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RUN.OFF ESTIMATION IN STORM SEWER SYSTEM
USING EQUIVALENT ROUGHNESS*

By Tomitaro Sueishi**, C.E. Member

Synopsis

The rational method has been often used to
estimate the storm water run-off in combined
sewerage system. But rigowously, this method
still remains unreasonable hydraulically because
the motion of flow is usually not taken into
account correctly. Therefore, in this paper, the
fundamental factors concerning the process of
calculation are revised by the method of charact-
eristic curves introducing the equivalent rough-
ness of drainage area. The inlet time must be
taken equal with the time which is needed for
the standard characteristic curve to cover the
distance from the upstream end of drainage
area 1o its downstream end and also the flow-
down period with the shortest time required
for the curve in sewer samely, while, especially,
the former must be related to the width of the
When the

drainage area is comparatively larger and the

area and the eqguivalent roughness.

retardation occurs, the maximum rate of run-off
decreases proportionally with the equivalent
roughness, so that the run-off coefficient may
betler be represented by the equivalent rough-
ness. Moreover, it was pointed out theoretically
that the maximum rate of run-off could become
larger value if retardation occured, according
to the type of rainfall intensity curve.

The characteristics of the equivalent roughness
can be explained in relation to the width of
drainage area and the density of sewer net, and
it may become very small value in the street
area in which side gutters or sewers are fully
equipped, but may become larger in the subur-
ban undeveloped district. If the sewerage
system consists of circular pipes the overall
equivalent roughness in the whole drainage
area can be calculated approximately by only
the roughness in the smallest end area and
" Presented at the 17th Anpual Meeting of J.S.C.E.

May, 1962.

#*Dr, Eng., Assistant Professor, Dept. of Sanitary
Eng., Fac. of Eng., Kyoto Univ.

accordingly the run off analysis can be made
without the assumption of pipe diameters.

1. Introduction

A general classification of waste water in the
sewerage is made such as domestic sewage,
industrial waste, rain water and ground water.
In most cases of design, the amount of storm
water, which does not appear usually, would
definitely rule the construction cost of whole
sewcrage system. Especially, any plan of com-
bined sewerage system will result in the problems
of hydraulic complexity, water contamination
due to the limit of ability of sewage treatment
plant and storm water overflow”'™'" and the
economies hased on the capacities of sewer,
With regurds to

the above third problem, the new plan or ex-

overflowing device and plant.

tention work of sewerage in forelgn countries
seems to adopt the separate system” and recently
the same trend appcars in Japan. The separate
system, however, needs also independent canals
or sewers for rainfall drainage. The reasonable
plan for sewerage system must be based upon
perfect planning theory of both systems and
should not be made from a simple economic
comparison.

The original purpose of storm run-off calcu-
lation in sewerage system is same as the flood
discharge plan in rivers. Main differences seen
in the processes of calculation for sewerage are
narrower drainage area and more artificial ele-
ments in street area, especially, the slow timely
change of velocity is negligible in rivers, but in
the sewerage system the change of run-off
phenomena is very rapid in general hecause the
object is heavy storm in short peried. Con-
sequently, it is impossible to put the elements of
unsteady flow out of consideration. Various
formulas for storm water run-off calculation,
however, come from empirical results or conven-
tional theories and have been used for long

time with little investigations, which result in
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relatively small rates of run-off for reduction of
construction cost.

It is so difficult to analyse the storm run-off
phenomena rigorously that the correct analytical
formula could not be presented except giving a
process of caleulation.  However, with analysis
of hydraulic mechanism of sewer flow using
appropriate assumption proved to make a reason-
able design of sewerage system. One of the
factors which delayed the clearing of problems
both for the sewcrage and rivers is the difficulty
in evaluating actual flow rates in channels, but
recently in Japsn, remarkeble research results
on the flood run-off in rivers have been obtained,
for example, application of the unit graph or
synthetic unit graph method™ ™, and completion
of analog computer” for run-off calculation.

In this paper, the results of hydraulic studies,
on the reasonable design of combined sewerage
gystem or storm sewer system and also the basic
principles for planning including the control of
water quality and economic factors, are des-
cribed. The theoretical basis is the approximate
analytical method using the characteristic curves
derived by Dr. Iwagaki”??, and modifying this
method for the run off analysis of mountain
district the author already published the practical
procedure in which the concept of equivalent
roughness of equivalent drainage basin and
logarithmic representation of the standard char-
acteristic Subse-
quently, many rescarchers studied the factors on

curves were introduced®.

ahove mentioned procedure in relation with the
various basin characteristics’™ ",

In the present investigation, several discus-
sions are made on the usual formulas for storm
run off calculation in sewers, then so-called ra-
tional method is intended to revise using above
mentioned procedure, which is considered more
profitable for the artificial street area, especially,
it is emphasized to clarify the hydraulic signifi-
cances of several important factors, inlet time,
flow-down period, run-off coefficient, rainfall
duration.

9. Discussions on the Conventional For-

mulas for Storm Run-off in Sewers

The existing formulas for calculation of storm

water run-cff in sewers are divided into two

groupes, one of which is the empirical formula
represented by Biirkli-Ziegler formula and an-
other the theoretical such as the rational formula.
In general, the former is written as follows.

