNECTING I AND J BASINS
J= 5,6 - NATURAL DRAIN BOUNDARIES

Clz2 C13 C34 Cl4 C35 Cc46

52.90 52.90 52.90 52.90 52.90 52.90

INFLOW POLLUTANT CONCENTRATIONS, PPM
BASIN 1 BASIN 2 BASIN 3  BASIN 4
300 300 300 300

TRAP EFFICIENCIES

0.60 0.50 0.40 0.30

PEAK POLLUTANT MASS INFLOW = 18.4 LB/S
TIME TO PEAK = 80 MIN

RESULTS: : :
SYSTEM PEAK STAGE = 8.17 ET
TIME AT PEAK = 180 MIN
PEAK OUTFELOW 191 CFS, TIME TO PEAK.= 285 MIN

PEAK POLLUTANT MASS OUTFLOW = 1.9 LB/S
TIME TO PEAK = 160 MIN ' :

OVERALL SYSTEM TRAP EFFICIENCY = 0.64
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TABLE 3. COMPARISON BETWEEN THE THREE METHODS
AS APPLIED TO A FOUR BASIN SYSTEM

NOTE :
THE UNITS FOR THE QUANTITIES IN THIS TABLE
ARE ‘AS FOLLOWS

TIME MIN

FLOW QUANTITY CFS
CONCENTRATION PPM

MASS FLOW LB/S

STAGE FT

STORAGE MILLION CF

INPUT PARAMETERS ARE THE SAME AS IN TABLE 1.
TERMINOLOGY: P1=BASIN 1
: Q12=DISCHARGE FROM BASIN 1 TO BASIN 2
=MASS FLOW RATE

KUO MALCOLM- SHINGOFEN
ITEM / METHOD NEW METHOD METHOD
TIME STEP 10.0 2.5 2.5
MAX.INFLOW P1 400.0 400.0 400.0
MAX.INFLOW P2 340.0 340.0 340.0
MAX.INFLOW P3 265.0 265.0 ~ 265.0
MAX.INFLOW P4 240.0 240.0 240.0
SYS.PEAK INFLOW 1155.0 1155.0 1155.0
TIME TO PEAK 90.0 90.0 S0.0
INFLUENT CONC.
FOR ALL INFLOWS 300.0 300.0 300.0
MAX.MASSEFLOW Pl 7.50 7.50 7.50
MAX.MASS FLOW P2 6.38 6.38 6.38
MAX.MASS FLOW P3 4.97 4.97 4.97
MAX.MASS FLOW P4 4.50 4.50 4.50
SYS.MAX.M.FLOW 21.66 21 .66 21.66
TIME AT MAX. 90.0 90.0 90.0
MAX.STAGE P1 7.34 7.29 7.29
MAX.STAGE P2 7.30 7.26 7.26
MAX.STAGE P3 7.01 6.84 6.84
MAX.STAGE P4 6.95 6.84 6.84
- SYS.MAX.STAGE 7.34 7.29 7.29

B e —
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MAX.DET.
MAX.DET.
MAX.DET.
MAX.DET.
SYS.MAX.
ABS.MAX.
ABS.MAX
ABS.MAX
ABS.MAX.
ABS.MAX.
ABS.MAX.

SYS.PEAK OUTFLOW

TIME TO

. ABS.MAX.

ABS.MAX.
ABS.MAX.
ABS.MAX.
ABS.MAX.
ABS.MAX.

STOR.P1
STOR.P2
STOR.P3
STOR. P4
D.STOR
Ql2

.Q13
.Q24

Q34
Q35
Q46

PEAK
M12
M13
M24
M34
M35
M46

SYS.PEAK MASS

OUTFLOW
TIME TO
CONC.P1

PEAK
AT PEAK

MASS OUTFLOW

CONC.P2
CONC.P3
CONC.P4

SYSTEM POLLUTANT

AT PEAK
AT PEAK
AT PEAK

TRAP EFFICIENCY

(TABLE 3 CONTINUED)

.995
.300
.180
.887
.362

- 102.
188.

.979
.270
.041
.819
.109

.979
.270
.041
.819

(CRON®

.68
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TABLE 4. INPUT DATA AND IMPORTANT RESULTS FOR
FOR A TWO BASIN SYSTEM

INPUT:
INFLOW HYDROGRAPHS : FIGURE 46
PEAK INFLOW = 505 CFS, TIME TO PEAK = 90 MIN

STAGE-STORAGE CURVES : FIGURE 47

DISCHARGE COEFF. FOR OUTLETS

CIJ= COEFF.FOR OUTLET STRUCTURE
CONNECTING I AND J BASINS
J= 3 - NATURAL DRAIN BOUNDARIES

c1z2  c23

70.00 90.00

INFLOW POLLUTANT CONCENTRATIONS, PPM

BASIN 1 BASIN 2
300 300

TRAP EFFICIENCIES

PEAK POLLUTANT MASS INFLOW = 9.5 LB/S
TIME TO PEAK = 80 MIN

RESULTS: _ '
SYSTEM PEAK STAGE = 15.65 FT
TIME AT PEAK = 120 MIN

PEAK OUTFLOW = 255 CFS, TIME TO PEAK_=.lOO MIN

PEAK POLLUTANT MASS OUTFLOW = 2.4 LB/S
TIME TO PEAK = 100 MIN

OVERALL SYSTEM TRAP EFFICIENCY = 0.57

gy g U U W S U———
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TABLE 5. COMPARISON OF A FOUR BASIN SYSTEM WITH AN
EQUIVALENT SINGLE BASIN SYSTEM

FOUR BASIN "EQUIVALENT' SINGLE
SYSTEM BASIN SYSTEM

COEFFICIENTS IN THE STAGE-STORAGE RELATIONSHIP
BASIN 1 3000./3.1 13040./3.16
BASIN 2 3200./3.2 ey
BASIN 3 - 3500./3.2 : "
BASIN 4 - 3400./3.1 e

PEAK STAGE P1(FET) 7.40 7.23
PEAK STAGE P2(FT) 7.35 "

PEAK STAGE P3(ET) 7.24 ' "

PEAK STAGE P4(FT) 7.05 "

PEAK INFLOW(CFS) 1155. : 1155.

TIME TO PEAK(MIN) 90.0 90.0

PEAK OUTFLOW(CFS) 107. 112.

TIME TO PEAK(MIN) 200.0 - 190.0

PEAK POLLUTANT ,

MASS OUTFLOW(LB/S) 1.41 1.63

"OVERALL SYSTEM

TRAP EFFICIENCY .81 ' 0.78

DIFFERENCE IN SPILLWAY HEIGHT IN BASIN 4
FOR THE TWO CASES = 0.18 ET
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APPENDIX A

COMPUTER PROGRAM DPMDS LISTING

IMPLICIT REAL*4(A-H,0-2)
INTEGER NSIG,N, ITMAX, IER,NTIME

REAL*4 FNORM,F(4),X(4),PAR(4),WK(54)

COMMON/BLK1/CA,CB, CC,CD,CB4,CB5,CA4,CA5,CC4,CC5,CC6,

#CD4,CD5,CD6

COMMON,/BLK2 /CAA, CBB, CCC, CDD, HEX , HCEX , COEFF, LWEIR, HWEIR

*  BAB, BBC, BDA, BCD, BEX, BCEX, ABL, BCL, CDL, DAL, EXL, CEXL, XN

COMMON/BLK3 /QA(30),QB(30),QC(30),0D(30),T(30),QSPILL(30)

* OBA(30),QBC(30),0CD(30),QAD(30),0DEX(30),QCEX(30)

