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ABSTRACT B
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This report describes the development. of a
rainfall-runoff model for urban sewered
esubcatchments up to 100 ha in area. The model
uses 'the Wallingford' Urban Subcatchment Model
previously developed for the conversion of a

rainfall hyetograph into an dnlet hydrograph |

to the sewer sys stem, Thereafter .an equivalent

pipe model i's used in which the pipe network is~

conceived as a single tapered pipe run of

length and slope equal to that ‘ot . the prototype:“-,:;;"

system. The performance of the model is shown
to be in good agreement with that of the full
Wallingford Madel in which the entire sewer

_system is simulated. .. The model asi.developed.

is su:.table for use m 'situatlons where S

detailed catchment* information and sewer system.
-layout are not available. = - .. o
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1. INTRODUCTION

£

1.1 Backgrround

The Hydraulics Research Statior. and the Institute of Hyd'clogy are

'-‘collaborating in the development of 1mproved methods for the hydraulic

-_deslgn of storm sewers. To this end, a suite of rainfall-runoff models

of varying degrees. of complexity has been developed. These models
have, as their basic unit of areal discrimination, a single pipe length
{from manhole,to manhole} of the sewer system. As such, catchment data
are required at every manhole in the system, which is a level of data
‘requix:ement that is often not' practicable. 3 R -

i

There are two main sitnatiéons under which this degree of detail ‘may not

. be warranted: firstly, where part of a catchment is already deve L.oped

but catchment details are either not available or considered not necessary
for the required simulation; and, secondly, where part of the catchment
is designated for future development, but exact details are not yet-
available. Under both these” c1rcumstanc.es, some simplified model is

- required, and this report describes just such a model for incorporation

in the-new design methods. A further advantage of this development isg o v oo
that it allows the models to be used more easily as planninq tools in ‘
addition to" their main function as design tools. :

; e ‘ F
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l ? 'I'he Wallingford Modaels .

b : : : ’ R ‘. L Rt

There are four models avaxlable in thc: Wallmgford deszgn package.

o _— i . ; G

(a) v a: peak flow model (c £.. tne Rational Formula), .-
- -(b) " a peak flow model inr'orporating nipe-slope optimisation, '

ey La hydrugmph model, for design ‘and cimulation (:anluding' o
v - allowance for ‘only single pipe surcharging). cand ‘

(d) a hydrograph s;:r’ulation model including full solution for
. surcharged flow (i.e.. when pipes are flowing full and e

.!.discharge is qoverned by pressure flow hydraullcs instead
o: open,channe'}. hydraulics) .7 :

. fi'-g YO R A 7

e

Model (d) is the most d'etailed in its smulatlon of the ralnfall-runoft

L [ . . ) G e G e g cpen D kbl e e e i
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' (a) an above—nround hydlological model (The Wallingford Subcatchment i
... Model), described in.detall in a companion report (Kidd .& . . -
- -Lowing, 1979) - énd incorporating (i) a contributing a"e@‘l‘_’}?{u{is?ﬁf
. volume. submodel, ‘and (1i) separate nonlinear. .reservoirs fori. . -
-;"_-:I_,paved/pervious areas and for roofed areas. .. . . onr b of
o o) f) : e Y b

R T




a below-ground hydraulic model, incorporating:{i) a Muskingum- }
Cange pipe routing model for part-full flow (Price & Kidd,. 1978)-and
a full solution of the simultaneous differential equations for o

suro‘:arged pipe flow (Bettess. Pittield & Price, 1978) |

()

Catchment dat.'a requirements for each manhole are: . (i) the area c;f paved,
-roof, and pervious surface;  (ii) the averaqe surface alope and area-
per-gully, each entered as one of three categories (steep, medium or

- flat for slope; small, medium or large for area-per-gully); (i1i) pipe
length, slope, diameter and roughness; and (iv) manhole depth and area,
together with a "floojiabie area", (for surcharge solution). Gliobal

values for scme of these. inputs may be specifted (eg surface slope, '
- area-prr-gully, pipe roughness) . Values for the surface anAd pibe
‘routing ooeffif-ients are calculated by the model from these inputs.,

- The hydrological input to the model consists of a rainfall event (or,.
in design, a rainfall ‘depth,’ duration, and profile) ‘and a value for the
catchment wetness irdex UCWI .defined as: ,

I}

s ewWT =

(1)

125 + 8 AP15‘4'sMp e

where APIS is the J-day antecedent precipitation in.lnx (mm}’
‘and SMD is the soil moisture defici ‘(mm) , '_ o

‘Overall catchment percentage runoff (PRO) is estimated from UCWI, and _'
from the catchment characteristics PIMP (the overall percentage TR R
_ imperviousness) and SOIL (the soil type) using the followmg reqression
T IREE equation {Kiad and Lowang, 1979) S \ "

A2

Y. emo = -20.7 +-....azg.<p:ue"'+.2,5_’. SOIL + .078 UCHI

s Where sone’ observed data are available, the model may be constrained
® o, to adopt values of ‘the - routing parameters and of PRO other than those
' ‘predicted by the equations. |

o l 3 The approach ro the problem

As. described earlier, the problem is to develcp a model to predict the-’i”"
hydrograph for a subcatchment larger than the single pipe.unit; -.this
subcatchment would include both overland and sewer flow (ie a "sewered
“'subecatchment") . One’ approach to this’ problem would be to develop an
"alternative to the existing “above ground" subcatchment model (see '
Kidd and Lowing,- 1979}, - This new model would then allow for the: :
_attenuation associated with pipe flow as well as overland flow. Sarginson _
& Nussey (1975) have developed a model of.this type consisting of two o
- linear reservoirs in series, one to. simulate surface routing and the
" other pipe routing. The major vroblem with this type of model is to’
ascribe appropriate degrees of attenuation to each of the two reservoirs. ERUREIR

T SR Sk .,r,t‘gf-..,. -

ERELER FEN

An alternative approach, and the one adOpted in this study, is to" retain
. ithe existing "above ground" model in its present’ form,. and; develop

. a-new model.assocliated only with:the pipe-flow part:of the- problem. R

'I'his pipe-flow model would.then'j. be direotly analogous to the second ‘of

“using the full tallingrord Model described earlier.

~inind.
- secondly,

. to yield a good fit to tne full :nodel than to ob served data e, PR

‘.2__ 1

o (J,ments consi sts of ‘an above-—ground model and & pipe flow model.
o above-ground mode). is the “same as that used in ‘the full Wa]lingford
' Model, and is described in detail by Kidd & Lowinq

‘I:are that (i) 'the aréas of paved, ‘roofed, and perviois s.xrfaces are now U
3 ,,ﬁ,;;thc totals ovei all. the individual subcatchments wi hin the sewered |
subcatchment, and (11) the surface ‘slope. and area-—per-gully are the

-.catchment.
“lumped sum of ‘all ‘the individual abovexgréund ‘hydrographs. ‘fedding to S

'- =-simplification of. the pipe network- used in the full model. il

JSarginson & Nussey s {1975) linear reservoirs. The parameters of .the

above gro ad model would be associated with average conditions of all

the subcatchmento ‘within the’ "gewered subcatchment"” and the parameters

of the pipe-flow model would be associated only with characteristics

of the sewer system. “this approach puts a new perspective on the

problem. Observed rainfall-runoff data contain elements of surface .
routing as well as pipe-flow and thus are not suitabie for developing

a model for pipe-flcw alone., However,'suitable data can be generated
In this case, a
nuw pipe-flow medel is required to sinulate the pipe-flow behaviour
of ‘the full model._'what is\required is a model of a model.
At first sight, developmenf OL the. séwered-subcatchment model on o
synthetic: data- might seem unwise, but two points should be borne in. |, . .
Firstly, the surface routing and pipe-flow models used in, the
Wallingford Model were developed, independently, and each has, been
-shown separately to yield.: true representations of the processes involved.
‘the main‘use for the sewered- subcatchment is as .an _approxi- o ARSI
mation tc the ‘fuil modei for areas in wh:-h the detailed pipe layout is
not relevant to the current task. As 51ch, it is arguably more important

2. TAE MODEL - .. . .

J - '
[V '
N

Intkéduction g

' ,'

As-discussed in’ bection 1. 35. the model develobed for sewered subcatch-
The

(1979). For
application to the largfr, sewered subcatchments, the only difrerences

average over ‘all the individual subcatchments in the sewered ‘sub- . .
The outflow from the above-ground model is.therefore, -the e

the pipe.system of the sewered subcatchment.
forms the input to the pipe flow model. .

: . L 4 . -
I S

The pipe flow model (called the equivalent pipe model) is based On a

This sumed,hydrograph, el T

. tion of inputs ﬂ
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" ‘where

Coie tpee

(b) attenuation of the £locd peak due to storage within the
: pipe network

“In the full wallingford Model these processes are adnquately represented

" by the large mimber of small discrete inputs and short routing lengths
involved. For the sewered subcatchment model, it was necessary to
simulate this process but with a much reduced data input, and ideally
in a form that could be easily incorporated in the full model.