Omax= CiF(sin 0/ /Y7, oo (1)
in which Q... denotes the maximum rate of
run-off in sewer, C the run-off coefficient, ¢ the
timely rainfall intensity, /' the area of drainage,
sin & the surface slope of the drainage area and
7 the integer. The special characteristics of the
empirical formulas were hitherto discussed re-
ferring to many practical examples, but it must
be emphasized again that they should be applied
under the same conditions of drainage area as
they were obtained because of the dimensionally
incorrect multiplication with the retardation
coefficient (sin 8'/F)'/7,

On the other hand, the basic equation of the

rational method,

Omagm=CiF, wreremseesniie e (25
is correct theoretically, but this form gives
ultimate possible rate of run-off if the rain water
is completely drained with no stagnation.
Thereatter, Q.. appears when the rain waters
are concentrating from whole parts of drainage
area, and for this reason the design principle
taking the rainfall duration 7T equal to the time
of concentiration is established. From such a
standpoint, the statistical computation is done
for the relation between the rainfall duration
T and intensity 7 and so those investigations
on the probable intensity-duration curves were
made to raise their accuracies for practical
application'?’'®. However, it is the matter of
course that all though the run-off coefficient is
multiplied simply to discount the rate of run-off,
the rational formula often gives exessive amount
of storm run-off if the retardation is not
considered. In application of the rational method,
the corresponding factor to the retardation
coefficient in the empirical method is taken
into account in calculation of time of concent-
ration and also in determination of the design
value of 7. Hence, the practical form of the
rational formula is written as follows,

Qmax= Cf(T)F’ ................................. @2
where f(T) is the rainfall intensity 7 repre-

sented by the function of 7. If the function
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Fig. 1 Upper end reach of sewer with uniform
Jateral inflow of of storm water.

F(TY 1is evaluated reasonably related to the
various characters of drainage area, an accurate
rate of storm run-off would be obtained rather
than using the empirical formulas.

One of the problems in applying Eq. (2) or
(2") is the assumption of taking the flow-down
velocity constant for the identical conditions of
slopes and sewer diameters without reference
to the effect of surface storage of rain water,
and another is the inconvenience caused by the
reassumption of velocity with the calculated
rate of run-off. This procedure is signified
hydraulically as follows.

Now, consider a reach of sewer as shown in
Fig. 1 and take L as the length of the reach,
A the sectional area of flow in sewer, Q the
flow rate, ¢ the time, x the distance along the
flow and g, as the lateral inflow rate of storm
water per unit length of sewer. When a certain
value of gy is suddenly supplied into the sewer,
which contains no storm flow at the upstream
end (x=0), the equation of continuity of flow
in sewer is

2 2Q

5r TEn

Let U be the mean flow velocity in a cross
section of the sewer, Eq. (3) becomes

If the radius and slope of the sewer shown in
FPig. 1 are uniform, from the above assumption
in the rational method,

e COMSE,  wesnmersemeeseebnenteernreereraaeeens (4)

becomes the equation of motion in the sewer.
Substituting Eq. (4), Eq. (3") is rewritten as

9A . 0A ,
TZ‘_+ UW mEQ g, eerrresverreesereens 37

and therefore, the characteristic representation

of Eq. (3") becomes

dx dA
= =0 e s (5)

Eqs. (5) signifiy that on a straight characteristic
line of constant slope U, as illustrated in Fig. 2,
dA[ldt =gy, exists. Therefore,
the value of A at an arbitrary section of the
sewer is evaluated by integrating the second

the relation,

Fig. 2 Characteristic straight lines in the rational
method.

4n
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Fig. 3 Storm run-off at the downstream end of sewer
obtained by the rational method.

equation of (5) along the characteristic line,

and when the initial condition, at =0, A=0,

is set A and @ at the unsteady condition is

formulated as the next equations.

A:thzqu—%, Qg . -meeemrsenneeness (5"

As A and Q are always 0 at the upstream end
2=0, the flow in sewer turns into steady con-
dition with advance of the standard character-
istic line® which starts from =0 at ¢=0, and
at the lower end the rate of run-off (3; becomes
steady and maximum value, Qr may=¢zl at the
time #=L/U.
suddenly, with the similar consideration, the

After the inflow ¢, stopped

variation of Q; at the lower end of sewer is
shown as Pig. 3. Here, it is understood that
the rainfall or inflow duration 7 must be taken
as the flow-down period L/U for selecting the
magnitude of 7 or ¢g.

Obviously, Eq. (4) is not satisfactory as the
equation of motion for sewage flow, and when
a rigorous expression replaces Eq. (4), the
magnitude of dxj/dt will be greater than U
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and also U is not constant.
The detention formula

Quax=Cfa TOHF,
where ¢ is a constant larger than unity, was
proposed by Dr. Itakura'® in 1955 for the
purpose to reduce the excess amount of storm
run-off compared with the actual one. This
method is hased on the principle of less velocity
due to the storage effect of rain water detention
in sewer so that the delayed period of T is
adopted. But the concept of Eq. (4) still re-
mains. It must be noted that the detention method
will be available for the storm run-off calculation
for sewers of relatively gentle slope and that
the theoretical procedure of this method has
enough room for improvement.

On the other hand, recently, it appears to be
tried further to produce new empirical formula
including various factors. Qrdinary the relation-
ship between the rainfall duration and inten-
sity is contained in it as in the rational formula.
However, since the empirical formula is not
founded on such a theoretical basis, the intention
of this procedure, changing the intensity 7 accord-
ng to the extent of drainage, in addition to
the direct accounting of slope, area, etc., is con-
sidered to be quite obscure essentially.

The determination of the run-off coefficient C
is also the important problem in application of
not only the rational formula but the empirical.
In the present time, it still remains as experi-
mental coefficient. There exist two different
meanings for the run-off coefficient, one is de-
fined mathematically as follows referring to the
effective amount of rainfall in a serial rainfall,

[Total Run-off in a Drainage Area]
" [Total Rainfall in a Drainage Area]

which. is often used in run-off analysis for rivers ;
the other is defined according to Dr. Itakura’s
proposal*” as

[Maximum Rate of Inflow to Sewer]

~ [Rainfall Intensu;y] X FDramage Area] ’

the concept of which suggests the exception of
inflow to sewer having no effect on the maximum
rate of run-off. Whether Eq. (7) or (8) is used,
the experimental procedure to evaluate the value

of C must fit each definition. Tt will be easily

presumed that C based upon Eq. (8) has close
relation with the inlet time to sewer.