#,SB2(30),SA2(30),SC2(30),SD2(30),QIMX, QOMX, QSPLX

COMMON/BLK4,/CBI,CAI,CCI,CDI,TEB, TEA, TEC, TED

COMMON/BLKS5 /NTIME, DELTT, NTYPE

EXTERNAL FCN

DIMENSION Z(30),V1(30),V2(30),V3(30),V4(30),HX(48,4)

* HB2(30),HA2(30),HC2(30),HD2(30),QINT(30),QEXT(30)
INPUT:
N=NO. OF UNKNOWN STAGES |
NSIG=NO. OF SIGNIFICANT DIGITS OF ACCURACY DESIRED
ITMAX=MAX. NO. OF ITERATIONS TO BE ALLOWED
NTIME=TOTAL NO. OF ROUTING STEPS

NTYPE=0 ----PIPE FLOW
NTYPE=1 ----OPEN CHANNEL FLOW
N=4
NSIG=4
ITMAX=20

READ(5, 135 )NTYPE, NTIME

135 FORMAT(215)

INITIAL GUESSES X(I) \
READ(5,1)X(1),X(2),X(3),X(4)
1 FORMAT(4F10.5)
READ INFLOW CONCENTRATIONS
READ(5,131)CBI,CAI,CCI,CDI
131 FORMAT(4F10.5)

"READ TRAP EFFICIENCIES FOR THE BASINS

READ(5,132)TEB, TEA, TEC, TED

132 FORMAT(4F10.5)

READ COEFFICIENTS OF STAGE-STORAGE RELATIONS
READ(5,2)CB,CA,CC,CD
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2 FORMAT(4F10.5)
'~ READ(5,7)CBB,CAA,CCC, CDD
7 FORMAT(4F10.5)
IF(NTYPE.EQ.0) GO TO 136
C READWIDTH OF CHANNELS
READ(5,233)BAB, BBC, BCD, BDA, BEX, BCEX
233 FORMAT(6F10.5)
C READ LENTHS OF CHANNELS
READ(5,1114)ABL, BCL, CDL, DAL, EXL, CEXL, XN
1114 FORMAT(7F10.5)
CAB=1.49*BAB**1.667/(XN*SQRT (ABL))
CBC=1.49*BBC**1.667/(XN*SQRT (BCL) )
CAD=1.49%BDA**1.667/(XN*SORT (DAL))
CCD=1.49*BCD**1.667/(XN*SQRT(CDL) )
CEX=1.49*BEX**1.667/(XN*SORT (EXL))
'CCEX=1.49%BCEX**1.667/(XN*SQRT (CEXL) )
‘ GO TO 137
136 CONTINUE
READ(5, 3)CAB, CBC, CCD, CDA, CEX, CCEX
3 FORMAT(6F10.5)
C  READ DEPTHS AT START TO BE UPDATED FOR NEXT STEP
137 READ(5,4)HAl,HB1,HC1,HD1, HEX, HCEX
4 FORMAT(6F10.5)
WRITE(6,700)
700 FORMAT(//15X, 'ROUTING RESULTS FOR ILLUSTRATIVE
*CASE . '/15X,39('*")//)
WRITE(6,701)
701 FORMAT(/10X, 'BASIN NO.' ,T25,'1’,T35,'2',
#T45,'3', TS5, '4"' /10X, 45('-")//)
WRITE (6, 702)
702 FORMAT(/15X, 'STAGE- STORAGE RELATION
*V=A*Y*#B' /15X,32('-")/)
WRITE(6,703) CB;CA,CC;CD
703 FORMAT(7X,'COEFF. A=',bT20,4F10.0).
WRITE(6,704) CBB,CAA,CCC,CDD
704 FORMAT(7X, 'COEFF.B=', T20,4F10.3)
WRITE(6,781) |
781 FORMAT(/16X,'Y',T25,'v1l',T35,'v2',T45,'V3",
*T55, 'Va' /10X,42('-")/)
Z(1)=5.
DO 114 I=1,NTIME
IF(I.EQ.1) GO TO 113
Z(I)=2Z(I-1)+0.2
113 V1(I)=CB*Z(I)**CBB
V2 (I)=CA*Z(I)**CAA
V3 (I)=CC*Z(I)**CCC
© V4(I)=CD*Z(I)**CDD
WRITE(6,115)2(I),V1(I),Vv2(I),V3(I),V4(I)
114 CONTINUE
115 FORMAT(/9X,F10.2,4F10, 0)
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WRITE(6,705)
705 FORMAT(//15X,' INFLOW HYDROGRAPHS'/15X,18('-")/)
WRITE(6,706)

706 FORMAT(/8X,'TIME,T', T20,'Q1l(T)', T30, "'Q2(T)",
*T40, 'Q3(T)',T50, 'Q4(T)/T12,6('-"'),T20,5('-")
*#,T30,5('-"),T40,5('-"),T50,5("'-")/)

C READ INFLOW HYDROGRAPHS AT INTERVALS OF C TIME STEP IN
MINUTES
DO 104 I=1,NTIME
READ(5,105)QB(I),QA(I),QC(I),QD(I),T(I)

104 CONTINUE
WRITE(6,707)(T(I),QB(I),QA(I),QC(I),QD(I),I=1,30)

707 FORMAT(3X,F10.2,4F10.0)

105 FORMAT(5F10.5)

WRITE(6,740)
740 FORMAT(//15X,'DISCHARGE COEFF. FOR
*OUTLETS' /15X,28('-")/)
WRITE(6,1111)
1111 FORMAT(/15X,'CIJ= COEFF.FOR OUTLET STRUCTURE
*CONNECTING I AND J BASINS')
WRITE(6,720)

720 FORMAT(15X,'J=5,6 - NATURAL DRAIN BOUNDARIES')

WRITE(6,1112)
1112 FORMAT(T15,'cl2',T25,'c13',T35,'c34',T45,'Ccl4’,
#T55,'C35',T65, 'C46' /T15,3('-"),T25,3('-")
% T35,3('-'),T45,3('-"'),T55,3("'-"),T65,3('-")/)
HX(1,1)=HB1
HX(1,2)=HAl
HX(1,3)=HC1
HX(1,4)=HD1
k=1

6 DELTT=(T(K+1)-T(K))*60.
CB1=CB*HB1#*CBB+(QB(K+1)+0OB(K))/2.*DELTT
CB4=CAB*DELTT/2.

CB5=CBC*DELTT/2.

IF(NTYPE.EQ.0) GO TO 138

IF(HB1.EQ.HALl) GO TO 51

C INVERT LEVEL OF OUTLETS TAKEN AT 5 ET

IF(HB1+HA1.LE.10.) GO TO 51
CB2=CB4* ( (HB1+HA1-10.)/2.)**1.667* (HB1-HAl)
* /(SORT (ABS (HB1-HAl)))/
* (BAB+HB1+HA1-10.)**.667