The equivalent pipe mod- 1is a conceptoal model based on hvdraulic
Frinciples, utilisiug a simplified "equivalent" pipe system to
‘repreeent the complex branched network of ‘the actual (prototype)
catchment. It comprises a single branch of pipes arranged in series.

" For a given catchment,all pipes are of the same length and slope, and each pipe

18 ot constant diameter tnroughout its length. The oiameter of

successive pipes, ‘are reduced in an upstream direction to give a realisti—
cally tapz2red system., The inflow hydrograph derived for the catchment

as a whole is distribated equally. to ohe upstream ends of each pipe.
The model is represenred schematically in Figure 2.1. 'Flow is routed

through the system using the same Musk i ngum~-Cunge procedure as is used

in the- full Wallingford Model.

' .Since the ‘sewered-subcatchment model uszes the same above-ground model
"and the same pipe flow method of routing (once the equivalent system has been

~ defined) as the full model it is easily incorporated as an option in
the Wallingford Model, ‘ g : \ s

" 2.2 Method of Routing

I

The Muskingum-Cunge routing method is defined by the continuity equation:

/ 1
-

(2 o - B _. (2.1)

T

ena‘a:sﬁorage equation of the form:
L. = K{ex+ (1 -c) o0} .
storeoe -
Inflow
‘outflow

“routing time constant

)

'}

Ay [V

"ﬁ ® O M P1 .
n B

routing attenuation constant o v

n

.ng;Rewriting'theSe equations in“finite difference form over the interbal:,

t  to t+At and rearranging gives the fOllOWlng well known recurrence

_jrelationship for ot+At S el g s e R e r-“-_:-;
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. Saifit-Venant equations for flood: routing.

vhere cl = {2k +8edza - A} @24
o, = - {2 ke - At}/{2x(1 - ) + At} : - (2.5)
."c3 = {2x(1 - e) - At}/{2k(1 - £) + &t} L (2.6)

Equations (2.3) to (2 6) form a very quick me=thod of £lood routing once
values fecr K and € have been determined. Cunicgee (1969) showed that these
equations gave, in fact, a first order soluti.on to the convective~ -

di £fusion routing equation, and thus were an -approximation to the full
He=xct he determined the :

. foliowing expressions for K and € _or a priszmmeatic channei:

' Use of equations (2

ko= L@ @
e = xll-y@Eew S " (2.8)
where .L is channel.length . =

L

§.1is charnel slope .. <, SRR
"W is average wave speed along the cra=annel

2

-

“is average discharge along the charxnel =~

.7) and (2.8) with equatioxas (2.3) to (2.6) gives

“an accurate solut on to the flood routing proXxolen provn.ded attenuation

’I'his condition _may be. interpreted as: ,f

along the reach is not too large (€ > .25). ancE channel length is well

conditioned in relation to the wave speed and the timestep, ie_

P L

wAt <L < ZWAt o (2 9)

"“one and two times the distance the wave travels in‘one time’ step.- in

‘the” Wallingford Model, short. .pipe lengths are delt with by routing the

wave along a pipe cf length WAt and linearly L:nterpolating at length’

'L; long pipes are dealt ‘with by subdividing I mte two ox more shorter

' \'2.3 Equivalent pipe system o

pipes.“ in practice, this is enough to ensure accuracy of the method

N Vi

1

'I‘he equivalent pipe system, described in Sect:::.c:m 2, 1 anda  shown in

.
"5

R

Figure 2. 1, -is defined by four parameters: - tlxe diameter of the most -

, -downe.tream pipe (DIAM): the overall length of _the pipe system (LENGTH).‘
'slope (SLOPE); and a constant (c) determining the degree of taperlng.

;The - system consists of n individual pipes eachr of: leng_th ‘equal to
LENG'I‘H/n, where n is determined from- g o - e

integer value of {LENG'I'H/(J. 5 WAt) +. l} . (?.10)

and U . ‘the eolution timestep

[ n‘)

pipe (diameter | DIAM, slope = SLO?E)
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Equation (2. 10) ensures that for. all practical cases equation (2 9)
- holds for all pipes in the system, . _

The diameter of successive pipes in the equivalent system is reduced

in an upstream direction according to the following equation. .

DIAM

i
(i

. n .i.s the number of pipes

i

where DIAM is the diameter of the i th pipe in the system
1 for most upstream pipe,i= n for most. cownstream pipe)

. .-= DIAM (n)

o ¢ is the tapering constant

2.4 . Distribution of inflows

(2.11)

The inflow. to the equivalent pipe system consists of the lumped above-

.end of. each pipe.

: ground hydrograph, distributed as equal lateral inputs to the‘upstream a
Thus, the inflow to each: pipe is given by the sum.

of the above-ground contribution to that pipe and the outflow from the

oy

~ where

QIi'

Q, . _

10

,_.fnxevmus pipe (see equation 2.12).

_h.QOi 1 .+..IQ/“.

2.12

discharge entering equivalent pipe i

= disr‘harge from the upstream equivalent pipe i-1

lumped above-—ground input for whole catchment.

This equation is resolved for every time increment over the whole

pipefull discharge (QP,).  1If QI

The model as described above makes no allowafice for surcharging as the
“Muskingum-Cunge routing coefficients remain unchanged regardless of

© . hydrograph, taking each pipe in turn. At each time step, the inflow
. discharge to the pipe under consideration (QI,) is compared’ ‘with the

exceeds QP., the pipe is surcharged

whether or not the pipe is surcharged. A second form of*the model wa

and the equivalent pipe model.

A time increment of 30 secs was adopted both in the Wallingford Model |
Tests using the Wallingford Model on
‘catchments’ with extefisive surcharging indicated that this was the '
- .maximum time increment possible to- ‘obtain a stable solution, Further
‘ ‘development of the pipe” routing procedures used in the Wallingford
model since this work was started permit the use of 60 secs as the time
] '1ncrement. Tests of the sen51tLVity of the equivalent pipe modeluto
e time increment (see Section 4,.5) showed that the resulting outflOw
”””hvdrographs were largely” independent of the time ‘increment adopted
. This may have been because the equivalent pipe model handled strcharging

*differently. SRR

s

8
also considered incorporating the surcharging solution used in the 'full

Wallingford Model (see Bettess, Pitfield & Price, 1978).
- of the model are discussed more fully and compared in Section 4.

The two: forms




'I‘he equivalent pipe model was incorporated into an existing package of
computer programs interfaced with a custom built data base system
{Kidd, 1978). The packige operates in three modes - simulation,
optimisation and error surface mapping and allows for model runs to

be performed on single or multiple events. The package also allows
plotting of inflow, outflow and modelled hydrecgraphs.,

From the resultino pipe network, twelve subcatchments were chosen to
~cover a range of catchment areas from 1 to 68 hectares and a range of
slopes and catchment shapes (sce rFigure 3.1). Each subcatchment was
in Itself fairly homogeneous in terms of impermeability and in terms
of the slope of the main sewer. Longitudinal sections of the main

sewers are plotted in Figure 3.2. Subcatchment charac*eristios,
including area, number of pipes and the overall length and slope of
the main sewer run (the main drag) are shown in Table 3, 1

b

m————

] Catchment Bcundar |cu

B . o ™ ' ."k A e -
——— Catchment Quttalls . LA T i
IEtow tn direction shown |

3. DATA GENERATION

6 100 100
3.1 Catchment data ¢ 00

mattes

In orde to test and develop the equivalent pipe model, it was first
'necessary to generate a data base of inflow} and outflow hydrographs,
using the full Wallingford Model, for a large range of catchment
types. 1In this context, the inflow hydrograph is defined as the sum
. .0f all the individual above ground hydrographs feeding into the pipe
system, and the outflow hydrograph is derived at the outfall of‘"_the‘ o
‘sewered subcatchment after routing and combining the individual abovee,
ground hydrographs through the €£ull pipe system. To generate suitable_
~data, two approaches are possible.

Lo . [ N
g I

[ I

P
f

;(a) To design a sewer. networ}_;.a for each of a "‘series of completely
hypothetical catchiients and pipe layouts :

709 I

(b) To base the analyses on existing sewer networks.

e Y]

e

The latter approach was adopted in this study sSince it was considered
- more., likely to cover the range of catchment conditions encountered in
'Urban areas, ‘and also was more likely to yield truly realistic catchment
tYPes. Another advantage was that detailed pipe layouts and information ‘
on paved, roof, and pervious areas contributing to each pipe junction
(necessary for runmng the full model) were already available. _ &
The analyses were based on the Jahephall catchment in Stevenage, a 1940' i
residential development comprising houses, shops, schools and open grassed ’
areas. Overall 24% of the area is impervious. The catchment is 1ough‘
oval in shape, 142 hectares in area and of moderate slope. . It is L L
- drained by a separate system., Sewveral gquite large pervious .aréas are b ;
Present at the bottom.of the catchment, including plaving fielAs and .
', a running track. Consequently, in order to exclude. such local effects
" = from the data base only the top- two . thirds of the catchme'lt- was . "j‘]_,_‘;_;__'f';{.:f- ‘
‘. congidered for this study. ' For the same reason, several large pervjouv RN
" areas from the top of the catchment were also excluded. Using thé = . ... .«

- slop W\\is .an"Yegual travel time" slope. . It is based on- the ‘premise
( ) - Iemaining area data, and the existing pipe lavout, pioe sizes wer t‘h“‘t M’n Lo Lme. along a.reach of length L and slope S 28, proportional

s e e 1y “ R o . — \ .
o rédesigned using the Wallingford Model with a, 32 ‘'year. rer...\,, ”‘__i R S A L/ 3 henc.,. the travel tlme dlong n. reaches is- proportlonal «to
- storm of 30 minute durat.ion. ' S : : TR .