As mentioned above, the problems in the storm
run-off computation were pointed, but they are
all attributed to the necessity of analysing the
fundamental equations of unsteady motion of
storm water in the drainage area and sewers,
in the United States, the storage
equation is often used for the storm run-off

Recently,

calculation in a series of side gutter, tributary
and trunk sewers, combining Muskingum method
Alth(_)ugh

this process of calculation is considerably compl-

and Manning’s law of resistance'®

fcated, it might be noticeable on the standpoint
of theoretical treatment.
3. Applilication of the Approximate
Method of Caleulation Using Charac-
Curves to the Run-cff in
Sewers and Drainage Arvea

teristic

In this chapter, prior to discuss the hydraulic

significances of the factors in the rational
method, the procedure of the logarithmic repre-
sentation of the characteristic curves, the
introduction of the equivalent roughness®”, and
several notes on the practical application to the
run-off estimation will be described briefly.

As the rate of flow or mean velocity in sewer
maximum at partially

becomes, in general,

flowing condition before flowing full, some
calculated
sectional area in the design of sewer section.
Accordingly, the theories of open channels are

applicable also to sewers so far as the maxi-

allowance must be added to the

mum design storm flow is concerned.
Tn applying the approximate method of caleu-
for the

lation of the characteristic curves

uniform sectioned canal with lateral inflow, it
is required that the slope of the sewer under
consideration is relatively steep and damping of
Although the

vertical alignment of sewers is influenced by

flow rate is not so remarkable.

the slope of ground surface, it may be advisable,
in general, to lay them steeper as possible, and
besides, the storm flow in the combined sewer
also has a role of sweeping down the deposites
originated from dry weather flow. Accordingly,
sin 8, the slope of sewer, is required to be taken

more than 1/200 or 1/300'". In case the slope
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of sewer is not enough steep due to the flatness
of ground, it will be deduced, in the same way
as the economic design of the low head main
pipe in water supply, that the drainage system
with pumping up is rather economical.

In the next, the sectional shape, slope and
roughness of sewer and the lateral inflow rate
due to rainfall must be assumed to be uniform
in an appropriate reach of the sewer. However,
the facts that the sewers are artificial structures
and the shape of a drainage area from which a
reach of sewer accepts the rain waterinflow,”

A'1s almost rectangular by the plain arrangement
of streets would produce no practical obligat-
ions concerning the above assumption, and
also it is considered that the application of the
approximate method of characteristic curve to
sewerage is more suilable than to river basin.
Then, the procedure to obtain the logarithmic
characteristic

representation of the standard

curve is as follows. Based on the equation of
continuity (3) and the equation of motion of
unsteady flow in partially flowing sewers with

lateral inflow,

oU  oU U aA oh . agU  a,Usy

_-S_T'r‘dmb axﬁ_(afm#1>._/1_.fag?_+gcos0a—$._g51n§+W.R.Ur.+ T B, errerrr (9)
the approximate representations of characteristics in relatively steep slope,

dr 2 (1—2/8 &) Ug g RV dA aQ

i _.(]_ 4__3,6—)[]4_ 3 nZQQ-l-que“ﬁ , T ==gp Or .Ci?,,_qB ................................ (1())

are derived, and also the relationship between the sectinoal area of flow A, mean velocity U and

rate of flow Q becomes

BN YT LA
Q_A\/ {(14—3—5>2n2g1’1} Fpsind

Here, «,,
momentum, 4 the water depth, ¢ the gravity

denotes the correction factor of

acceleration, n# the Mannings coefficient of
roughness of sewer, R the hydraulic radius
of sewer, and ¢ is (R/A)/(dR/dA).
lation of run-off at the lower end of the reach

Calcu-

will be made as was described concerning the
rational method, but the equation of the char-
acteristic curves in Egs. (10) differs from the
one in Eqs. (5) and dx/d¢ is greater than U,
as stated previously.

As the lateral inflow is supplied by rainfall,
the actual value of g, is considerably small,
—for example—, if the rainfall with intensity
i=100 mm/hr occurs in the drainage area of
width B=1000m, the value of gzR‘*/2n’gA
in Eq. (11) is at most 107* m/sec nevertheless
R:®(gin 6)**/n has the order of 1~2m/sec, there-
fore, Eq. (11) will be simplified and Manning’s
law,

Q:%le/a(sin BYU/2, wenmmeeeneresnnnineena s (12)

becomes useful regardless of the rainfall inten-

sity. In the hydraulic calculation of sewage
sewers Ganguillet-Kutter’s formula was hitherto
used mainly, but recently, development of rese-
arches on the law of resistance to turbulent flow

and the character of roughness # has made clear,

2028 &) UlqsR7 2 n*gA)* ——(1+ 2 ) qpR'
U+qeR'\7* 2 n*gA

3
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Fig. 4 Relationships between hydraulic radius and
flow area in several kinds of sewer section.
so that, Manning’s law of simple exponential
form, Eq. (12), is applied in this paper.
Finally, thestorm run-off can be analysed using
Eq. (12) and the relations A=ggt and Q- ¢pz,
which are established on the standard character-
istic curves starting from x=0 where Q-0 at
t=0. The combination of these relations is
actualized by expressing the property of sectional
form of sewers as
R, A%,
Fig. 4 shows the relationships between R/D
and A/D)* of several kinds of sectional shape
used for sewers, in which D is the represen-
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Together with the relations, A=gzt and Q--
¢, which are established on the standard
characteristic curve, Eq. (14) yields the next

two equations.