GO TO 52

51 CB2=0.

52 IF(HB1.EQ.HCl) GO TO 53
IF(HB1+HC1.LE.10.) GO TO 53
CB3=CB5*( (HB1+HC1-10.)/2.)**1.667*(HB1-HC1)

* /(SORT (ABS (HB1-HC1)))/
* (BBC+HB1+HC1-10.)**.667
GO TO 54
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53 CB3=0.
54 CAl-CA*HAl**CAA+(QA(K+l)+QA(K))/2 *DELTT
CA4=CAB*DELTT/2.
CAS5=CAD*DELTT /2.
'IF(HA1.EQ.HB1l) GO TO 55
IF(HA1+HB1.LE.10.) GO TO 55
CA2=CA4* ( (HAl+HB1-10.),/2.)**1.667+*(HA1-HB1)
*/(SQRT(ABS(HA1-HBl)))/
* (BAB+HA1+HB1-10.)** 667
GO TO 56
55 CA2=0.
56 IF(HA1.EQ.HD1) GO TO 57
IF(HAl1+HD1.LE.10.) GO TO 57
CA3=CAS*( (HAL+HD1-10.)/2.)**1.667* (HAL- HD1)
* /(SQRT (ABS (HA1-HD1)))/
* (BDA+HA1+HD1-10.)**.667
GO TO 58
57 CA3=0.
58 CCl= CC*HCl**CCC+(QC(K+1)+QC(K))/2 *DELTT
CC4=CBC*DELTT/2.
CC5=CCD*DELTT/2.
IF(HC1.EQ.HB1) GO TO 59
IF(HC1+HB1.LE.10.) GO TO 59
CC2=CC4* ( (HC1+HB1-10.)/2.)**1.667*% (HC1-HB1)
- */(SQRT(ABS(HC1-HB1l)))/
* (BBC+HC1+HB1-10.)** 667
| GO TO 60 |
59 CC2=0. -
60 IF(HC1.EQ.HD1l) GO TO 61
IF(HC1+HD1.LE.10.) GO TO 61
CC3=CC5#( (HC1+HD1-10.)/2.)**1.667% (HC1- HDl)
* /(SQRT (ABS (HC1-HD1)))/
* (BCD+HC1+HD1-10. )** 667
GO TO 62
61 CC3=0.,
76 CC6= CCEX*DELTT/Z
IF(HC1.EQ.HCEX) GO TO 77
IF(HC1+HCEX.LE.10.) GO TO 77
CC7=CC6* ( (HC1+HCEX-10.)/2.)%*1. 667*(HCl HCEX)
*/(SQRT (ABS (HC1-HCEX) )
*)/(BCEX+HC1+HCEX-10.) **. 667
| GO TO 62
77 CC7=0. |
62 CD1= CD*HDl**CDD+(QD(K+1)+QD(K))/2 *DELTT
CD4=CCD*DELTT/2. «
CD5=CAD*DELTT/2.
IF(HD1.EQ.HCl) GO TO 63
IF(HC1+HC1.LE.10.) GO TO 63 |
CD2=CD4* ( (HD1+HC1-10.)/2.)**1. 667*(HD1 HC1)
*/(SQRT (ABS (HD1- HC1)))/
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* (BCD+HD1+HC1-10. ) ** . 667
GO TO 64
63 CD2=0.
64 IF(HD1.EQ.HAl) GO TO 65
IF(HD1+HAl.LE.10.) GO TO 65
CD3=CD5* ( (HD1+HA1-10.)/2.)**1.667*(HD1-HAl)
*/(SQRT(ABS(HD1-HAl)))/
* (BDA+HD1+HA1-10.)** . 667
GO TO 66
65 CD3=0.
66 CD6=CEX*DELTT/2.
IF(HD1.EQ.HEX) GO TO 67
IF(HD1+HEX.LE.10.) GO TO 67
CD7=CD6* ( (HD1+HEX-10.)/2.)**1.667*(HD1-HEX)
*/(SQRT (ABS (HD1-HEX)))/
* (BEX+HC1+HCEX-10.)**.667
GO TO 139 |
67 CD7=0.
GO TO 139
138 CONTINUE
IF(HB1.EQ.HAl) GO TO 151
CB2=CB4* (HB1- HAl)/(SQRT(ABS(HBl HAl)))
GO TO 152
151 CB2=0.
152 IF(HB1.EQ.HCl) GO TO 153
CB3=CBS* (HB1-HC1)/(SQRT(ABS(HB1-HC1)))
GO TO 154
153 CB3=0.
154 CA1=CA*HA1l**CAA+(QA(K+1)+QA(K))/2.*DELTT
CA4=CAB*DELTT/2.
" CA5=CDA*DELTT/2.
IF(HAl.EQ.HB1l) GO TO 155
CA2=CA4* (HAl- HBl)/(SQRT(ABS(HAl HB1)))
GO TO 156
155 CA2=0.
156 IF(HA1l.EQ.HD1) GO TO 157
CA3=CA5* (HA1-HD1)/(SQRT(ABS(HA1-HD1)))
GO TO 158
157 CA3=0.
158 CC1=CC*HCI1**CCC+(QC(K+1)+QC(K))/2.*DELTT
' CC4=CBC*DELTT/2.
CC5=CCD*DELTT/2.
IF(HC1.EQ.HB1) GO TO 159
CC2=CC4* (HC1-HB1)/(SQRT(ABS(HC1-HB1)))
GO TO 160
159 cCc2=0.
160 IF(HC1.EQ.HD1) GO TO 161
CC3=CC5* (HC1-HD1)/(SQRT (ABS(HC1-HD1)))
GO TO 162 |
161 CC3=0.
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177
162

163

164

165
166

-167

139
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CC6=CCEX*DELTT/2. |
IF(HC1.EQ.HCEX) GO TO 177

CC7=CC6* (HC1-HCEX)/(SQRT (ABS (HC1-HCEX)))
GO TO 162 |

cc7=0.
CDl—CD*HDl**CDD+(QD(K+l)+QD(K))/2 *DELTT
CD4=CCD*DELTT/2.

CD5=CDA*DELTT/2.

IF(HD1.EQ.HC1) GO TO 163

CD2=CD4* (HD1- HCl)/(SQRT(ABS(HDl HC1)))
GO TO 164

CD2=0.

IF(HD1.EQ.HAl) GO TO 165

CD3=CD5* (HD1- HAl)/(SQRT(ABS(HDl HA1)))
GO TO 166

CD3=0.

CD6=CEX*DELTT/2 .

IF(HD1.EQ.HEX) GO TO 167

CD7=CD6* (HD1-HEX) /(SQRT (ABS (HD1-HEX) ),
GO TO 139

CD7=0.

CONTINUE

C DROP-INLET TYPE SPILLWAY
INPUT WEIR LENGTH AND CREST HEIGHT

C

HWEIR=10.0

LWEIR=20.0

COEFF=3.3

IF(HD1.GT.HWEIR) CD7=CD7+COEFF*LWEIR
#% (HD1-HWEIR)**1.5
PAR(1)=-CB1+CB2+CB3

PAR(2)=-CA1+CA2+CA3

122

~100

PAR(3)=-CC1l+CC2+CC3+CC7
PAR(4)=-CD1+CD2+CD3+CD7

CONTINUE

CALL ZSPOW(FCN,NSIG,N, ITMAX, PAR, X, FNORM WK, IER)
DO 100 I=1,4

- HX(K+1, I)—X(I)

'CONTINUE

- K=K+1

IF(K.GE.NTIME) GO TO 9oo
HB1=X(1)
HA1=X(2)
HC1=X(3)

~ HD1=X(4)