Y

' G0 g _ T
(IR EEAE N R ¢ e : : A .

Shepla.alj. o “tévenago. location of catchments

e Two measuros cf“ «;lope are J.ncluded in Table 3 1. .The first, called - o o
:;Jaln dra3 ..,lope is. swuply the dlfference in level between the- upper. . .0 -
I ""ana«\lower end of the main ‘drag. It is therefore a measure’ of overalls .~ '

topographic. alope. The second measure, called the '.I‘aylor—Schwartz .

>')

T‘ms, for a channel of constant slope s and length

_{_}‘. ,‘ N Lot Py o
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N

E L_ to have the same travel time, §' is given by:
i=1

st 2 L,/ { L //‘ )}5 (3.1
im i1=1

§' is the Taylor-Schwartz slope, and unlike the main drag slope, it is
sensitive not only to overall catchment slope, but also td:thé range of
individuai-'slopes bntween reaches. Obviously it ignores the.effect of
hydraulic radius on travel time. It has been included in Table 3.1
because it is ideally suited to the present study where the pipe

system is replaced by an equivalent system. The Values quoted were
found by solving equation (3.1) over all the indeidual pipes

comprising the main drag of the catchment. %’

i}

. TABLE, 3.1  SUBCATCHMENT CHARACTERISTICS - FIRST SERIES!

= .
1 L i . . .
. [l

CTGRMNT  OUTFALL  TOTAL o pavpn o Roop 0 OF MAIN DRAG  MAIN IRAG TAVLOR
- NO, . PIPE NO.  AREA{ha) ° N PIVES -llih’(mi (m) SLOPE (%) 2%:;“{1{3
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It is ev‘dent from Table 3 1 that all catchments are in a fairly

" narrow ‘band -of main.drag slope (1.6 to 2.75%). Consequently, 'to
~extend the data set to encompass.a rarger range of slopes, a, second s

‘series of catchments was formed in which the’ slope ‘of each, pipe ‘was _
- half that of the first series. Pipe 8izes were redesigned using the

“"::“ - O : EY

" i / .
Sccond qeries - catchment nosi" 1B to 12B =~ ldentical to first scries..hutfall slopes halved, -

i
¥
i
o
4
4
4
i
;
d
i
i
4
H
\

sove oulfedd

same 2-year, 30 minute storm. In every other respect, this second ”;ﬁ‘
series of catchments -(numbered 1B to 12B) was identiral to the firstJ
series, withcatchment characteristits as given in able 3.1, : :

)
v

”1!

e 8,20
e 110,30 _

| TS I ¥ o
o —— e 140.18
T e e 31,18
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_FIGURE 3.2 Shephall, Stevenage: longitudinal sections of main

drag pipes for 12 cetohments

3.2 Generation of hydrographs

.Ln (rder to test the model on a wide variety of conditions, ten
rainfall events were used as input to:the full Wallingford Model
These comprised five design storms and five observed events The R
design -storm hyetographs, at 1 minute increments were generated for:mf
1, 2, 5, 10 and 25 year return periods using a 50% summer profiley
and a 30 minute duration in all cases. These rainfall profiles ary”
symmetrical about the peak 1 minute intensity and are compiled

according to the method outlined in the Flood Studies Report vol. It ﬁ»-hw~u“

(NERC, 1975) .~ The observed events were extracted from.the. autographic
record. for a- raingauge s&ted within the Shephall catchment.: The .. -
‘events'were all of a lesS than five year return period and included
several multi-peaked: ‘rainfall profiles. . 'The wide range of storm types
was chosen to reproduce the different degrees of surcharging and cover

the spectrum of couditions encounte*ed by a desxgn engineer.w,ﬁmﬂw‘,_g.ye;@;jf“

[

of the ?4,catchments using the Wallingford model. with full. solution for
suroharged[ flow.” The' inflow hydrograph is’ effectively a lumped input
to-the snwsr_system for - the whole catchment, based on the relﬁtiVe B

| _Contrlbu-lons from paved roof and pervxouc areas.




price, 1978). It therefore approximates the integration process of
eimulta.neous inputs and routing obgerved in reality, Table 3.2 gives
‘pbrief Getails of the input storms and whether they gave rise to
surcharging in the pipe system.

TABLE 3.2 STORM CLASSIFICATION

TYPE OF STORM SUR(}!ARGISG .

g
e
'

1 5 year design storm

g

1 yecar design storm

N 3 2 year design storm " No

\! ( . 4 : Observed stom No ‘:'-_?_L‘..’_',"'_' S Lt

5 5 ~ Obsecrved stom NO. .

-':h : ’ Observed stoi‘m ! Yes

s Observed stonm o .

gt Ohscrved stom . Ne

10 year design stomm .. 'Yes o

10 25 year design storm T Yes

The resulting 240 pairs of inflow and outflow hydrographs were stored
on, the data base system (referred to in, Section 2.4) together with nll
the necessary catchment data. : o

4, PARAME'I'ER OPTIMISATION AND CHOICE OF FOR.M OF 'I'HL MODEL Ve el

(U Yo " - : : . T

i

4.1 Introcuction

- o 'I‘he eq\livalent pipe model hae been outlined in Section 2
e tEouy parameter mdel basad on ‘pipe length (LE\YC‘TP)
: pipe diemet.er (DIAM) and a tapering constant \c)

1 S : ' '\ \-.',
. 1 . B .‘-', .

3 It i-:- a |
oipe ﬁ:lope (sLOPE),

*« __-'I‘his section: describes the opLimisation Of parameter valuee and outlines
U tests f'o determjne the most s_qitable form of the modei.i, Analyses are’’ oo -8
made,of ‘the sensi {ivitj ‘of the’ model to changes parameter ‘values, < - WE T ]

and éstimation of u--:en:'énmeter values .Erom catchment charar'teristics is SRR

N

__ i ihi )
de ISR T

i"f‘.f,‘f' :cverall £it of, the hydrographe o el | T T .:‘ ,

Qm = modelled outflow discharge using full Wallingford Model .
S Qmp = modelled outflow discharge using the equivalent pipe model SN

Having established the final form of the model, two further points, in
. relation ’to the applicability of the model were investigated. '

| 'I‘he effect of model performance on points downstream - it
BT - was important to know how any errors in hydrograph simulation
. would be translated downstream, since the sewered subcatchment
| model is intended as an integral part of the full Wallingf.ord
md(l e

" (1i) The effect of catchment nonhomogeneity - the parameters of
the model ard essentially catchment. average values,
and it was impurtant to know how sensitive the model was
to non-homogeneit . ws, particularly slope.’

y o
X
! |

These anelyees are described in detail 'in“Appendix"A"e'nd B reep"e’ctively'}
since they are peripheral to- the main development and testing of the
equivalent pipe model., = .. . . u

4,2 Optimisation technique L oL

i

A Rosenbrock optun:.setion rout. ine was used to. detemine optimum para-
' meter values, which could be related ‘to catchment characteristics. |
routine wae included in th e modelling package described by r’idd,

B

- ‘ R

In order to optimise perameter velues, two objective meaaures of - fit SR

were used: o . : - ' Cee
v . S Ty . : ,.

(i) Inregral square error (ISE) - this is a version of the common least

sguaras . function, but scaled to a dimensionless measure of fit. Although

biaeeed to'verds higher diueharges, it provides an estimate of the

R R 1%/50,) 100

. Lo : Coarmr . o ’ EE TR

“..'The. summation is dver: the hydrograph at mtervels egual to 1 time step
- (30 -secs ‘in this oase) - ISE may be in erpreted as the standard error
of- the simplified model about the‘ fu l model, exp essed as. a. peroentage
" of the average diecharge.- ISE .= 0 deno .es a;,per..e‘ct fit, 80 minimisa-. \

\tion of' ISE is deoirable. ’ e o

A

ST “: i T o A T ey

o .u'""«"

| ‘p.f”(ii)

Error in peok es’timation (PEAK) VUL e T e

. . N ) Vv
- LR R N § . -‘1 L R ekt

-1 (Pm pmp)/_pmj x 100%

R [.u w %

modelled outhnw peak discharge ue:lng fu]i Wallingford Model

[P R



Iimp = modelled outflow peak discharge using equ‘ivaient pipe model.
pote that PEAK is insensitive to timing errors, while ISE is very
sensitive to timing errors.