e

t=t (16)
and

Lirgz QZ7T, s an

The former is the equation of the standard
characteristic flow rate curve, in which the
distance x in the standard characteristic curve
is converted into the flow rate (J, and the latter
is the equation of the equi-distance curve, and
both are illustrated by straight lines on log-scale.
Therefore, if Z and « in Egs. (15) are given,
Eq. (16) and (17) may be drawn quite easily
with the parameters of g, and x respectively.
From these logarithmic representations of stand-
ard characteristic curve, the graphical evalua-
tion of  at arbitrary z and x will be made
rapidly changing g, stepwise regardless of the
initial and boundary conditions®. Fig. § shows
an example of standard characteristic curves in
When Q=0 at x=0, the storm flow in
the reach with inflow g, should become steady

BEWETL.

at certain distance x, at which equi-distance
line crosses the standard characteristic curve of
qp, moreover, when the initial condition of no
flow along the sewer is considered, the timely

may serve the purpose of practical design, and
it is also possible to vary partly the each gradi-
ent of two groupes of curves if the assumption
of Eq. (13) is not satisfactory.

In the same manner as described above, the
value of g, would be obtained, that is, two
dimensional unsteady flow, with downward
inflow due to rainfall, in the drainage area must
be solved and g, is to be obtained as the flow
rate at the downstream end of the area. How-
ever, exact computation may be so difficult that
the actual drainage area is transformed to even
rectangular area, the width and the length of
which are B and L respectively,~in fact, the
plan of the drainage area from which sewer
accepts rain water can be often regarded as
The author
proposed the equivalent roughness #, for the

rectangular in the street area.

transformed area in order to make it an equiv-
alent regular drainage area, through which the
inflow to sewer gp is practically equal to the
inflow from the actual arca. Then, the approxi-
mate equations of characteristics for the flow
in the equivalent drainage area are written as
follows, corresponding to Eqgs. (10) and (12) :

ar 5o, UGB
& 3 2 nlgh U+ i [ a8
an’ =i or —tgg—n:z [
dt dx’ )
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and
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S Y g n

are derived corresponding to Egs. (16) and (17)
respectively. Fig. § is an example of the illustra-
tion of Egs. (20) and (21), and as the boun-
dary condition at z'=0 is steadily ¢g=0 in many
cases qgp will easily be obtained from the inter-
secting point of the standard characteristic flow
rate curve of given ¢ and the equi-distance curve
of z'=B.

In practical design of storm sewers, it seems
to raise the accuracy of calculation to divide
the drainage area as finely to the smallest
upstream part. However, such manner not only
produces much trouble for calculation but also
causes a doubt whether the various coefficients
in the equations, which must be determined by
assumptions or experiments, can be correctly
estimated or not for individual small areas.
Therefore, it might be rather reasonable to
treat such group of small areas as an equiva-
lent drainage area including the tributary sewers
to some extent. The supposed storm flow in
such a compound equivalent drainage area
somewhat differs from the actual phenomenon,
but when the surface run-off overcomes the lost
rainfall due to ground saturation in the street
area the law of resistance to turbulent flow like
as Eq. (19) becomes useful.

From the data of geographical features of
the drainage area and the arrangement, dia-
meters, slopes and roughness of sewers, the rate
changes of storm run-off under various types of
rainfalls at the intended spot will be analysed

following the above procedure. These results

Fig. 6 Standard characteristic flow rate curves in
equivalent drainage area.

serve as the fundamental attainments for the
rate control of storm overflow or design of
pumping drainage in lowland area.

In the following chapters, however, the object
of study will be limited for the design problem
of section or slope of sewers in new plan of
combined sewerage system, or storm sewer
system and f{undamental considerations for the
hydraulic significances of various factors in the
process of the rational method using above
analytical relations.

4. The Hydraulic Significance of the Inlet

Time and Flow-Down Period

Now, consider the rectangular drainage area
of width B, which is by one side of the up-
stream reach of sewer of length L and has no
smaller sewers or side gutters, as shown in
Fig. 7 (a). Fig. 7 (b) illustrates the rainfall
condition which begins at £=0 abruptly with
constant intensity ¢. The effective rainfall inten-
sity is once assumed to be the same as 7 which is
containing no loss of rainfall for surface run-off.
o] td L

D) 1| (@)

B

2t
[¢]

—

L& -

L aQ;

Fig. 7T Relationship between rainfall and run-off
with no retardation.
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If the drainage area is even like the roads
the equivalent roughness n, can be equated to
®, but since there must be some unevenness it
will be necessary to convert the area into the
equivalent one having slope of sin #° parpen-
dicular to the sewer and the equivalent roughness
#n,. Then, the flow of storm run-off at the
downstream end of the area x'=B becomes
steady after £=15 and using Egs. (18) and (19)
the depth hy', flow rate gz at 2’=DB is given
as follows.

]I.B,i:i g,

gp=iB= %JZ’B’*/S(sin f7y12,
e

As the velocity Up' at 2'=18 is gz/hs’, from
Eqgs. (22)

or

== L - 7,8 M} v :
| Csin @)% 273

is ohtained for calculation of 75 In Fig. 7(e),
the increasing rate of ¢, before z=¢z is
also obtained by the similar equation or by the
standard characteristic flow rate curves like as
Fig. 6, but this is not necessary for the present
pUIPOSE.