- 900

GO TO 6

CONTINUE

L=0

M=0

DO 991 I=1,NTIME
QSPILL(I)=0.0
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991 CONTINUE
QSPLX=0.0
QIMX=0.0
QOMX=0.0.
DO 901 K=1,NTIME
HB2 (K)=HX(K, 1)
HA2 (K)=HX(K,2)
HC2 (K)=HX(K, 3)
HD2 (K)=HX (K, 4)
SB2 (K)=CB*HB2 (K) **CBB
SA2 (K)=CA*HA2 (K) **CAA
SC2 (K)=CC¥HC2 (K) **CCC
SD2 (K)=CD*HD2 (K ) * *CDD
IF(NTYPE.EQ.0) GO TO 140
IF(HB2(K).EQ.HA2(K)) GO TO 902
QBA (K)=CAB* ( (HB2 (K)+HA2 (K)-10.)/2.)**1.667
** (HB2 (K)-HA2(K))/(SORT (ABS (HB2 (K)-HA2(K))))
* /(BAB+HB2 (K) +HA2 (K)-10.)** 667
GO TO 913
902 QOBA(K)=0.0 |
913 IF(HB2(K).EQ.HC2(K)) GO TO 903 |
QBC(K)=CBC* ( (HB2 (K)+HC2(K)-10.)/2.)**1.667
** (HB2 (K)-HC2 (K) ) /( SQRT (ABS (HB2 (K)-HC2(K))))
% /(BBC+HB2 (K)+HC2(K)-10.)**.667
GO TO 908
903 QBC(K)=0.0
908 IF(HC2(K).EQ.HD2(K)) GO TO 904
QCD (K )=CCD* ( (HC2 (K)+HD2 (K)-10.)/2.)**1.667
*% (HC2 (K)-HD2(K))/(SORT (ABS (HC2 (K) - HDZ(K))))
* /(BCD+HC2 (K)+HD2 (K)-10.)**.667
GO TO 909
904 QCD(K)=0.0
909 IF(HA2(K).EQ.HD2(K)) GO TO 905
QAD (K )=CAD* ( (HA2 (K)+HD2 (K)-10.)/2.)**1.667
#% (HA2 (K)-HD2(K) )/ (SORT(ABS (HA2 (K)-HD2(K))))
* /(BDA+HA2 (K)+HD2(K)-10.)** 667
GO TO 910
905 QAD(K)=0.0
910 IF(HD2(K).EQ.HEX) GO TO 906
ODEX (K )=CEX* ( (HD2 (K)+HEX-10.)/2.)**1.667
*% (HD2 (K)-HEX) /(SORT (ABS (HD2 (K) -HEX) ) )
*/(BEX+HD2 (K) +HEX-10. ) **. 667
GO TO 911
906 QODEX(K)=0.0
911 IF(HC2(K).EQ.HCEX) GO TO 807
QCEX (K )=CCEX* ( (HC2 (K)+HCEX-10.)/2.)**1.667
#% (HC2 (K)-HCEX )/ ( SQRT (ABS(HC2 (K ) -HCEX) ) )
* /(BCEX+HC2 (K)+HCEX-10. ) **.667
GO TO 941
140 CONTINUE
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813
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808

804
809

805
810

806

- 811

868

807
941
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IF(HB2(K).EQ.HA2(K)) GO TO 802
QBA(K)=CAB* (HB2 (K)-HAZ (K) ) /SQRT (ABS (EB2 (K)-EA2(K)))

"GO TO 813

QBA(K)=0.0

IF(HB2(K).EQ.HC2(K)) GO TO 803 |
QBC(K)=CBC* (HB2 (K)-HC2 (K))/SQRT (ABS (HB2 (K)-HC2(K)))
GO TO 808

OBC(K)=0.0

IF(HC2(K).EQ.HD2(K)) GO TO 804

QCD (K)=CCD* (HC2 (K) - HDZ(K))/SQRT(ABS(HCZ(K)-HDZ(K)))
GO TO 809

QCD(K)=0.0

IF(HA2(K).EQ.HD2(K)) GO TO 805

OAD (K)=CDA* (HA2 (K)-HD2(K) ) /SQRT (ABS (HA2 (K)-HD2 (K) ) )
GO TO 810 |
QAD(K)=0.0

IF(HD2(K).EQ.HEX) GO TO 806

QDEX (K)=CEX* (HD2 (K) -HEX) /SQRT (ABS (HD2 (K) -HEX) )

Go TO 811

QODEX (K)=0.0

CONTINUE

IF(HD2(K).GT.HWEIR) QOSPILL(K)=COEFF*LWEIR
#% (HD2 (K) -HWEIR)**1.5

IF(HC2(K).EQ.HCEX) GO TO 807
QCEX (K ) =CCEX* (HC2 (K) HCEX)/SQRT(ABS(HCZ(K) HCEX))
GO TO 941

‘QCEX(K)=0.0

QINT(K)—QA(K)+QB(K)+QC(K)+QD(K)

QEXT(K)=QDEX (K)+QCEX (K)+QSPILL(K)
IF(QSPLX.GE.QSPILL(K)) GO.TO 765

QSPLX=QSPILL(K)

- HSPILL=HD2(K)

765

766

761

762

763

- 764

GO TO 766

CONTINUE

IF(K.EQ.1) GO TO 764
IF(QIMX.GE.QINT(K)) GO TO 761
QIMX—QINT(K) '

L=K

GO TO 762

QIMX=QIMX

L=L

IF(QOMX.GE.QEXT(K)) GO TO 763
QOMX—QEXT(K)

M=K

GO TO 764

QOMX=QOMX

M=M ,

CONTINUE

TIPK=L*DELTT/60.
TOPK=M*DELTT/60.
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901 CONTINUE
WRITE(6,733) | |

733 FORMAT(/ISX '"STAGE AS A FUNCTION OF TIME'/

*15X,27('=")/)
WRITE (6, 713)

713 FORMAT(/9X,'TIME,T',T20,'H1(T)',
#T30, 'H2(T)',T40, '"H3(T)', TS0, 'H4(T
*#)'/T10,6('-"'),T20,5("'-"), T30,
¥5('='),T40,5("'-"),T50,5("'-")/)

WRITE(6,714)(T(I),HB2(I),HA2(I), 6 HC2(1),

*HD2(I),I=1,30) |

714 FORMAT(5X,5F10.3)

WRITE(6,715)

715 FORMAT(/15X,'STORAGE AS A FUNCTION OF TIME'

*/15X,29('-")/)
WRITE(6,716)

716 FORMAT(/10X,'TIME,T',T20,"'S1(T)"',
*T30,'SZ(T)',TQO,'SS(T)',TSO,'S4(T
*)'/T10,6('-"), 120, 5( 'y,T30,5('-"),
#T40,5('-"),T50,5('=")/)

WRITE(6,717)(T(I), SBZ(I) SA2(1),SC2(1),
*SD2(1),I=1,30) . ‘
717 FORMAT(5X,5F10.0)
WRITE(6,718)

718 FORMAT(/15X,'DISCHARGE THROUGH OUTLET

*STRUCTURES' /15X,35("'-")/)
WRITE(6,719)
719 FORMAT(/15X,'QIJ(T)=DISCHARGE FROM I-BASIN
*TO J-BASIN AT TIME,T')
WRITE(6,730) :

730 FORMAT(15X,'J=5,6 - NATURAL DRAIN BOUNDARIES')
WRITE(6,721)

721 FORMAT (15X, 'QINT(T)=TOTAL INPUT TO THE SYSTEM')
WRITE(6,722)

722 FORMAT (15X, 'QEXT(T)=TOTAL OUTPUT FROM THE SYSTEM')
WRITE(6,723)

723 FORMAT(/T6,'Q12(T)',T15,'013(T)",T24, 'Q34(T)"
*T33, 'Ql4(T)', T42, 'Q35(T)',T51, 'Q45(T)"

*T60, 'QINT(T)',T69, 'QEXT(T)"
*/T6,6('4'),T15,6('-'),T24,6('-'),T33,6('-'),
*T42,6('-"),T51,6('~")

x,T60,7('-"),T69,7('-")/)
WRITE (6, 24)(QBA(I) QBC(I) QCD(I),0QAD(1), QCEX(I),
*QDEX(I),QINT(I),QEXT(I),I=1,30)