In addicion to these two objective measures of £it a visual assessment
of the £4 ¢t of the two modelled hydrographs was also made.

4.3 Parameter mtimisation |

“he , four parameters (LENGTH, SLOPE, DIAM, c) of the equivalent
pipe model all have separate physical meaning,. there is a marked

 dependence between three of them (LENGTH, SLOPE, DIAM) in terms of model
- perforpannce. In other words, a similar model response can be achieved

" witha rangeiof combinations of these three. This dependence arises .
pecause, although . the Muskingum-Cunge soiution ailliows for both trans-
lation a3 attenuation, attenuation in the pipe system is small, and
translation is the dominant effect. . Consequently, the Muskingum-Cunge

. golution tendé to as ‘time offset method, with the offset, T, given by.

(4.1)

although =

T = LENG'I‘H/ (nW)

1‘.2.',1‘-'

whern e the nUmber of z"-'w.ls in the syetem

' r

and N is the mean waw. X _e-ra...fl.i. o

! i

Wave speed can be shown to depend on slope to the power N and hydraulic o
1dius to thc power 2/3.‘ Thus:

N 2/3

T « LENG’I‘H/(n SLOPE DIAM ) {4.2)

un

SR AB the mJSkingum-c.unge model tends to a tims. offset model, so the

- : sv gquivalent pipe model tends to a moving average, of order n and
iq«intervai Ty In fact, the equivalent pipe model is not that simple
focalss’ (d) the effect of the tapering constant, c, is to reduce the
‘diameter and hence increase the time. intervai for the upstream pipes, .

“‘and W)y eome attenuation 18 preeent in the sewer system, Consequently,

o ' the deperndence between the model parameters is. not quite as given by

it quuatiOD (4.2). However, the dependence still exists, and thus to 7
obtain a Senaible relationship for any one parameter, values for the

W {lothrar dwo must be fixed a pm,om. s v - : :

s nce equation 4.2) suggests tha‘- fhe model wou'ld be most ‘:U[]Slt‘lve to ;

g ‘. .changaa An LENGTH, it was .decided to fix values for 'SLOPE and DIAM
""}ll and optimmise on LENGTH. Besides these paralneters, a value was required
Cgdr e, Tnitial experience with the model showed that while LENGTH.

+ v affected  Poth peak flow and time to peak, time:to peak was fairly
’“ insensit Ve to c. Consequentiy it was decided to “fix ¢ also-and
optimise ©nly in terms of LENGTH. The value of c cmild be adjusted
1ater i“ necceqary, to improve the fii‘ to peak. ‘ -

t’

ERPERRY . rw-""

"~ one fina.‘l decision remained before optimisation coul.d begin and this
concerned the method of routing £lows greeter than pipe full. It was

values for the three parameters SLOPE. DIAM and ¢ weré chosen as
- £ollows: . .

. SLOPE: This was set equal to the Taylor-Schwartz slope of the real

decided tha't initially the model f£it to non-—surcharge events was more . .
important, and that a good fit to surcharge events was a “bonus .o '

The model fit was therefore optimised using only the non- surcnarge

'events, and the fit ‘£0 surcharge events was examined at a 1ater stage.-"' e

e

o

'\prototype) catchment. The Taylor-Schwartz slope was. chosen
in preference to the simpler "overall slope of the main drag"
' because it was expected to be more closely related to travel -
time. The rationale behind this measure of slope is. given

in Section 3.1,

J

DIAM: u.i was cbosen such that the equivelent pipe "-yster- should be

‘representative of the real (prototype) system, The diameter <
of the’ last pipe in the equivalent system was defined such
‘that its pipe full discharge should be the same as the last
‘pipe in the prototype system {its slope’ will, in general,
- be different). This definition assumes the last prototype
... pipe has a design standard consistent with the rest of the
'..'fsystem. o | - o L
'I'apering conetent, c: T‘nree values of tapering oonstant vere considered
~in thve ‘analysis; c¢-= 0.0 (ie a non-tapered: system), c.=0.2
- and €’= 0.3. These last twd values were chosen in order to
o try and. ..,imulate the average dewelopmenf- of surcharging that
' might be expected in the prototype catchment. 'Cléarly, with
¢ = 0.0, upsiream pipes are larger than necessary’ - surcharging

would occur first at the bottom of the: system.and. move .upstxeam,. - P

For large values;of ¢ (approaching unity) the opposite would.

occur. A-compromise between these two extremes was necessary; e g

The spread of gurcharging through the equivelent pipe system
 was'studied for a ‘range of values of c. It wes;found that §
for values of c'= 0.4 and larger, surcharging moved 'in a -
downstream direction, while for ¢ = 0.2 and below it generally

commenced -at a downstream pipe and spread upstream. For
values of. c between 0.2 and 0.3 there was.iuniform development . .. .
of surcharging and it was decided that this best represented

the,rather localised surcharging (upstream of any constrictions)

"in the full Wallingford Model.
 purposes of optimisation{, ,LENGTH w‘as‘ redefined as
'LENGTH‘ K % (length of main drag of prototype catchment).

|h o
Optimisetion was then performed on K, the ratio of the lengths of the

main. drags in the model and prototype systems. Optimum values. for Ke- e

were determicnd for cach catchment us mg the six ncn surcharg-

~of- 0.2. It can be seen that'in terms of ISE t.he optimum K\,_,w s
while in terms of PEAK the value fwas 0 914. o R L

e e e R D T e B e g e, S L s i e




K

compared with be;heen:‘é‘(, and 587 pipes in the Prototype system. In all
cases, equivalent pipe slopes were in the range 0.6 to 1.5%, individual
equivalent pipe’lengths were between 60 and 150 metres, and outfall

pipe diameters between 0.313 and 0,98l metres.

y . L : ‘g" S . . P . ) s . } : : . S ‘f R e
TABLE 4.1 OPTIMAL K VALVES FOR <« = 0152 ' O : : : , / o _ , | '
IR . . | g { | g8 ?

|
e ——

OBJECTIVE BNCTION - CAT(]{!‘(‘NT ©__OBJECTIVE FUNCTION

T . ! ‘ .
80, _ PEAK - - IS8k M. PEAK - IS8 _ ' ; .
vty e l
[ : : i

i

TR O.892 L% 1B a8 1192 I | - | |
| o RADE OFF BETWEEN PEAK ERROR AND ISE FOR CHANGE IN K (c = 0.2)

, TABLE 4.2
1108 w000 Lase. i

/

W 0. 868
o o.858 lan/ 3B
o.ort o Lam L

cz\j"gommg OITIMN K= 1 CATAMNT  K=OPTIMM ke
. It . NOo -——
\ ISL . PEAK O ISE PHAK CISE PEAK TSE PRAK

C o e i u

0832 " 1.62

0.3 1.23

AA

W 0.975 . LI - /5B o0z 172 _ —— e
. . - ; 1A 1.98 113.0 .:.TU Ne “} LAz 13,9 3.00 - 8.0

0,024 : | " : : '
. . : . A L9S 1L 243 6,2 B 2,17 124 28,3

o / ;
. o . . L ! I . 4 s . . 5o, . Co ; - N : .
s 1.010 i R L1 ” | . y T o p o

Lol £Y
=3

(8]
f 3
s 4

ra
ot
wn

J16.4 3,57 T.6

6.5 1.75 < 0.1
11,5 1.74 15,5

0.921 1,026 ; o 0se Lo 1A LOT 12.0 506 4.6 "

B
S 0.967 . /'l.oof-:f":, B om0 Lo

o 1-.074 X L2 JOR 0,630 0,752

o 1.001 1.049 118 0.8% ,
I 1.02 1.0%7

5A 0.80 6.0 1.47 1.1 58

U
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0061
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oo O.c0r  0fge 1R

- M (STE) 0.943 ;/ L0933 AVESRAT(PAT) 0885 1074
Oty MPACGE  O.o14 | ToM

PA 002 430 .0 ol 0.85 - 6.4 0.97 4.5
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104 0'..5: 3.0 Lo - !:.O ‘ 108 0.79 6.8 . 2,75. 17,9

1A 0,72 L5 o8 b HB 0,66 3.6 0.7 5.

' A 08 2T 09 1.1 125 081 L4 0,87 -2 .
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Aviswsl aSSsessment of the fits a<hieved showed that the discrepancy
. between the= opt-dmmuum K/values was Rargely due to the difficulty in = 7./
cooefitting both peak and time to pead«, In order to‘achieve a'good -
" overa]] fits, an Aaveriage of the twe> optimum' K values has been' taken, '
‘Yelding trae iz;tuitf;i.velY‘-:attractive, re_s_ul/t;; R / B , S
e 0 uRk=l.O0 L | - :

! i\

R
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4.4 Choice of final form of the model, .