In the next, as ¢, in Fig. 7 (¢) flows into
the unit length of the sewer laterally, the rate
of run-off at x=1L in the sewer is succeeded in
calculation by means of the characteristics. The
standard characteristic curves which starts from
the upstream end of the sewer may increase
the value of dx/dt gradually according to the
increase of inflow rate g, before t:=¢4, after
that, they take the constant time #;5 to cover
the distance L. All of the characteristic curves
which start from arbitrary points at =0 are
obtained by moving parallel with the one which
These characteristic
The flow in

the sewer becomes steady along the character-

starts from x=-0 at £=:0.
curves are shown in Fig. 7 (d).

istic curve starting from (0, £5) on x—¢ plane
in Fig. 7 (d) and the change of Q; at x=1L
would have the steady and maximum value,

Qp mag=FBL, et (25)
at L=tg+trg, and when the rainfall duration is
1", Qp begins to decrease at £==4". [rom Eqgs.
(10) and (12), the scale of flow at z=L are

represented as follows,

I
Ay ~j .

0 t
L 4
Qr =L gpdr= -A;L—Rz.zﬂ(sin 8373, J

where A; and R, are the values of A and R
at x=L, ¢, the time required for the character-
istic curves to cover the distance I and the
integrations are performed along the curves.
Therefore, the relationship between ;4 and L
is

LAy max i L
QL,max UL,max ’
or using the representation of Eq. (156) it is

trs=

expressed as

L7 ,
rs ,zj%)ﬁ .................................... (28)

Although #;5 seems to be simple equational
form of L/U, it is related only with UL, max at
a=L regardless of the values of U, varying
from £=0 to I in the sewer.

Now, the timely change of (; is once neg-
lected and let intend the problem to obtain enly
the maximum value of Q, as iBL. Then, even
if the rain ceases at z=#p+2y5, the same Qp s
appears at that moment and (Qp decreases
samely as £>>T", Therefore, based upon the
rainfall duration-intensity relation, the intensity
7 should correspond to the duration 7' which
is given as the sum of #; and #¢;5 the former
is the time in which the standard characteristic
curve covers the width B of the equivalent
drainage area, and the latter the shortest time
required for the curve in the length L samely.
This process is equivalent to the principle of
the rational method that the rainfall duration
T has been taken equal to the time of concent-
ration, the sum of the inlet time and flow-down
period. For easier understanding, ¢y and f.g,
hereafter, will be designated as the inlet time
and flow-down period, respectively. Since the
sum of these times is, at all, the shortest time
needed for the characteristic curve to travel
{rom the most distant spot in the equivalent
drainage area to the down stream end of the
sewer reach, therefore, the inlet time and the
flow-down period would have the same theo-
retical significance, As seen from Eqs. (24) and
(28), the flow-down period is affected by the
assumption of sewer section and rainfall inten-
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sity, but the inlet time varies only with the
value of ¢ and holds its own value in the drain-
age area of width B and equivalent roughness
n,. Therefore, it may be required for design
to evaluate 7, at first by the actual observation
of £z at several magnitudes of 4. Up to the
present time, the equation of motion (4) has
been used for the estimation of the flow-down
period, even though it is incorrect, as mentioned
in chapter 2, but for the inlet time a value of
5 to 15 minutes has been conventionally adopted
without particular considerations.

5. Retardation with Large Roughness

When a storm of shorter duration period
than the time of concentration to the intended
spot occurs, the rain water precipitated on the
all parts of the drainage area does not concen-
trate to the spot at the same time and so-calied
retardation appears. In this chapter, the retarded
runoff phenomena due to the surface roughness,
the equivalent value of which is #n,, as in
Fig. 8§ (a) and larger than n, in Fig. 7 (a), is
discussed, In such cases, the inlet time may
be prolonged, therefore, referring to the conven-
tional principle of the rational method, the
rainfall duration may also be taken longer and
the rainfall of less intensity will be used for
run-off without retardation. This procedure,
however, means only the reduction of average
intensity of rainfall owing to the extended
duration of rainfall, in which larger intensity

Subse-

quently, the intensity ¢ for the duration T in

than the average must be contained.

Fig. T can appear actually in the rough area
with 7,,. This is shown again in solid line of

\ (e}
\QLmex 2=, BI,
N
Nt
N
2
z| e
7/ QL max,|
§ =i B-A2')1,
[0} QL

Fig. 8 Relationship between rainfall and run-off
with retardation.

Fig. 8§ (b).

As n,, is larger than n,, it may be considered
that the standard characteristic curve, which
starts from x'=0 at the beginning of rainfall,
just reaches the line of #'=B—d4x" at t=T.
As the initial condition is the same with respect
to &', the values of g at =T become

for 2'=B-dux'~B, gq=i(B—-4zx"),
for 2/=0~B-4x,
Replacing n,,¢5z and B in Eq. (24) with »,,, T
and B—4 ' respectively, the relationship bet-

} e (29)

g=1ix'.

ween 4’ and T is obtained as follows,
(sin 87)'/2
ey

4dx'=B— FET/, viiviaiianians (300

gg and hg' at 2’=B hold constantly the values
1(B—4x") and {T until the standard character-
istic curve arrives there at #=T+#,, and
then begin to decrease. After = 7, the character-
istic curve changes to the straight line as
=0, and ¢,/ can be calculated from Eqs. (18)
and (19) as
tppr o Ml
5 ) (sin 6")Y*
The variation of gy is illustrated as solid line
in Fig. § (c).
Next, for the flow in the sewer, it is realized
generally that the more the inflow rate g5 is

cerveeeeens(31)

supplied from the drainage area the faster the
standard characteristic curve gets to the down-
stream end, therefore, the rate of storm flow
Q; will become maximum when the standard
characteristic curve with the least value of #g
reaches x= L. Like this, the property of the
minimum flow-down period, &g is similar as
the case of Fig. 7. If ¢,5 is longer than ¢,,/,
the standard characteristic curve, which results
in the maximum wvalue of Qr, may be con-
sidered to start from x=0 approximately at
te T (trs—t1x1)/2,

but the value of Q. which is slightly less
than i(B—4x") L, stated in the following case,
can not be expressed in general form.