24 FORMAT(8F9.0)
WRITE(6,724)QIMX, TIPK

724 FORMAT (15X, 'PEAK INFLOW=',F6.0,10X,'TIME
*TO PEAK=',F6.2) | |
WRITE (6,725 )Q0MX, TOPK

725 FORMAT (15X, 'PEAK OUTFLOW=',6F6.0,10X, 'TIME



115

*TO PEAK=',F6.2)
WRITE (6, 726)QSPLX HSPILL
726 FORMAT(/5X,'MAX.SPILLWAY DISCHARGE=',6F6.0,
#5X, 'STAGE AT MAX.SPILL=',F5.0/)
CALL POLLUT |
CALL APLOT
RETURN
END

SUBROUTINE FCN(X,F,N,PAR)

IMPLICIT REAL*4(A-H,0-2)

INTEGER NSIG,N, ITMAX, IER

REAL*4 ENORM,F(4),X(4),PAR(4),WK(54)
COMMON,/BLK1/CA, CB, CC,CD,CB4,CB5,CA4, CAS,CC4,
#CC5, CC6,CD4,CD5, CD6
COMMON,/BLK2/CAA, CBB, CCC, CDD, HEX, HCEX, COEFF, LWEIR,
*HWEIR, BAB, BBC, BDA, BCD, BEX, BCEX, ABL, BCL, CDL, DAL,
*EXL , CEXL, XN

COMMON/BLK5 /NTIME , DELTT, NTYPE

IF(NTYPE.EQ.0) GO TO 141

IF(X(1)+X(2).LE.10.) X(1)=X(2)
IF(X(1)+X(3).LE.10.) X(1)=X(3)
IF(X(1)+X(4).LE.10.) X(1)=X(4)
IF(X(2)+X(3).LE.10.) X(2)=X(3)
IF(X(2)+X(4).LE.10.) X(2)=X(4)
IF(X(3)+X(4).LE.10.) X(3)=X(4)
IF(X(3)+HCEX.LE.10.) X(3)=HCEX

IF(X(3)+HEX.LE.10.) X(3)=HEX
IF(X(1).EQ.X(2).AND.X(1).EQ.X(3)) GO TO 11
IF(X(1).EQ.X(2).AND.X(1).NE.X(3)) GO TO 12
IF(X(1).NE.X(2).AND.X(1).EQ.X(3)) GO TO 13
F(1)=CB#*X(1)**CBB+PAR(1)
*+CBA* ((X(1)+X(2)-10.)/2.)**1.667*(X(1)-X(2))
*/SQRT(ABS(X(1)-X(2)))
* /(BAB+X(1)+X(2)-10.)**.667
*+CBS* ((X(1)+X(3)-10.)/2.)%*1.667*(X(1)-X(3))
*/SQRT(ABS(X(1)-X(3)))
% /(BAB+X(1)+X(3)-10.)%**.667
GO TO 14
11 F(1)=CB*X(1)**CBB+PAR(1)
GO TO 14
12 F(1)=CB*X(1)**CBB+PAR(1)
*+CB5* ( (X(1)+X(3)-10.)/2.)**1.667*%(X(1)-X(3))
*/SQRT(ABS(X(1)-X(3)))
* /(BBC+X(1)+X(3)-10.)**_.667
GO TO 14
13 F(1)=CB*X(1)**CBB+PAR(1)
*+CBA* ((X(1)+X(2)-10.)/2.)%*1.667*(X(1)-X(2))
*/SQRT(ABS(X(1)-X(2)))
* /(BAB+X(1)+X(2)-10.)** 667



14 CONTINUE

IF(X(2).EQ.X(1).AND.X(2).EQ.X(4)) GO TO 15
CIF(X(2).EQ.X(1).AND.X(2).NE.X(4)) GO TO 16
IF(X(2).NE.X(1).AND.X(2).EQ.X(4)) GO TO 17

1lle

F(2)=CA*X(2)**CAA+PAR(2)
*+CAL* ((X(2)+X(1)-10.)/2.)**1, 667*(X(2) X(1))
*/SQRT (ABS(X(2)-X(1)))
*/(BAB+X(2)+X(1)-10.)**.667
*+CAS* ((X(2)+X(4)-10.)/2. )**1 667%(X(2)-X(4))
*/SQRT(ABS(X(2)-X(4))) :

*/(BDA+X(2)+X(4)- 10 Y**.667

GO TO 18

15 F(2)=CA*X(2)**CAA+PAR(2)

GO TO 18

16 F(2)=CA*X(2)**CAA+PAR(2)
 *4CA5*((X(2)+X(4)-10.)/2. )*#*1.667*(X(2)~ X(4))
- */SQRT(ABS(X(2)-X(4)))

% /(BDA+X(2)+X(4)-10.)%*.667

GO TO 18

17 F(2)=CA*X(2)**CAA+PAR(2)
*+CA4* ((X(2)+X(1)-10.)/2.)**1.667*(X(2) X(l))
*/SQRT(ABS(X(2)-X(1)))
*/(BAB+X(2)+X(1)-10.)**.667

18 CONTINUE
IF(X(3).EQ.X(1).

*GO TO 33
- IF(X(3). EQ.X(l)
- *GO TO 34

IF(X(3).NE.X(1).

*GO TO 35

IF(X(3).EQ.X(1).

*GO TO 36

 IF(X(3).EQ.X(1).

*GO TO 37

IF(X(3).NE.X(1).

*GO TO 38

AND

.AND.

.X(3)

.X(3)
.X(3)
.X(3)

.X(3)

X(3)

| F(3)=CC*X(3)**CCC+PAR(3)
*+CC4* ((X(3)+X(1)-10.)/2. )**1 667* (X(3) -X(1))
- */SQRT(ABS(X(3)=X(1)))
 */(BBC+X(3)+X(1)-10.)**.667
*+CC5* ((X(3)+X(4)-10.)/2.)*%1. 667*(X(3) x<4))
*/SQRT(ABS(X(3)-X(4)))
* /(BCD+X(3)+X(4)-10.)** . 667
*+CC6* ( (X (3)+HCEX-10.)/2.)**1. 667*(X(3) -HCEX)
% /SORT (ABS(X(3)-HCEX))
*/(BCEX+X(3)+HCEX-10.) **.667

GO TO 39

33 F(3)—CC*X(3)**CCC+PAR(3)

GO TO 39

34 F(3)—CC*X(3)**CCC+PAR(3)

.EQ.
.NE.
EQ
.EQ
.NE.

EQ.

X(4)

X(4).
X (4)
.X(4)

X(4)

X(4)

.AND

. AND
.AND
.AND.

AND.

JX(3).
JX(3).
X(3)
X(3)

X(3).

X(3)

EQ.
EQ.
.EQ
.NE.

NE

.NE.

HCEX)

HCEX)

.HCEX)

HCEX)

.HCEX)

HCEX)
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*+CC5% ( (X(3)+X(4)-10.)/2.)**1,

*/SQRT(ABS(X(3)-X(4)))
* /(BCD+X(3)+X(4)-10.)** 667
GO TO 39 |

35 F(3)=CC*X(3)**CCC+PAR(3)

*+CCA* ((X(3)+X(1)-10.)/2.)%*1,

* /SORT (ABS(X(3)-X(1)))
% /(BBC+X(3)+X(1)-10.)%**.667
GO TO 39

36 F(3)=CC*X(3)**CCC+PAR(3)

*+CCH* ( (X(3)+HCEX-10.)/2. )**1.