; ek i s ; , S i . : - .
) Having 'established su‘itable-defini,tions for the parameters LENGTH, S
' SLOPE and DIAM in terms of catchment characteristics, it now remained |

to determine whether to.adopt a tapered or non tapered version of the "
, . equivalent pipe model. Another consideration was whether a complete e
~' solution for surcharged pipe flow, similar to that in the full . - -«

_‘_o:rfal th_e.mot:i-eif. mai;i drag length = E>rototype _;i}qin,_’drag length.

Wallingford model, should be adopted.

The analys X s’ was repeated for ¢ =" 0,0 and 0,3 yi , &
of 1,0780A'0.97  respectively, ' ITeither valle is as attractive as the

valee 1,0 achiev ed";}f‘ﬁ? c = 0.2. Tk ' S ' - '
_ ‘ - _ ~ The/criterion for comparing the i fferent forms of the mode] was the : -

=" 0,0 and"O.’,}'EB"‘Qielding average "'JR,"’"Val'érn'es ‘ . i
Table 4,2. Shhows. the ISE and PEAK e=xror obtained when K = 1, and also - o i ' a ,l 90_9??1985 of fit 'b_etweéni' the model led hydtographs .and ..thoéef'genérated R
o from the full Wallingford model. Fit was assessed both visually and o

“the 148 8 PEAXK ‘errors obtained t=xsing the catchments optimum'K (in N
_ | ' ~w. - using the more objective measures, ISE and PEAK.

I

tetng of IS3ER) ..  The trade off in t—erms of ISE and PEAK achieved for
K=14is¢gxdte F£favourable. It is dnteresting but not surprising to | |
notd the j@=amnet+al ‘dncrease in PEAK and ISE for the larger catcliments, /
reﬁiecﬁing <The ‘increased_importa}‘nc:e of seweir f_low. b

el B Ini;j;:_ially ‘the effect of varying the tapering constant ¢ was examined’
. moreclosely. Hydrographs were generated for a 1 year design storm
. o withec-ip the range 0.0 to 0.3 as sugdested by surcharging considera-
- tions (Section:4.3). Table 4.3 summrizes the results £or-12 ealohe 5.

cesnone oo cments and a-typical set of hydrographs dre plotted ‘in Figure 4.1
' S .1t 18 clear that a non-tapered systen (c = 0.0) Y:,l.EJ_ds" a closer fit . ¢

PRSIV AR V) !

- _,The;_;nﬁmber of piPes in the equival -ent system depends on LENGTH (see . . - . _
b st : R Chn AL TR e T e I T G g A L T T e i e e e
“eqlatfon /- 10). and thus also on K.  The 24 catchments.studied were == ..

““j‘_"feg;;ejslen;_ea in the equivalent pipe system by between 4 and. 15 pipes, . o '

%, £o' the full Wallingford model hydrograph peak, ai -4 ricreasing-

Rt ' :‘ B s Jl;l, [ - ‘ IR bl : n
L 2 . e : . . ..progressively flattens and broadens the peak. “¢ A i e A Ty e i g
e s e ST S U SIS ST E R e TN {.‘,-,p..u,‘p.?,_,,u- N / 3{.. P R ib e .‘.. Y :\;Ir.:;‘, Sl e e e et s ."W‘""”M b e S e s e e R s E St T e e g e E D SO P PRy st vy
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TABLE 4. =3 EFFECT ON OUTFLOW HYDROGRAPH OF VARYING TAPER ING
CONSTANT IN EQUIVALENT PIPE NGDEL
~STORM 2.“':"(1 YEAR DESIGN STORM)
PEAK ERROR(S) < PEAK TIMING ERROR(mins;  1SE OBJECTIVE FUNCTION
CATCHMENT c. R R R R
0.3 0.2 0.0 0.3 0.2 .00 0.3 02z . 00 -
' 1B 10,2 T 34 + 1.0 + 1.0+ 1.0 253 Z.69 3.15
N 0.4 7.7 21 +1.0 +1.0 +1.0 228 238  2.83
"t I s 155 111 6.2+ 1.0 0.5 1.0 ' 2";"53 2,63 302
i B2 5.9 LI e 5 1.5 3.. 546 .:oo
.' 55 5.7 ‘3_6 '0.4 - 0.0 o' o 0.89 0.9 1.0
" 5.6 137 @4;. 00 .0 0 LI 143, 102
7B -4 - 6.7 -103  +0.5 0.5 0.5  LT0 L9 2,48
l ) 9.2 6.9 26 -05 -05 0 0.90 0.74  0.83
9B 3 s -t - Q.5 - a5 0 0."3  0.63  0.83
108 L2 -0 -23 U s 0 0 1.37  1.54 1.89
118 21 55 22 -1.0 0 0 1,00 079 0.49
g 12 226 - 3.6 - 5.1 0.0 o 0 0.35 0.6 0.72
AVERAGE 0.8 4.7 0.7 .3 3 A 1,60 1.64 1.89
Negative  erfor - "imdell_ed peak exceeds/occurs after full model peak
sméﬁller‘f‘bx:' a""non-tapered system, while ISE values, which consider
. the fit of the hydrograph as a whole, are larger for a non-tapered
‘than a tapered system. These results indicate that ¢ = 0.2 is

pleferable toc = 0 3 and thus <

'I‘he compar.:..son of tapered (c = O 2). and non-tapered models (c 0.0) *
was then extended to a greater range of catchments and storm types.
The same tx—ends were exhibited by the two groups of catchments, and
the resultss from the flatter set are summarized in Table 4.4. Typical
hydrograph=s have been plotted in Figures 4.2 to 4.4.
.. pllot studx the non-tapered model gave the.closest fit to.the peak
Lor non-su.:r:charge events, but a marginally higher overall ISE value.

the simplified model hydrograph tending to occur before ‘the full
model hydrograph.. S S L o
._ﬂ, i \ i SR .o .

”It .iis appaa:ent from Table 4 4 y- that for events with surcharging
T (storm Ll - —».minor surcharging, storm 9 - major surcharging) this trend
Fbnt i 1is reversed and = 0,2 generally gave the -better fit to’ the outflow

hydrograph reflected in the lower ISE and PEAK ‘error. values. _The = B . _
- ~-equivalent - iaipe model . in. virtuelly -all cases overestimated -the full- - - vt
e R e IR e A D e e b BN e e ey

0 2 was adopted in future analyses..

R -Y-; n’oted in the

“ In both" casses timing discrepancies of up to one minute were found with

| ' ' “w .‘

' of the tapered system under surcharging conditions, more than

“better for non-surcharged events.
- with ¢.= 0.2'is recommended.-

 TABLE 4.4

g _t.lj l:’\l‘l*Rl l)/M)N h\l‘lRll) (Nll}Dlﬂ SURCHARGING bOLUl 1ON)

"{ ) M m/wumun L SURCHARGLAG: bOl UrloN

Negative error - modcllcd pe.lk QXLCCd'a/OLL.Ul'S after. full model error

- Wallingford model (see Tible 4.4 and Figures 4.5 to 4.7).. ./

,_j,-especially for’ large: catcl'unents.--
'4.7) shows a rapid rise to peak as the flood wave 1is translated rapidly
.~ downstream followed by a flattening.of.the recession, ...
| in errors of peak estimation of Jup. to 33%. :

— ———— o mee T — —p—rr e -
{.—.‘f LT BT e Y AT B WM APy 1 I ST Yl it ... ARl o T AL ] 8 S o i S o AR . O PO o P AR ) TR S Bt . g Aot s
g o .

&

-
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model peak' discharge. This is to be expected as the equivalent
‘pipe model, in the form described, makes no allowance for the attenua-
ting effects of surcharging., On balance, the improvement in performance

compensates for the fact that the non-tapered system was slightly
For this reason, a tapered system

COMPARISON OF DIFFERENT FORMS OF EQUIVA._T:Eth PIPE MODEL

Lo 5 Avcrie values for 12 catchments (series'B)

S e - Average peak error - Average peak timing  1SE objective Function

Stom. No. Type . - error (mins)
: =02 ¢=00 ¢.=0.2 c=0.0 ¢=0.2. © =00
e agn surcharge 4.8 0.8 0.3 0.4 1.65 189
1 ©Non surcharge < 5.8 1.6 0.5 0.4 1.12 - 1,22
%9 " Surcharge 2.9- -5 -1 - 1.1 1,83 - 2.05
BT SR B S 1 SR

Average valies for catchments with surcharging
Average peak timing  ISE ohwctlvo f'unctlon

Average peak error

No. of catchments g _ " error (mins)

. Storm No. . . e L .
: «w.1th-e,urclmrg1ng " without with without” _thh ' wlthout o with
1 o B 1.9 T S P R A T S br S R
g e 11 A IF SRS VIS P R 'o-7-‘,.;,.,,_.:,_2,‘-,9:’\;.. Loues o

i'I‘he introduction of a surcharging solution of the same form ‘as used in
the . full Wallingford model (see Section 1.2) can now be considered
A'I‘here has previously ‘been no allowance for surcharging in the equivalen‘_

t" ¥y

pipe model, with flows always routed by the Muskingum—Cunge method.
Surcharging. and non-surcharging forms of the model -were compared for ..
two major ‘storms on all:catchments which had pipes” surcharged.in them. g
.In.general.a.. .. ...
full surcharging. solution tended to overestimate peak. discharge, Ty
‘A’ typical ‘outflow” hydrograph (Figur_' N