In ordinary conditions, however, the value of
t;s in the sewer may be considerably small,
moreover, if the condition #;¢<t,,, due to
relatively large n,, and therefore large 4/, is
considered, the characteristic curves in the
sewer and the variation of Q, are shown with
solid lines of Fig. § (d) and (e), respectively.
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Rewriting ;5 and Qy,max a5 fzs; and Qr max.
in the present case, the maximum value of Qg
holds
O maxn=i(Bod 2L oeveevemninnnnes 32)

for t=T+tps,~ T +t4,, and T corresponds to
the inlet time and #;5, the flow-down period,
the latter is evaluated by the next equation
and, of course, is longer than #,5 in Eq. (28).

N {.g(B_KALj')}l'ZH' ........................ 33

Now, compare the maximum rates of storm
run-off Q; for the case of roughness n, stated
in the last chapter with the case of »,,, regard-
less of the times required for their appearance
from the beginning of rainfall. Referring to
Eqs. (25) and (32), the ratio of their flow rates
is

Qb’max.l - B--4x
QL,max B ’

and introducing B from Eq. (24) and B—4x'
from Eq. (30),

QL.maxA — fL(_Z)S/S ........................ 34

QL.max Ny \ 1B
If the drainage area in Fig. 7 (a)
is taken as the standard one, the maximum

is derived.

value of (; is to be proportional to the recip-
rocal of n,,, and it may be concluded from such
consideration that the run off coefficient, C, by
Dr, Itakura, in Eq. (8) may have the similar
significance as the equivalent roughness in the
equivalent drainage area defined by the author.
The hydraulic performance of the maximum
storm run off in the case of larger roughness,
above described, would be realized under the
same slope of the drainage area with the stand-
ard one, so that the value of C in Eq. (8) is
necessary to be changed in term of the slope.
Furthermore, following the rational method, in
the drainage area which seems to have a small
value of C in Eq. (8), the less rainfall intensity
is often taken due to the prolonged rainfall
duration, resulting from the already increased
inlet time, although it is quite uncertain. There-
fore, multiplying such a run off coefficient of
the similar meaning with roughness in addition,
the process of rational method may be not only
inconsistent theoretically but unreasonable because
of containing independent unknown factors.

Using the equivalent roughness, however, the

storm run-off phenomena will be treated rea-
sonably unifying those factors, that is, the maxi-
mum rate of run-off must be discounted accord-
ing to Eq. (34), or must be taken as iBL=
iF after correct calculation of ¢p from n, T
and the corresponding value of Z. The selection
of these two procedures will be discussed in the
next chapter.

. The Relation between Rainfall Inten-
sity Formula and Maximum Rate of
Storm Run-off

if the rational method is smoothly
accepted it can easily be presumed that the type

Even

of rainfall duration-intensity formula could make
the maximum rate of run-off larger, when
retardation occurs for the shorter period of
rainfall duration than the time of concentration.
Using the results of studies for the cases of
Fig. 7 and 8, the decision of the rainfall
duration for designing storm sewer can be done
as follows.

The broken line in Fig. 8§ (b) shows the new
rainfall with the intensity 7, for duration T3,
by which the maximum value of Q; at x=1L,
Qr.max.» appears as

Qr max.z= i2BL oseersnressisiniien it (35)
just at #== T, with no retardation. Then, the
time of concentration, T, the sum of the inlet
time ¢p, and the flow-down period #.s,, can be
written by Egs. (24) and (28) as {follows.

T.=tg.+trs:

B kLA
T Csin 00, (LB E "
On the other hand, the rainfall of intensity

e (36)

7 continues for the duration T which is ex-

pressed as
e d Y8
T:%, SRS 75)
by transformation of Eq. (30).
Suppose
QL,maxA;;QL,max,z:
..................... (38)

. Iy
i.e. B—dz'=-“LB
1

is the result of comparison between the two
values of Q... in Egs. (32) and (35), and
eliminating (#,,.8)*"/(sin 8)°*/*° from Eqgs. (36)
and (37) by considering the relation (38) yields

s '\ L)?
i T T+

Therefore, whenever the relation (39) is esta-
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blished, the maximum rate of run-off with retar-
dation becomes larger than the one without
retardation.

If the Talbot type intensity-duration formula,
a,
T+a,’
is adopted, in which ,=0, the relation of
1, T,=1T satisfies the relation (39) and there-
after, the section of sewer designed for rainfall

1=

.......................................... (40)

of same duration with the time of concentration
would be insufficient. However, in case when

a, is larger than 0, or the Sherman type,

is adopted, the relation 7,7, > 7T exists generally,
50 that Q7 na.x.. for retardation does not always
exceed Q. max... Consequently, it is necessary
to investigate the existence of the relation (39)
together with the magnitude of second term of
right side. It must be noted, however, that
the relaiton (39) may also exist in such cases
that the constant amount of rainfall is teken
off as the lost, and that the larger roughness
M., estimated exactly against the less intensity
i,, would make the first term of the relation
(39) larger as follows;