* /SORT (ABS (X (3)-HCEX) )
* /(BCEX+X(3)+HCEX-10.)** . 667
GO TO 39
37 F(3)=CC#*X(3)**CCC+PAR(3)
*+CC5* ((X(3)+X(4)-10.)/2.)%*1
*/SQRT(ABS(X(3)-X(4)))
% /(BCD+X(3)+X(4)-10.)** . 667

*+CCH* ( (X(3)+HCEX-10.)/2.)**1,

* /SORT (ABS (X (3)-HCEX))
* /(BCEX+X(3)+HCEX-10.)**.667
GO TO 39

38 F(3)=CC*X(3)**CCC+PAR(3)

*+CC4* ((X(3)+X(1)-10.)/2.)%*1.

* /SORT (ABS(X(3)-X(1)))
*/(BBC+X(3)+X(1)-10.)**.667

#+CCH* ( (X(3)+HCEX-10.)/2.)%*1.

* /SORT (ABS (X(3)-HCEX) )
* /(BCEX+X(3)+HCEX-10.)** 667
39 CONTINUE
IF(X(4).EQ.X(3).AND.X(4).EQ.
*GO TO 23
IF(X(4).EQ.X(3).AND.X(4).NE
*GO TO 24 '
IF(X(4).NE.X(3).AND.X(4).EQ.
*GO TO 25 .
- IF(X(4).EQ.X(3).AND.X(4).EQ.
%GO TO 26 ,
-~ IF(X(4).EQ.X(3).AND.X(4).NE.
GO TO 27
IF(X(4).NE.X(3).AND.X(4).EQ
GO TO 28
F(4)=CD*X(4)**CDD+PAR(4)
*+CDA* ( (X(4)+X(3)-10.)/2.)**1.
% /SORT(ABS(X(4)-X(3)))
% /(BCD+X(4)+X(3)-10.)** 667
*+CD5* ( (X(4)+X(2)=10.)/2.)**1.
*/SORT(ABS(X(4)-X(2)))
* /(BDA+X(4)+X(2)-10.)%*% 667
*+CD6* ( (X (4)+HEX-10.)/2.)%*1.

667*(X(3)-X(1))

667% (X(3)-HCEX)

.B67*(X(3)-X(4))

667* (X(3)-X(1))

667* (X(3)-HCEX)

X(2).AND.X(4).EQ.
.X(2).AND.X(4).EQ.
X(2).AND.X(4).EQ.

X(2);AND.X(4).NE.

X(2).AND.X(4).NE

;X(Z).AND.X(4);NE.

667%(X(4)-X(3))
667%(X(4)-X(2))

667* (X (4)-HEX) -

667%(X(3)-X(4))

667*(X(3)-HCEX)

HEX)

HEX)

HEX)

HEX)

.HEX)

HEX)
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-*/SQRT(ABS(X(4) -HEX))
*/(BEX+X(4)+HEX-10.)*+. 667
GO TO 29
23 F(4)‘CD*X(4)**CDD+PAR(4)
GO TO 29
24 F(4)=CD*X(4)**CDD+PAR(4)
*+CD5* ((X(4)+X(2)-10.)/2.)**1.667*(X(4)-X(2))
*/SQRT (ABS(X(4)-X(2)))
* /(BDA+X(4)+X(2)-10.)%*.667
GO TO 29
25 F(4)=CD*X(4)**CDD+PAR(4)
*4+CD4* ( (X(4)+X(3)-10.)/2.)**1.667*(X(4)-X(3))
*/SQRT(ABS(X(4)-X(3)))
* /(BCD+X(4)+X(3)-10.)**.667
GO TO 29
26 F(4)=CD*X(4&)**CDD+PAR(4)
*+CD6* ( (X(4)+HEX-10.)/2.)**1.667*(X(4)-HEX)
* /SORT (ABS (X (4)-HEX))
* /(BEX+X(4)+HEX-10.)**.667
GO TO 29
27 F(4)=CD*X(4&)**CDD+PAR(4) |
#+CD5* ( (X(4)+X(2)-10.)/2.)**1.667*(X(4)-X(2))
*/SQRT(ABS(X(4)-X(2)))
* /(BDA+X(4)+X(2)-10.)**.667
*¥+CD6* ( (X(4)+HEX-10.)/2.)%*1.667*(X(4)-HEX)
* /SORT (ABS (X (4)-HEX) )
* /(BEX+X (4)+HEX-10.)**.667
GO TO 29
28 F(4)=CD*X(4)**CDD+PAR (%)
*+CD4A* ((X(4)+X(3)-10.)/2.)**1.667*(X(4)-X(3))
*/SQRT (ABS(X(4)-X(3)))
% /(BCD+X(4)+X(3)-10.)%**%.667
*+CD6* ((X(4)+HEX-10.)/2.)**1, 667*(X(4) -HEX)
* /SORT (ABS (X (4)-HEX) ) -
* /(BEX+X(4)+HEX-10. )** 667
29 CONTINUE
GO TO 142
141 CONTINUE
IF(X(1).EQ.X(2).AND.X(1).EQ.X(3)) GO TO 111
IF(X(1).EQ.X(2).AND.X(1).NE.X(3)) GO TO 112
IF(X(1).NE.X(2).AND.X(1).EQ.X(3)) GO TO 113
F(1)=CB*X(1)**CBB+PAR(1)+CB4&4*(X(1)-X(2))
*/(SQRT(ABS(X(1)-X(2))))
*+CB5* (X(1)-X(3))/(SQRT(ABS(X(1)-X(3))))
GO TO 114
111 F(1)=CB*X(1)**CBB+PAR(1)
GO TO 114
112 F(1)=CB*X(1)**CBB+PAR(1)+CB5*(X(1)-X(3))
*/(SQRT(ABS(X(l) -X(3))))
GO TO 114
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113 F(1)=CB*X(1)**CBB+PAR(1)+CB&*(X(1)-X(2))"
*/(SQRT(ABS(X(1)-X(2))))

114 CONTINUE _
IF(X(2).EQ.X(1).AND.X(2).EQ.X(4)) GO TO 115
IF(X(2).EQ.X(1).AND.X(2).NE.X(4)) GO TO 116
IF(X(2).NE.X(1).AND.X(2).EQ.X(4)) GO TO 117
F(2)=CA*X(2)**CAA+PAR(2)+CA4&* (X (2)-X(1))

*/(SQRT(ABS(X(2)-X(1))))
*+CAS*(X(2)-X(4))/(SQRT(ABS(X(2)-X(4))))
GO TO 118 |

115 F(2)=CA*X(2)**CAA+PAR(2)

GO TO 118

116 F(2)=CA*X(2)**CAA+PAR(2)+CA5*(X(2)-X(4))
*/(SQRT(ABS(X(2)-X(4))))
GO TO 118

117 F(2)=CA*X(2)**CAA+PAR(2)+CA4*(X(2)-X(1))
*/(SQRT(ABS(X(2)-X(1))))

118 CONTINUE |

IF(X(3).EQ.X(1).AND.X(3).EQ.X(4).AND.X(3).EQ.
*HCEX) GO TO 133
IF(X(3).EQ.X(1).AND.X(3).NE.X(4).AND.X(3).EQ.
*HCEX) GO TO 134 |
IF(X(3).NE.X(1).AND.X(3).EQ.X(4).AND.X(3).EQ.
*HCEX) GO TO 135 |
IF(X(3).EQ.X(1).AND.X(3).EQ.X(4).AND.X(3).NE.
*HCEX) GO TO 136
IF(X(3).EQ.X(1).AND.X(3).NE.X(4).AND.X(3).NE.
*HCEX) GO TO 137
IF(X(3).NE.X(1).AND.X(3).EQ.X(4).AND.X(3).NE.
*HCEX) GO TO 138 |
C F(3)=CC*X(3)**CCC+PAR(3)+CC4* (X(3)- X(1))/(SQRT
*(ABS(X(3)-X(1))))
*+CC5* (X(3)-X(4))/(SQRT(ABS(X(3)-X(4))))
*+CC6% (X (3)-HCEX)/ (SORT (ABS (X(3)-HCEX)))
GO TO 139
133 F(3)=CC*X(3)**CCC+PAR(3)
GO TO 139
134 F(3)=CC*X(3)**CCC+PAR(3)+CC5* (X(3)-X(4))/(SORT
*(ABS(X(3)-X(4))))
GO TO 139 |
- 135 F(3)=CC*X(3)**CCC+PAR(3)+CC4* (X(3) X(l))/
*(SQRT(ABS(X(3)-X(1))))
GO TO 139
136 F(3)=CC*X(3)**CCC+PAR(3)+CC6H% (X(3)-HCEX)/
% (SQRT(ABS (X(3)-HCEX)))
| GO TO 139
137 F(3)=CC*X(3)**CCC+PAR(3)+CC5% (X(3)-X(4))/