Phis’ can. result
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VIR & : B rirstly the equivaient $ystem does. not exactly mirror ‘the prototype ‘""'ﬁ”fl'
. - ,ﬂf , - , Vs “in that surcharging occurs along the whole length of the equivalent o
e A f”"system and not in small localised pockets"'; It might be poss;ble to
et T N g' ..overcome . these. difficulties by the use of'commercia 'ip i'zes
BECCECE T RN SRR EARIE § 11 incréments“bf 75 ‘mm) Secoﬁdly, ‘the equivalent'eystem'has,far

o R - _:' fewer: manholes than*the prototype, and manhole' 0 )
;ﬁ'ﬁﬁ *V“7:T§;"”f R important roleiin reducing'wave speed’ for ‘surc arge

‘ (R use of "larger diameter manholes might overcome e

Fary

o e OPtionS Wefe. not however investigé}t_ed in the Ppresent study.

ni-mriu(u-) :

oo Based on - the above.discussion, . was
e R o e o S f et 6 F bhe medel (& = 0.2) “using ﬁMus
aexfalicit allowance for surcharging
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- parameters is not quite the same as given by equation (4.

45 SensitivitJy of model parameters

The éensitivity of the model, as reflected by the peak discharge, to
changes in the values of the four model pa‘rameté.rs (LENGTH, SLOPE,
DTAM and tapering constant ¢) was examined for a selection of catchments
uvilng storm 2, a po>n-surcharge event., The results are presentad in
~Figures 4.8 to 4.11. These figures demonstrate that model performance
is fairly insensitive to changes in parameter values. A 10% increase
irlength gave approximately 4% decrease in peak discharge, while a
10% increase in slecpe or diameter gave increases in peak Zdischarge cf
approximately 2% and l% respectively. The relationship between the
2) for the
“time offset", indicating the effect of attenuation in the system.

Figure 4.11 shows model sensitivity ¢o tapering constant, c. Peak

-discharge decreases with the degree.of tapering, a change from

¢ =0.2 to 0.0 resulting in an increase in peak discharge of approxi-
mately 4%, Not surprisingly, model sensitivity increases with catch-
ment' size reflecting the iniportance of the below ground phase of the

response.

Besides the'‘four parameters discussed above, there is another model
')arameter which has been embedoed in the analysis, the time increment,
A time increment of 30 seconds was used for both the full model and the
sewered subcatchment medel in this study. However, the £full Wallingford
Model has now. .been developed to run at a time incrementnof 60 seconds.
With a 60 sec.ad time increment, the number of piper used in the equiva-
lent pipe modiel is halved and individual pipe lengths are doubled.
However, tests showed that the effect on model performance is slight.

[
it

4.6 Estimation o‘”f model paramet'érs in desigln

(o

w b

fAs noted in the introduction, there are basically two situations in which

the equivalent pipe model is likely to be applied.

“‘ "\ ke

1. An existing de pment where either the detailed information
required by thé £ull Wa" lingtord Model is not available, or the
use of the. full model lu nut appropriate to the particular design

probl enm.

20 A proposed develo_pment for which ‘exact details of the sewer layout

" are not yet available. ™
In the firSt case- it should be possible to obtain the” length (L ) and 1’/
.Slope (8,) for each pipe alonyg the main drag of the catchment afid hené\e

determine IENGTH (the total length of the main drag) and SLOPE N
(the 'I‘aylor Sc:hwartz slope - see equation 3.1). T

' Given the dia"neter (DIAM,)and slope . (s } of the last.pipe in. the

. prototype system the equivalent pipe dgameter (DIAM) . may be found.

””iteratively £y6m. the Colebrook-white equation using the equivalent pipe L

SLOPE, | However this is a lengthiy..process and the following equation,
;\_--[-___:_-;jderived from: Manﬁing s forrnula will give results of sufficient accuracy

e e i s e e e e T e s e
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el of concentration K
“and determine-an’ updated value’ for DIAM.’

4 8 to 4 11 that a '__ lO% error :I.n each parameter in the worst sense e

s, 0.2 o o
DIAM, (=) _ . '@r@fca--,;- f (4.3

DIAM =

In this context it should be real 'e: that sizing DIAM on‘ the last pipe
in the prototype system may not gn.ve a truly representative diameter,
For example, if the last pipe is at a steeper slope than- pipes upstream,
but (as is usual) pipe diameters are never reduced downstream, the L
capacity of the last pipe could he much greater tran is necessary.

In this situation, a more repiesc'n..ative diameter may be achieved 5
using the next pipe up the system. However, it "should be noted that '
the model is less sensitive to DIAM than its other parameters, and |

‘accurate estimation is not of vital importance.

In the second —\situation (where development,_is 'proposedf estimation of
model parameters me': be more difficult. However, the engineer should
be able to- decide‘!n an approximate main drag pipe layout and from.

this determine the ength and slope of the main drag pipes. 7o he_lp '
in this respect, a pilot study was undertaken to reldt.e Taylor-Schwartz

slope to the overall slope of the main dray. - Based on pipe data from: - 3
several ca*ch'nents in the UK the following rel zfionship was obraim r' ' o

SLOPE = 8''= 0 75 x (topographic slope of main drag) . (4 4)

Having decided ion a main drag, and determined LEN(J'I‘H and SLOPE. a.1
estimate of DIAM may" be made using the Rational Formula o

(4.5)

where Q 18 pipe full discharge’ L i
c is runoff coefficient e Rl T R T RO K L ,
L b e .
. is rainfall intensity in time of concentration T Y
A is catchment area . | o -
i I 1 i

To determine time of concentration, it can be shown that

constant of 0.2, the flow time through the sewer system™i'i: given by
'I‘f = 0.05 - L?;GTH minutes (4 6)
e . DIAM SLOPE R | L e T e
B . g M . . - i i fu. ‘\'.' :
where n is Manning's' n e

oty

‘Thus, if an estimate is made of DIAM, equation (4. 8) may be used to

vield an estimate of T . Adding a time of entry 9 minutes gives a time
The“Rational Method- may ‘then be used:to. estimate.Q . ', .l ...
“This may be" used for a second R

U

' iteration of equations (4 8) and (4 7) if necessary. o "

In estimating model parameters, it is encouraging to note from Figures B

..............

r i =
’ T u 52
T T 4_'1,’- WG T £ - &
) S N .
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WLl el 2t in a maximum error of peak estimation of only about 7h%,
This figu:re of course only relatcs to the choice of parameter values

“dnd not x> model.error. In Section 5 of this report the fit of both

| cthe full zmodel and tlie sewered subcatchment model (ie above ground

Onca the E£4inal form of the model had been established (see Section 4.4),

| xnodel 4 equi\ralen' pipe model) to observed hydrographs is investigated

5. TESTING MODEL PZRFORMANCE ON DIFFERENT CATCHMENTS

it now rexpained to test the performance of the model on catchments
different £rom those used in its calibration.

o widelyr different catchments at.Derby and Blackpool, both with

readily avrailable pipe and rainfall/runoff data were selected for the
analysis. Since the sewered subcatchment model is essentially a model
of a mded , it was the fit of the outflow hydrograph generated by this
model to ®=21e full Wallingford Model hydrograph which was of prime
importanf‘e- ‘Comparisons were performed for five observed rainfall
eVents, including both single and multipeaked profiles and events of a

high rain€all intensity. As observed flow data was available for

thege evera€s; it has also been included and model runs were performed
using obsexxrved rather than calculated percentage runoff values.

_:.1 Catr.hment characteristics for test catchments

Ur.
.

B Grange Parye, Rlankpool is a small (5.04 ha) steeply sloping catchment,

approximat:ely éoﬁare in shape. It is a post-war residential develop~

'Jtmr~ :
N~
{

s
[

" ment, with steeply pitched roofs, and as indicated on Pigure 5.1,

“ -

l

MWm‘. FIGURE 5;1

Catchment plan of
Blackpool
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~ rhe Blackpool catchment was represe

‘Despite the high rainfall inte

comprises four large grassland areas surrounded by housing. 42.6% of
the catchment is impervious. Rainfall and runoff were monitored from
1953 to 1958 as part of the Road Research Laboratory study (Watkins,
1962). Two autographic raingauges were sited in the north of the
catchment, and flow was monitored in the 18 inch outfall culvert of the

'combined system, using a standing wave flume.

St Marks Road, Derby is a small (10.3 ha) flat catchment situated on the
flood vlain of the River Trent. As Figure 5.2 indicates, it is an
elongated catchment comprising three nested catchments having areas

7.2, 8.5 and 10.3 ha respectively, It comprises a mixed residential
development, which is uniformly distributed over the three catchments.
53% of the area is impervious. Runoff has been monitored at the: outfall
of each of the nested catchments since 1973, using ad Arkon air purge
system. Rainfall records are obtained from an autographic gauge just

off the catchment .