FTNZ
iETZgiT(fﬂ)a/5+ £(i,L) PP, 39"y

7. The Equivalent Roughness in Com-
pound Drainage Area

The above investigations are limited {or only
the storm run off in the upstream drainage area.
In the case of designing lower part of sewer,
they must also be applied similarly, but it seems
difficult to formulate the complex phenomena
due to the difference in characteristics of each
drainage area and to the changed boundary
condition by the flow from upstream side of
the reach. However, if the compound drainage
area, which contains the side gutters of the
upstream end, the tributary and trunk sewer
to some extent, is transformed into an equiva-
lent drainage area having its own equivalent
roughness, then, the above derived relationships
are still applicable without modification and it
may become quite easy to calculate the timely
change of actual storm run-off at any important
section in the sewer. Although the equivalent
roughness of compound drainage area, also,

should be estimated by the ¢
observations of inflow rate

-

to the sewer or the run-
off at the lower end of

sewer, a method to esti-

\
3
m@BL/m

x
mate the compound value /e N.,0 -~—
n

of eguivalent roughness
from the L
knowledge for the small-
stated as

theoretically

est area 18 Fig. 9 Compound equi-

fol-lows. valent drainage area.

Fig. § illustrates schematically the rectangular
drainage area of width B, length L and slope
sin # which consists of the equal end areas of
width L/m, length B and slope sin #, where
m is the number of the smallest areas. There-
fore, this drainage area contains the side gutters
or tibutary sewers, length B, of m in number.
In order to transform the area into the equiva-
lent one, it may be sufficient for the problem
of designing sewer section to satisfy the condi-
tion giving the same rate of maximum inflow
at the same time after rainfall begins both from
the compound equivalent area and from the
tributary sewers. Under this condition, the
maximum rate of run-off at the section z=1
in Fig. 9 can be calculated taking account of
the single drainage area regardless of the
boundary condition at z=0.

For simplicity, if the run-off without retarda-
tion is considered to know the maximum rate of
inflow, @g,max becomes ¢B constantly,. When
the equivalent roughness in the individual small
drainage area is 7,, ¢p,max flows into the sewer
in Fig. § through the individual area and the
tributary sewers at the time,

__(n Ljm) & B%
tr/mttps= Csin 8/ 265 L)1 2

after rainfall begins. Eq. (42) is easily produced
from Eq. (36), and t;, denotes the inlet time
in the small drainage area and #z5 the flow-down
On the other
hand, symbolizing the equivalent roughness of
newly compounded drainage area as N,, the
corresponding time to Eq. (42) is only the inlet
time, which is written {rom Eq. (24) as

e B
B T e (43

period in the tributary sewer.



52 Trans. of JSCE, No. 91 March (1963)

The times given in Egs. (42) and (43) both
signify the rainfall duration of intensity 7, just
after which ¢, at 2'=DB becomes steady and
maximum. Therefore, equating these two and

using Eq. (15),
W o (DY

/m
sin 0° By
(sin 9)E-52/W0 pz (i B)CZ=0/*
+ 2P L jm )L E
is obtained. From Eq. (44), the compound value
of roughness N, can be calculated knowing the

values of n, in small drainage area and #n, &,
and Z in the tributary sewers. If the equivalent
drainage area is intended to expand more wider,
the several units of the similar area as in Fig. 9
are compounded in the same manner and the
calculation is to be repeated using Eq. (44),
while 7, and 7 are replaced by N,, once obtained,
and the Manning’s roughness of sewer with
length L in Fig. 8, respectively.

To study the characters of Eq. (44), simpli-
fications are possible by considering sin fz=sin ¢’
and (3—-523/5 or (3—5Z)/10=0 because Ze=<
0.7 referring to Fig. 4, and symbolizing the
mB/L.B==m/I. as [, which signifies the line
density of sewers in the unit area of drainage.
Then Eq. (44) is written as follows,

N3O e=s (__1__7;_;;_)3/” -+ % .................. (45)

Bl, in Eq. (45) is the ratio of total length
of the tributary sewers contained in the com-
pound area under consideration, 3, to the one
of sewer in question, L. If Bl; is larger than
unity, the value of the first term may decrease
gradually every time the drainage area is com-
pounded. On the contrary, it may become larger
when Bl; is smaller than unity. The second
term is considered to give less influence against
the value of N, because I, the dimensisn of
In the
street area, in which side gutters or sewers are
fully equipped and B/; may happen to be larger
than unity, however, the equivalent roughness
N, in the finally compounded large area may
be very small value which is affected mainly
by the second term, Whereas, the value of N,
in the suburban undeveloped district containing
few drainage canals will be quite large ruled
only by the first term as Bl<_L

which is //m, is never valued so large.

One of the advantages of the method using

" compound equivalent roughness is that the effect

of storage in gentle slope sewer, as assumed
in the detention formula of Eg. (6), is capable
of being quantitatively accounted in evaluation
of N, by taking the value of » in sewer equiva-
lent to non-uniform flow.  Moreover, if the
sewerage system is constituted of circular pipes,
the approximate formula of calculating N,, Eq.
(45), can be written as follows,

n, \¥°, nElp-% .
Ngalﬁz(-..Bgld> -I—W’ ............(4(3)

where D is the diameter of the tributary sewer,
&' the proportionality constant in the relation,
By DY LmB0, et (13"
which is derived from Eq.(13) and Fig. {4,
and also the actual value of Z,=0.6 introduces
Z=3/{0.6x2+3)=0.714 for circular section.
As seen from Eq. (46), the compound value
of the equivalent roughness can be determined
by the arrangement of sewers only, except for
the given factors in the upper end drainage area
and the roughness of sewer, and is almost
independent of sewer diameter. Therefore, the
run-off analysis is performed quickly without
assuming the pipe section, which is finally
determined direct from the calculated rate of
storm run-oftf.