*(SQRT(ABS(X(3)-X(4))))

*+CC6* (X (3)-HCEX)/(SQRT (ABS(X(3)-HCEX)))

GO TO 139
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138 F(3)=CC*X(3)**CCC+PAR(3)+CC4* (X(3)-X(1))/
*(SQRT(ABS(X(3)-X(1))))
*+CCB* (X(3)- HCEX)/(SQRT(ABS(X(3) -HCEX)))
139 CONTINUE
IF(X(4).EQ.X(3).AND.X(4){EQ.X(2).AND.X(4).
~ *EQ.HEX) GO TO 123
IF(X(4).EQ.X(3).AND.X(4).NE.X(2).AND.X(4).
*EQ.HEX) GO TO 130 -
IF(X(4).NE.X(3).AND.X(4).EQ.X(2).AND.X(4).
*EQ.HEX) GO TO 125
IF(X(4).EQ.X(3).AND.X(4).EQ.X(2).AND.X(4).
*NE.HEX) GO TO 126 . '
IF(X(4).EQ.X(3).AND.X(4).NE.X(2).AND.X(4).
*NE.HEX) GO TO 127
IF(X(4).NE.X(3).AND. X(4).EQ.X(2).AND;X(4).
*NE.HEX) GO TO 128
F(4)=CD#*X(4)**CDD+PAR(4)+CD4* (X (4)-X(3))/(
*SQRT(ABS(X(4)-X(3))))
*+CDS* (X (4)-X(2))/(SQRT(ABS(X(4)-X(2))))
*+CD6* (X (4)~HEX)/ (SQRT (ABS (X (4)-HEX)))
GO TO 129
123 F(4)=CD*X(4)**CDD+PAR(4&)
GO TO 129
130 F(4)=CD*X(4)**CDD+PAR(4)+CD5* (X(4)-X(2))/(
*SORT(ABS(X(4)-X(2))))
GO TO 129
125 F(4)=CD*X(4)**CDD+PAR(4)+CD4* (X (4)-X(3))/(
*SQRT(ABS(X(4)-X(3))))
GO TO 129 _
126 F(4)=CD*X(4)**CDD+PAR(4)+CD6%(X(4)-HEX)/(
*SQRT (ABS (X (4)-HEX)))
GO TO 129
127 F(4)=CD*X(4)**CDD+PAR(4)+CD5% (X(4)-X(2))/(
*SQRT(ABS(X(4)-X(2))))
*+CD6* (X (4)-HEX)/(SQRT (ABS(X(4)-HEX)))
GO TO 129 |
128 F(4)=CD*X(4)**CDD+PAR(4)+CD4* (X (4)-X(3))/(
*SQRT(ABS(X(4)-X(3))))
*+CD6* (X (4 ) -HEX) /( SORT(ABS (X (4)-HEX) ))

129 IF(X(4).GT.HWEIR) F(4)=F(4)+COEFF*LWEIR* (X(4)

*-HWEIR)**1.5
131 CONTINUE
142 CONTINUE
RETURN
END
SUBROUTINE POLLUT
IMPLICIT REAL*4(A-H,0-2)
INTEGER NSIG,N, ITMAX, IER,NTIME

COMMON /BLK3 /QA(30),0B(30),QC(30),0D(30),T(30),

*QSPILL(30),QBA(30),QBC(30),QCD(30),QAD(30)
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*, ODEX(30) , QCEX(30),SB2(30), SA2(30),5C2(30),
*SD2 (30), OIMX, QOMX , QSPLX
COMMON/BLK4/CBI,CAI,CCI,CDI,TEB, TEA, TEC, TED
COMMON /BLK5 /NTIME , DELTT , NTYPE '
DIMENSION CNB(30),CNA(30),CNC(30),CND(30)
* CNBA(30),CNBC(30),CNAD(30),CNCD(30)
DIMENSION WINB(30),WINA(30),WINC(30),WIND(30)
% WBA(30),WBC(30),WCD(30),WAD(30),WCX(30),WDX(30)
% WOUB(30),WOUA(30),WOUC(30),WOUD(30),WINT(30)
* WEXT(30)
C READ INPUT CONCENTRATION, INITIAL CONC IN THE BASINS
DO 130 I=1,30
CNB(1)=CBI
CNA(1)=CAI
CNC(1)=CCI
CND(1)=CDI
IF(I.EQ.1) GO TO 130
IF((QBA(I-1)+QBA(I))/2.GT.0.) GO TO 10
CNBA(I)=CNA(I-1)
TEBBA=TEB
TEABA=0.
GO TO 20
10 CNBA(I)=CNB(I-1)
TEBBA=0.
TEABA=TEA
20 CONTINUE
IF((QBC(I- l)+QBC(I))/2 GT.0.) GO TO 30
CNBC(I)=CNC(I-1)
TEBBC=TEB
TECBC=0.
GO TO 40
30 CNBC(I)=CNB(I-1)
TEBBC=0.
TECBC=TEC
40 CONTINUE
IF((QAD(I-1)+QAD(1))/2.GT.0.) GO TO 50
CNAD(I)=CND(I-1)
TEAAD=TEA
TEDAD=0.
GO TO 60
50 CNAD(I)=CNA(I-1)
TEAAD=0.
TEDAD=TED
60 CONTINUE
IF((QCD(I-1)+QCD(I))/2.GT.O0. ) GO TO 70
CNCD(I)=CND(I-1)
TECCD=TEC
TEDCD=0.
GO TO 80 |
70 CNCD(I)=CNC(I-1)
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TECCD=0.
TEDCD=TED
CONTINUE

C AVERAGE CONCENTRATION FOR OUTFLOW APPROXIMATED  AS

C THE

VALUE AT THE BEGINING OF THE TIME STEP
CNB(I)=(((1-TEB)*(QB(I-1)+QB(I))/2.*CBL

#- (1-TEBBA)* (QBA(I-1)+QBA(I))/2.*CNBA(I) »
#-(1-TEBBC)* (QBC(I-1)+0OBC(1))/2. *CNBC(I))*DELTT
#+SB2(I-1)*CNB(I-1))/SB2(I) ‘
CNA(I)=(((1-TEA)*(QA(I-1)+QA(I))/2.*CAI
*+(1-TEABA)* (QBA(I-1)+QBA(I))/2.*CNBA(I)

*- (1-TEAAD) * (QAD(I-1)+QAD(I)) /2. *CNAD(I)) *DELTT
*+SA2(I-1)*CNA(I-1))/SA2(I)
CNC(I)=(((1-TEC)*(QC(I-1)+QC(I))/2.*CCI

%+ (1-TECBC)* (QBC(I-1)+QBC(I))/2.*CNBC(I)

- 148
- 130

161
162
163

*~ (1-TECCD) * (QCD(I~-1)+QCD(I))/2.*CNCD(I))*DELIT
#+5C2(I-1)*CNC(I-1)

#- (QCEX(I-1)+QCEX(I))/2.*CNC(I-1)*DELTT)/SC2(I)
CND(I)=(((1-TED)*(QD(I-1)+QD(I))/2.*CDI
#4(1-TEDAD)* (QAD(I-1)+QAD(I))/2.*CNAD(I)
*+(1-TEDCD) * (QCD(I-1)+QCD(1))/2. *CNCD(I))*DELTT
#+SD2(I-1)*CND(I-1).

