-

View metadata, citation and similar papers at core.ac.uk brought to you byj(: CORE

provided by Kyoto University Research Information Repository

Bl
oo o e/,
&
Kyoto University Research Information Repository > KYOTO UNIVERSITY

Title Fundamental Studies on the Runoff by Characteristics

Author(s) | IWAGAKI, Yuichi

Eltilan Bulletins - Disaster Prevention Research Institute, Kyoto
University (1955), 10: 1-25

Issue Date | 1955-12-10

URL http://hdl.handle.net/2433/123659

Right

Type Departmental Bulletin Paper

Textversion | publisher

Kyoto University


https://core.ac.uk/display/39253644?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

e

DISASTER PREVENTION RESEARCH INSTITUTE

BULLETIN No. 10 DECEMBER, 1955

FUNDAMENTAL STUDIES ON THE RUNOFF
ANALYSIS BY CHARACTERISTICS

BY;

YUICHI IWAGAKI

KYOTO UNIVERSITY, KYOTO, JAPAN



Page

V4

7
Ve

V4

10,

18,
19,

23,

Errata

Eq. (7Y,
_J(5 _ARgRBY
for u= (i——’:}_EZn’gh}
line 9 from the foot, for %—
line 2, ” distrubance
Y 7, » Lahoratory
Ep. (31),
= 2\gER™Y
for u_/{(1+37ﬁ)m}+ read

Bulletin No. 10

i we (SR

ou
read 3%
» disturbance
» Laboratory




DISASTER PREVENTION RESEARCH INSTITUTE
KYOTO UNIVERSITY
BULLETINS

Bulletin No. 10 December, 1955

Fundamental Studies on the Runoff Analysis
by Characteristics
By
Yuichi IwWAGAKI

Contents
Page

Synopsis
1., TIETOJUCHION # v e veeterernrnnsnnmeeneaneaneeotitittiniet ittt 2

Characteristic Equations for the Flow with Lateral Inflow

2.1, Strict mEthOd  creerrereerereaessssiaanntrier et st 4

2.2. Approximate method based on the water depth «--eeceeenes 5

2.3. Approximate method. based on the discharge rate - 10
3. Some Examples of Numerical Computations «-««weooemereeeeeess 11
4. Experiments

41. Apparatus and Procedure «--ecessisisiiisin s 19

4.2, Results and cONSIAErations »+-«««+ -rresseresereessiimmsininn. 20
5. Approximate Method by Characteristics for Calculation

of Unsteady Flows in Channels. of Any Cross-sectional

Shape with Lateral TOHOW  voersreeerrmrrnmnsererarnenmiinae st 29

Conclusion

Acknowledgments

References



&)

Synopsis

In treating the hydraulic analysis of surface runoff phenomena, the
author’s basic idea is expressed as follows: the surface runoff mechanism
of rain water in a mountainous district consists of the combination of over-
land flow and flow in open channels with lateral inflow. Consequently, the
unsteady flows with lateral inflow must be solved for various conditions,
individually.

In this paper, an approximate method for calculation of unsteady flow
in open channels with lateral inflow, using the characteristic curve, is pre-
sented. Hydrographs resulting from the abrupt increase and decrease of rate
of lateral inflow are obtained by this approach, and moreover the calculated
hydrographs are compared with the experimental results.

1. Introduction

It is one of the most important and difficult problems in the field
of hydrology and practical river engineering to establish the essential features
of rainfall-runoff relations. Up to the present day, many researches on
such problems have been performed and various empirical formulas and
methods available for the practical purpose have been proposed.

There are, among recent researches on this subject, two different ap-
proaches for analysis of rainfall-runoff relation: one is for the overland
flow introduced by lzzard?, lzzard and Augustine®, Hormer and Jens® and
Hicks*’, and the other is based upon the unit hydrograph method first pre-
sented by Sherman in 1932. Especially the latter is considered a highly ef-
fective and simple tool for hydrologic work in the United States of America,
and is being actively utilized even in Japan. However, the hydraulic ration-
ality of this method has not yet been approved and the question is whether
it may be naturally applied to steep rivers in Japan or not. On the other
hand, the analytical approach for overland flow developed by Izzard is used
only when the flow is laminar at all times®, but the theoretical basis of
this analysis is not so sound.