However, the above procedure is based upon
the knowledge of equivalent roughness in the
upper end drainage area, to the last, so that
the actual data of the rainfall and run-off must
be collected and checked to clarify the hydraunlic
characteristics of the equivalent roughness, which
the author will intend to study in various kinds
of drainage area, hereafter.

8. Summary

In this paper, the basic considerations on the
drainage of the storm run-off in the sewerage
system were made hydraulically. TFrom the
investigation of the existing methods for storm
run-off calculation, it is evident that the formulas
of “practice first” have been used without
sufficient considerations based on hydraulic
background. Even the tendency of selecting a
formula to use simply by reason of economy is
seen. These conventional methods are quite
doubtful in view of the present situation of
sewerage works which must be promoted as
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quickly in Japan. From such standpoint, the
author intended to make the hydraulic design
of storm drainage in sewerage system reasonable
as possible; that is, paying attention to the fact
that drainage system in the street area may be
regarded as the open channel with lateral inflow
of rain water, the approximate method of
hydraulic calculation using characteristic curves
was studied for practical application, and by
this method, the various factors concerning the
process of run-off estimation were signified
hydraulically.
search will be summarized as follows.

The results of the present re-

At first, with some comments on the empirical
formula and the rational formula as the represen-
tatives of the storm run-off calculation, it was
pointed out that the proprieties of these for-
mulas had been usually discussed only about the
calculated results, without satisfactory investiga-
tion of the hydraulic significance of the for-
mulas, and moreover, the correct computation of
the storm run-off would be made by the rational
method if the time of concentration was esti-
mated reasonably, The existing procedure of
the rational method can be explained by the
method of characteristics, that is, the advancing
rate of the characteristic curve is taken equal
to the flow wvelocity U in sewer and this velocity
is often taken as constant, which means no
consideration on the equation of motion of
unsteady flow in sewer. Therefore, it may be
regarded nothing but the increasing of conve-
nience for design to take a rainfall of the same
duration with the time of concentration or
flow-down period of rain water.

The section of sewer may be designed as the
open channel referring to its character of flow
capacity. The approximate calculation method
of unsteady flow in uniform channels with
lateral inflow has been already modified for the
practical procedure introducing the equivalent
roughness of equivalent drainage area and the
logarithmic representation of the standared
characteristic curves, which were briefly described
again in this paper. In sewers, the relationship
between its sectional area A of flow and the
hydraulic radius R satisfactorily leads to the

exponential formula of A and flow rate Q from

Manning’s resistance law, hence the graphic
representation of the standard characteristic
curves and the evaluation of flow rate can be
made quite easily using the logarithmic paper.
Moreover, for the sewerage system of the street
area, each drainage unit is nearly rectangular in
shape and so the arrangement of sewers makes
easier transformation of the drainage area to
the equivalent one. One of the important purpose
of the equivalent roughness procedure is to
treat the storm run-off problem unifying the
indistinet factors included in the
method, The storm run-off phenomena of the

rational

upper end drainage area and its connecting
sewer were studied by this procedure, especially
for the maximum rate of run-off at the down-
stream end of sewer and the corresponding time
to its appearance, From these results of study,
the hydraulic significances of the various factors
contained in the rztional method could be made
clear, and the basic course to revise the usual
procedure was given.

The maximum run-off rate at the downstream
end of the sewer is obtained, in the first place,
assuming the rainfall, duration of which is equal
to the sum of the inlet time and the flow-down
period in the sewer. As for the correct mean-
ings of these times, however, the inlet time
must be the time required for the standard
characteristic curve from the start to the sewer,
and the flow-down period the shortest time in
which the standard characteristic curve covers
the distance of the sewer reach, hesides, the
former must be related to the width of the
drainage area B and the equivalent roughness
.

In case so-called retardation occurs in a drain-
age area of large roughness, maximum storm
run-off reduces its rate proportionally with the
equivalent roughness. Therefore, it may be
concluded that the run-off coefficient defined
under consideration of the rain water detention
in the drainage area has the same meaning with
the equivalent roughness. However, the run-off
coefficient is usually determined with no regards
to the slope of the area and there remains a
question about its physical treatment.

The results of analysis for the case of retar-



54 Trans. of JSCE, No. 91 March (1963)

dation was also useful to discuss the standard
of selection of rainfall duration for design., It
would be possible theoretically that the maxi-
mum rate of storm run-off at the sewer end
could be the larger value, compared with the
conventionally calculated value, according to
the type of intensity-duration curve even if the
retardation occured due to heavier rainfall in
This is considered as the
blind side in the conventional procedure of the
rational method and, hereafter, must be noted

shorter duration.

for practical design.

To make up a few numbers of the drainage
area into one large equivalent area including the
tributary sewers may be quite effective for the
run-off estimation in the trunk sewer. The
quantitative relationship between the compound
value of the equivalent roughness and the one
for individual elementary area was derived, by
which the character of the equivalent roughness
could be explained in connection with the width
of drainage area and the line density of sewer
and it would take very small value in the street
area with fully equipped sewers but larger in
the suburban undeveloped district.
if the circular sewers are to be laid for whole
equivalent

Moreover,

sewerage system, the compound
roughness can be determined approximately
without assuming the diameters which will be
designed directly after run-off calculation,

In the present investigation, the hydraulic
performance of the equivalent roughness com-
pared with the experiments in actual sewerage
system is not yet studied. But theresults of
application of the similar procedure® for the
run-off analysis has already comfirmed that the
equivalent roughness is quite useful to explain
the run-off mechanism. The author is now
intending to study the problems of the practical
method to evaluate the roughness from run-off
observation and also the relation between the
reasonable arrangement of sewers and the
equivalent roughness.
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