%~ (ODEX(I-1)+QDEX(I))*CND(I-1)/2.*DELTT
*-(QSPILL(I-1)+QSPILL(1))*CND(I-1)/2. *DELTT)/SDZ(I)ﬂ_
CONTINUE |

CONTINUE

" WIN=O.

- WOUT=0. .

DO 149 I=1,30
WINB(I)=QB(I)*CBI
WINA(I)=QA(I)*CAI
WINC(I)=0C(I)*CCI
WIND(I)=QD(I)*CDI
WINT(I)—WINB(I)+WINA(I)+WINC(I)+WIND(I)
IF(QBA(I)-0.) 161,162,163
‘WBA(I)=QOBA(I)*CNC(I)
WBA(I)=0BA(I)*CNB(I)
WBA(I)=0OBA(I)*CNB(I)

IF(QBC(I)-0.) 164,165,166

164
165
166

167
168
169

170
171

172

WBC(I)=QBC(I)*CNC(I)
WBC(I)=0BC(I)*CNB(I)
WBC(I)=QBC(I)*CNB(I)
IF(QCD(I)-0.) 167,168,169
WCD(I)=QCD(I)*CND(I)
WCD(I)=QCD(I)*CNC(I)
WCD(I)=QCD(I)*CNC(I)
IF(QAD(I)-0.) 170,171,172
WAD(I)=QAD(I)*CND(I)
WAD(I)=0AD(I)*CNA(I)

WAD (I)=QAD(I)*CNA(I)
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WCX(1)=QCEX(I)*CNC(I)
WDX (I )=QODEX(I)*CND(I)
WOUB (I )=WBA(I)+WBC(I)
WOUA(I)=-WBA(I)+WAD(I) !
WOUC(I)=-WBC(I)+WCD(I)+WCX(I)
WOUD(I)=-WCD(I)-WAD(I)+WDX(I)
WEXT(I)=WCX(I)+WDX(I)
 WIN=WIN+WINT(I)*DELTT
' WOUT=WOUT+WEXT(I)*DELTT
149 CONTINUE
DO 785 I=1,30
CNB(I)=CNB(I)*1000.
CNA(I)=CNA(I)*1000.
CNC(I)=CNC(I)*1000.
CND(I)=CND(1)*1000.

785 CONTINUE
SYSTRP=(WIN-WOUT) /WIN
WRITE(6,708)

708 FORMAT(/ISX ' INFLOW POLLUTANT CONCENTRATIONS'

- */15X,31('-"')/)
WRITE(6, 775)
775 FORMAT(/T25,'BASINL', T35, 'BASIN2',T4S, 'BASING'
*,T55, 'BASIN4' /) .
WRITE(6, 709) CBI, CAI,CCI,CDI -

709 FORMAT(9X,'FOR T=0-TN' T20 4F10.3)
WRITE(6,710)

710 FORMAT(//15X,'MASS INFLOW RATES'/15X,19('-')/)
WRITE(6,711)

711 FORMAT(/10X,'TIME,T' TZO Ml(T) TBO,'MZ(T)'
*T40, 'M3(T)', TS0, M4(T) /110, 6(" ),TZO
*,5('-'),T30,5('-"),T40,5(" )'TSO s5¢'-")y/)

WRITE (6. 712)(T(I) WINB(I), WINA(I) WINC(I) WIND(I)
*, 1=1,30)

712 FORMAT(4X,5F9.2)

| WRITE(6,776)

. 776 FORMAT(//15X,'TRAP EFFICIENCIES' /15x 17('-")/)

’ WRITE(6,778) TEB,TEA, TEC, TED |

778 FORMAT(8X,'FOR T=0-TN',T20,4F10.3)

WRITE(6,793)

793 FORMAT(//lSX ' POLLUTANT CONCENTRATIONS IN BASINS'

*/15X,29('-")/)
WRITE(6, 794)
794 FORMAT(/TZO,'Cl(T)’,I30,'C2(T)',T40,'C3(T)',TSO,' |
*C4(T)'/T20,5('-"),T30,5("'-"'),T40,5("'-"),T50,5('=")/)
. WRITE(6,795)(CNB(I), CNA(I) CNC(I) CND(I),I=1,30) »
795 FORMAT(15X,4F10.3)
WRITE(6,726)
726 FORMAT(//15X,'POLLUTANT MASS FLOWS' /15X, 21( /)
"WRITE(6,787)
787 FORMAT(/TS,'MlZ(T)',TI4,’M13(T)?,T23,'M34(T)f,T32,
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*'M24(T) ', T41, 'M35(T)', T50, M46(T)' ;
*/TS,6('-"),T14,6('-"),T23,6('-"),T32,6('-"),
*T41,6('="),T50.6('=')/)
WRITE(6,789) (WBA(I), WBC(I) WCD(I),WAD(I),WCX(I)
% WDX(I),I=1,30)
789 FORMAT(6E9.2)
" WRITE(6,727) »
727 FORMAT(/T5, 'M1(T)',6T14,'M2(T)',T23,'M3(T)",T32,
»*'M4(T)',T41,'MINT(T)',TSO,'MEXT(T)'
% /T5, 6( 'y, T14, 6( "y, T23,6('-'),T32,6('="),T4l
*,6('-'),T50,6('-")/)
WRITE (6, 779)(WOUB(I) WOUA(I),WOUC(I),WOUD(I),WINT(I)
* WEXT(I),I=1,30) .
779 FORMAT (6F9.2)
WRITE(6,729)SYSTRP . ,
729 FORMAT(//15X,'OVERALL SYSTEM TRAP EFFICIENCY=',F7.3)

C PLOTS PPL:SENSITIVITY, PRR:ALL PLOTS, OPRR1:OPEN CHANNELS
C PCM1:COMPARISION, PEL:SENS 2BASIN, PEMB:ALL 2B, PCEM:COMP

noaoaaaaa

CALL PPL
CALL PRR
CALL OPRR1
CALL PCM1
CALL PEL .
CALL PEMB
CALL PCEM

 RETURN
END



The vita has been removed from
the scanned document



	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055
	0056
	0057
	0058
	0059
	0060
	0061
	0062
	0063
	0064
	0065
	0066
	0067
	0068
	0069
	0070
	0071
	0072
	0073
	0074
	0075
	0076
	0077
	0078
	0079
	0080
	0081
	0082
	0083
	0084
	0085
	0086
	0087
	0088
	0089
	0090
	0091
	0092
	0093
	0094
	0095
	0096
	0097
	0098
	0099
	0100
	0101
	0102
	0103
	0104
	0105
	0106
	0107
	0108
	0109
	0110
	0111
	0112
	0113
	0114
	0115
	0116
	0117
	0118
	0119
	0120
	0121
	0122
	0123
	0124
	0125
	0126
	0127
	0128
	0129
	0130
	0131
	0132
	0133
	0134
	0135
	0136
	0137
	0138