FIGURE 5.2 CATCHMENT PLAN OF DERBY

1 MAAKS FOAD CATCHMENT, DERBY
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Details of the catchment configurations of both Derby and Blackpool are

summatised in Table 5.1. It can be seen that each provides sharp

contrast to the Stevenage catchments..” .H__.ir-

TABLE 5.1 CATCHMENT DATA FOR DERBY AND BLACKPOOL

TOTAL % ] —?'I.IEM?I’H oF TAYLOR=SCHWARTZ NOLOE - MOLOF

OUTFALL
PIPE NO.  AREAtha)  PAVED  ROOF  MAIN.DRAG(m) SLOPE: ACTUAL PIFES  BQUIVL TMPES
| %) - - -
B1:ckpool 1.25 5.0° 278 14,8 337 1.4 S0 A
herby 1 1.20 10,3 . 30,8 16.4 . 1387 0.4 . v A
Derby 2 1.23 8.5  34.4  10.8 1257 _ 0.4 .0 ®
lerby 3 .17 "2 31.2 17,7 948 0.4 . 1 W

5,2 'Mo{del Perform'ance at 'Blackpool '

nted in the equivalent pipe network

by just four pipes, each 84 metres in length with a slope.of.l. in 7. .

not surcharge, and the full Wa
(four pipes) for only one storm. - R »f

IS LRI A

[

nsities, the equivalent-pipe-system- dids
llingford model showed minor surcharging el
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BLACKPOOL: SUMMARY TABLE OF PEAK FLOWS

TBLE &S .2
PEAK_FLOWS (L/S)

. - -
~ . mq FULL WALLINGFORD — SEWERED |
O W OBSERVED MODEL SUBCATCIMENT |

| T MODH.
| 17A/53 100.9 102.7 /0 102.9
12 12/4/54 29,7 314.5 318.2 [“
5 22/8/5%  263.0 206.3 200, 3 il
N 2750 92,1 89. 9 80, 1
132.7 125.9 124.4 |

W . L5/5/57

Table 5« 2 gives details of the goodness of fit obtained, and typical

hydrogr&phs are presented in Figures 5,3 to 5.5.

In general, the

sewered*~ subcatchment mocdel gave a close simulation of both the full

walling’ford model and'observed data.

For non-surcharge events peaks

were i 1.5% of the full model peak, and within 6% of the observed

peak, There
peak flows.

was a tendency for both models to underestimate observed
For the one surcharge event (storm 12), both models

overestiznated the peak by about 37%, but overall fit to the hydrograph

Was gooQ .

The timing discrepancy of up to 2 minutes evident in the

lydrogragoh plots can largely be attributed to non-synchronisation of

the rainFfall

context o f design.

P

and runoff recorders and is relatively unimportant in the

i) l‘l'\_

Co - FIGURE 5.3
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5.3 Model prerformance at Derxby

For each of the three

The largest of the catchments (1.26) was represented by 29 equivalent
pipes each © £ length 48 metres, decreasing to 26 pipes each of length
36 metres fo=the smallest catchment (1.17).
equivalent pPipes is a direct result of the low wave speeds, created

by the flat gpipe gradients.

The results of the model simulations are summarised in Table 5.3, and
typical hydxographs are presented in Figures 5.6 to 5.10. For the full
system all £Hive rainfall events resulted in.surcharging, ranging from
a minimum of six pipes in storm 14 to 19 pipes in storm loO.
is the large st storm on record for which reliable guiging information

nested catchments at Derby (upstream of pipes
1,17, 1.23 and ,)1.26‘3.-respe;:tive1y) hydrographs were generated using.
both the ful 1 and simplifiied models. -
separately except that the percentage ruuo?fs from paved, pervious

and roof area for each catchment were <¢- .ved from the observed
hydrograph @<t 1.26 (1.23 for event 10). Thus observed and predicted
volumes of xunoff were oniy exactly equal at 1.26 (1.23 for event 10).

Each/catchment was considered

This large number of

FIGURE 5.6
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ig available . In all cases the fit of the sewered subcatchment model

" to the obsexr—~red and full model hydrographs is worse than at Blackpool..
Averaging owver all events there was a 12% difference between full and -
lumped model peaks at 1.26 and 1.23, and a 20% difference at 1.17. The

average errox between the lumped model and the observed peaks was 17%
at 1.26 and 1..23, while at 1.17 it exceeded 30%.

Csweiwo. pams  opseep UM SR OO G OENT oo TABLE 5.3
| Peak Flows (L/S) at Pipe No.l.26 DERBY -
0 31/7/m - 234 195 SUMMARY OF
13 8/9/n 12 145 1 . PEAK FLOWS
4 10/10/1 170 152 133
19 12/2/7% 1% 176 157 i
- u B/8/7 . M1 . 129 11 b y
; i 7 : - “,\“
. we# o peak Flows (1/5) at Pipe No.1.23 4
g e L
31/7/710 119 191 161
8/9/70 - 103 - BT N U R o
10/10/1 - s, 127 109
C12/2s71 U2 143 129
W - 72- V4 RS T R 01
R oA L * peak Flows (L/S) at Pipe No.1.17
O swram a0
B Ol 7 7 e e T
Wt 107200 ¢ 99 s 130 L
9 . 12/277% 7. . 127 . . 14
gl e 108 o 183
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Figures 5.6 to 5.8
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observed and modelled
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. hf’drograph R &-"i_p\? . . C D!l!iﬂ:l {motres| 7 B of main drag plpes ,‘:,5'” ‘ e
e w N e 1’ 1 7 . . 7 ‘ . .‘I.j J |
’ Ve ‘ "f 1 0 P . A third possible explanation for the poorer model fit at Derby might
coo | P T f;:‘;':;m-m o be the use of the. same percentage runoffs from paved, ‘pervious and roof
- el o i S i e Sewsred. socatehment |0 o - IR s o surfaces for each catchment. ‘The events used. in this analysis: were
- i Caged Pt el DT e i e D R .chosen as far as possible for consistency of response between the three
‘ _' B R U | "catchments. However, this consistency was not always exact and o
P L. ' additional modelling errors may have been introduced. - - \
i ;g‘w . ' r,-
e To summarise, these results serve to highlight two;situations where the
. g J l - sewered subcatchment model may be expected to give less accurate
5 100] o results‘ o o . o R 1 SIS N S
o 1Y " o {4) in catchments with such low - pipe gradients that surcharge
f , 80 / o i e L . ¥ development is extensive,._. A g :
7 , ;/f 1’ " (i1) “in catchments with distinct’ non-—homogeneities of slope O i
| . . o - e - "__h.’non-uniform distribution of impervious cover, .-.° e
“ B L. g - e g e Problems in simulating extensive surcharging ag_x:ews_‘till unresolved- but'“
R UL e PR AN DRI WO L , R R B Y Y. e the effect of _"'m-homogenej_ty ;Ls j_nvestj_gated more f 15 Wﬁd
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v, 6. CONCLUSIONS AND POSSIBILITIES FOR FURTHER DEVELOPMENT. - "
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~of say.l00+. pipes is replaced.by.say 10, then obviously - approximately - .
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' ‘compensate for .this would be:to* increase the size of manholes for the
" equivalent system. Another way modelling of surcharge events could be
< improved, might be, to restrict pipe sizes-in the equivalent system.to
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Price, R.X. and lfidd. C.H.R. (1978). A ‘de\'sign and ‘simulation‘ method

., for” ‘storm sewers,  ‘Urban Storm Drainage, Proceedings of " International
-  Conference on Urban Storm' ‘Drainage, Southampton, "Ed Helliwell, e
. P R., pp 327-337, Pentech Press, London. L s R

- comercial Pipe, diameters.‘ This, combined with. incrnased manhole .. ..
: storage might better reproduce the "patchy" occurrence ‘of surcharging
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in the full system._. U
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..alongya.pipe.... At present, the whole area above a.specified point-is . = - e iy
.lumped,. and.all the,area below that point must be.considered in detail. . . .. ... . .. .\ ..
‘ __fAlthough this is not. unduly restrictive in most cases (for example. BT LS .

. 1. . . . s . "'.}.\, . ' B
b S A L " _

_.-along its length is quite possible). the ability mto have a- 1umped o _ :
catc.hment feed into another lumped catchment might be a useful feature. - l L

It rr.ay. forj'j_.'example, bé one  way of improving the fit’ to non-homogeneous e
catchments, _ allowing for the effects of both slope and area distribution.
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- *":approx’imation to’ the full Wallingford.Model. However, as shown
by .. ectionls. it has merit as a. catchment,,.model in its own.. right. S
Co f. qu t ¥, the"nodel" might Bé used on its Swn, i’chout the Full”

th flood response .inh natural 'catchments.'
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' DEMONSTRATION OF MODEL PERFORMANCE DOWNSTREAM .

-,
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' ERE
In ‘Sections 4 and 5 the sewered subcatchment model has been tested for
its ability to predict the peak and hydrograph shape at the outfall to
a particular catchment. Although a good fit has ‘been achieved, a ~ ‘
timing discrepancy has ‘arisen in some:cases. The.question arises,. = 7 .00
therefore, what' effect ‘does use of the sewered subcatchment model have
on discharges downstream?‘ Model performance in this respect has. been RO
tested for two sztuatxcns;”h/ (i), where one single sub_cat‘c}imint has been
treated as a lumped area,‘ and  (11) where all inputs to a main’ drag
have been considered as, 1umped. ' The first case might arise where sewer
; :Lnform_ation ‘for a certain area g ‘fiot ‘available, the second case /might
'arise in, for instance, the design of a trunk sewer.

AN ERY

l‘ ' I.I 3

For this analysis. the sewer. system -designed for the first, . steeper o
seriss of catchments was used. and catchments to he treated.as. 1umped
“inputs were’ selected. ' The catchments-selected wure not,- in-generaly -
the same as used in develccment of the sewered subcatchment model:
(Sections 3"and’' 4). " Figure A.l"gives a schematic representation- of the
“catdiiment” with 'the inputs'to the’ main""‘drag ‘between” pipes"l""lﬁ"'”’"'”

shown as lumped inputs. " _
ey oy ir .:w” 1-—! 4 ; . 3
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with theve model runs it was oossible to compare not only the effect of
1umping an” iicreased proportim- rfosheicatchment. but also: the effect

of .=ninping Wy adjacent cate}:~ . . L ﬁtely, -Or . together; for., '_
ew“ple, comparing the fit wi‘t L .A;s 1v16 and 31415 lumpe_d saparately,
or 1u|npad “E£ogether at’ 1, 17.’."““‘In ‘bn;r "way,“ the effect of errorl, in phasing

‘betweat: tl:xe two lumped areas wouh.Ld be maximised.
‘-'u-‘ ..) C ;

Table A2 gives the oercentage errox in peak est;.mation at p‘l.pe's 1. 17,

130. atd 1.34 forieach storm’ for- '¥uns 2:to- 7. It Can-be’seen that:with:.
{f 35% and approximately 60%'0f “the catchment . considered, as-;lumped a/ good e
e the full model is achieved. - Figure A, 2 illu %t'rates the. fit at two

locatlons- e
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gevere surcharging - in the full model it yields surcharging in 105 of the
587 pipes. (I Spite of this, no surface flooding is predicted and the
maximum head in any manhole was .79 metres). Figure A.2 shows a

. . FIGURE A.3 Comparison of hydrographs at pipes 1,30 and 1,34
discrepancy 3 volume as predicted by the two models for storm 9., This.

, for all catchzent lumped excopt main drag between
" 1.16 nnd 1,34 | S . \

discrepancy & s due to an under-prediction of volume by the version of

the ful] mdel used in this study under conditions of extensive surchaxy _
ing. MNormlly this error was less than 5%, but was confined to “he. per.d ERNEEERTE.
‘of the hydtograph. Later versions of the surcharge solution’ ‘have “over- R P
wome this dE£1iculty. The digsipation of errors downstream as shown by : |
nable 3,2 suggests that, even for surcharge events, if the lumped input
"4s sufficiently far upstream of the point of 1nterest, any errors induced

Lo will be negligible. .— | : , a - _ ] - '

Sterm 2-1peer dosign otorm |
e Full model :
——-- Lum model

'ommmn X 30 o
"\”r.'“h te 1_.“

-rable A gives the errors: at several points alona the main draq for -
run 8 and Flgnare A,3 shows typical hydrographs. -In this run, the full

_pipe systen OF 587 pipes has been replaced by 15 lumped ir:uts and 18 ' j .

(i)
]

" main drag pipes. ‘As can be seen, the model has given ari extremely close
" £it to the non—~surcharge event, and considering the few number of pipes
ysed, a good €£4t to the surcharge event. Once again the dissipation of
errors dovnstxream between large lumped inputs can L seen. These

reaults ghow the model does not lead to further errors downstream.__
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APTENDIX B

EFFECT OF CATCHMENT NON-HOMOGENEITIES e IR

v
Pt

The equivalent pipe model, with runoff inputs distributed at equally e
spaced intervals along its length, assumes in effect a rectangular
catchment,K of constant slope. While the assumption of a rect“'*‘xgular
catchment may be justified for most catchments, the use of a“constant
slope may give rise to errors. Clearly, if the pipe slope is constant

for all main drag pipes in the prototype, 'the equivalent pipe model will

be an accurate representation of the ‘real system. In this section the
effect of departures from a conutant alope are. tnvestigated in order to
define 11mits on applioation of the equiw:..en'r- pipe’ model, if neceseary. L

vk . fo b ’M"x‘
L ! . i.

B. 1 Data _generation

_ A e
.’l'eeo :Lmaginary catchments with widvly ﬂiffering elope profiles. but:
representod by the s.ae -juivalen. pipe .odel, were created. These
: were based on the 1argest of the Shephall cat:..hments upstream of pipe
s 1434, As indicated by Figure 3.2, the longitudinal profile of ¢’ in
o drag pipes for this catchmen® is reasordbly uniform. Discofitint
- w - in’slope were :.:‘ztroduced at pipe 1.17, sincé the drainaﬂ ) boundax:;, L
PR thie point divides the cats.hfnen ..,rw‘,vorsely 1nto tv* approximately
ety equal parto.,g The. existing pipe slopes\,wer... altered, i.n the ratioof . .. .

SRR approximately 4:1:-upstream and downstream of. pa.pe 117 respectively, e e
o b, Yo thils resulted in two catohments,c ane - with\‘é oonoave and the other a: SR
| ‘ccnvex slope prof:l..Le, biit -sack with the' mmn averaqe.' ‘
frmaindrag pip{;ss. . Longitudina) sectione of the rna,.ar 1 5 for these two
. slope eonfigurat.ione areﬂ\plotted 1n Figuze B.1 "rﬁ% {ra. éiametere for |

#1, ‘egsh’ catchment were, deé”igned eing ‘the; w&llingf £8 Mod el "'with storms i
e of 3{5 end 30 minute duratio{n e’r.é 2~year retutn pexi : “
Usi} i,.the“'%ame ten storme as ‘in previoms analysee, outflow hydrographs
o from the two catchments were derived by the full Wallingford Model
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FIGURE B.2 Comparison of modelled hydrographs for different
slope profiles (non surcharge 'event)

- 3 . . ‘ S ——— : . . .
‘ Storm 2 - 1year Design Sterm .

[

B.é | Non-surcharge events
Two sets of outflow. hyglrographs, typifying the results from events with

o B . o
- no surcharge development, are plotted in Figures B.2 and B.3. It is '

clear that despite the significantly different slope profiles, the
_gewerad subcatchment model provides a close ..imulation of the full model
" peak and particularly the shape of the full model hydrograph. -As - o
-~ anticipated, errors in peak estimation are slightly higher (at about ° .
108) than for the more uniform slope profile, adopted in Section 4, \
‘which gave about 7%. : .
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‘The error in the timing of the peak of the hydrograph is more signifi-
cant. In all cases, the hydrograph from the sewered subcatchment
model occurred up to two minutes after the full model hydrograph for
- a concave slope profile, and up to two minutes before the full model
hydrograph for the convex profile. This indicates that it is the pipe
slopes in the vicinity of the catchment outfall that have the greatest
influence on the outflow hydrograph - steep-'slopes near the outfall
yield a more rapid and slightly peakier hydrograph than shallower .

slopes, | | | , e

B.4 Surcharge events .

Three of the ten storm events analysed, using the full model, resulted
in surcharging of the pipe network. The outflow hydrographs plotted
" in FPigqure- B.4 provide a typical ‘example.. The results. indicate that
non-horogeneities in slope are far less important for events with
surcharging than those without. When the pipe system surcharges, the
 rate of flow is in response to a pressure gradient, rather than to
the pipe slope; hence the flood hydrographs will peak-at approximately

FIGURE B.4' Comparison of modelled hydrographs for different eillbpe”:".
.. profiles (surcharge event)

]

' | Storm 9 - 10 year Design Storm ‘ |

28 30
G

Raintel) m_....n,' NCLYLDY

—— Full Wallingtord Model |

the same time (see Figure B.4) regardless of slope profile. The errors
in peak es_t_izgation between the sewered-subcatchm'ent ax;g:l_ full model convex slope profile T
hydrographs are comparable to those“far non-surcharge‘events. === Full_ Wallingford Mode!

" - -+ concave -slope - profiie .

It is therefore evident that despite significant departures froma .~ W@ ol gewered Subsatehment
.. uniforn main drag slope profilé, the sewered-subcatchment model can N o T, o Sewersd Subsatehment ..
T geill adequately represent the ful‘lv-model«hydrogr_aph.-;m--in-._all..bu_t.w.._ the . :
" most extreme of non-uniform corditiocns. However, errors'in the phasing
of response from the sewered- subcatchment and the rect of the catchment
will be greater when non-homogeneity is present.
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