Rain water on the ground surface pours into seas or lakes through
small and large tributaries and other streams. Hence, the mechanism
of surface runoff in a mountainous district falls generally into two

parts : (1) the behaviour of rain water which flows down a sloping surface
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and (2) that of lateral inflow which pours into a main stream. This runoff
mechanism will be similar to that of rain water flow on a road surface and
in aroad gutter. In this paper, to establish the basic relationship between the
rate of inflow and runoff in a stream, the author treats the behaviour of
unsteady flows in a uniform and rectangular open chaunel with the uniform
or distributed lateral inflow along a channel as a simplified stream condi-
tion. Hydrographs in this simplified condition are easily calculated by the
approximate method which utilizes the characteristic equations, in both
laminar and turbulent flows, and the hydraulic characters of hydrographs
resulting from simulated inflow at a constant rate are investigated in detail.

Moreover, further developed studies on the practical analysis of hydro-
graphs by this approach for existing rivers in Japan will be published before
long as a forthcoming paper of this Bulletin..

2. Characteristic Equations for the Flow
with Lateral Inflow

For the flow in a rectangular open channel I
with lateral inflow as shown in Fig. 1, the “HuHﬁHUHH

equation of motion neglecting the vertical ac- © x
celeration and the equation of continuity are, Fig. 1 Scheme of the flow
I'CSPCCtiVBlY,” with lateral inflow.
ou u oh
6t+ u —(a- l)h at—i—gcosﬂ
TO q ---------------------
R ~™h o
oh , ,0u 0h @

Ot + ax + a;_ q’ .....................

or

10Q Q06w 0Q_ '
w ol “wot Tox D 2)

where g is the rate of lateral inflow per unit width per unit length, @ the
discharge rate of flow per unit width, % the mean velocity, % the water
depth, R the hydraulic radius, a the momentumn correction factor, ¢ the
channel declination, 7o the frictional stress on bed, o the density of water,
& the gravity acceleration, x the distance taking in the downstream direction

along the bed, and £ the time.



2.1 Striet method

In the same manner in which Escoffier® studied the character of the
instability of water flow graphically, from Egs. (1) and (2) the following

equations are derived:

{ 6%+(au+alc)a%ll-{ ut2 (m—m)e }

= gsinf _ﬁ’e+ Z_(alc_au), .................. (3)

{56 J.—(au-—aw)% }{u—Z(aH—az)C}

= gslnﬁ R h(alc_f-au)’ .................. (4.)
where
oo T ACEINE _(a-Du_
c=vgheosd, al_\/lJ_ ~ghcost and @2 = s

As in the case of laminar flow, @ = 1.2 and in the case of turbulent
flow, nearly a = 1.05, taking the case of u/v ghcost) = 1 for example,
it becomes respectively a1 = 1.11 and-@z = 0.2 for laminar flow, and a;=
1.026 and a: = 0.05 for turbulent flow. For the sake of mathematical
simplicity, taking @ = 1, &» = 1 and @z =0, Egs. (3) and (4) are written

as follows :
Ci: LL% =u+c,
dt (u+2c) = gsmﬁ— (c u); e 3
Ce : % =u-—c,
di(u 2¢) = in § o 9 + 4y
di - = gsin - pR _—h—(c u) .........

When the initial and boundary conditions are given, # and % at arbitrary
values of x and ¢ can be obtained graphically by using the finite difference
method and covering over the x-f plane with the above two groupes of
characteristic curves C; and Cz.”" However, as this strict method is too
laborious, the following approximate methods are proposed for the flow in

comparatively steep channels.



2.2 Approximate method based on the water depth
(1) When the lataral inflow rateincreases abruptly from 0 to g (Fig. 2).

(a) Laminar flow. When the flow is
laminar, applying the law of resistance to/pR
= 31 /R? for uniform flow to the unsteady flow
in this case approximately, then Eq. (1) is

rewritten as follows:
Fig. 2. Relation between

. lateral inflow rate and
2 —
U =R——§L§hgj—-mag—R—'-’£)’ ------------ (5) time in the case of abrupt

increase of inflow rate.

where
_Ou ou u ok oh
L—m"raua-;—(a—- 1)-h—a—l+gcosﬂa—x

and » is the kinematic viscosity.
Substituting Eq. (5)into Eq. (2) with the relations R=Bh/(B+2hk) and
g = constant, the following equation is obtained :
ro 4R augR? 4R\ @ ~
Lo 3-8 ) v gyl 15 )l 5

P Rth 6L ................
~9t 3t gk T § (®)

where B is the width of channel.
Now, provided the slope is comparatively steep, so that the flow is nearly
uniform, assuming L = 0 as the first approximation, Eq. (5) becomes

_Rehgsinf L '
% =3 kit agR® )

~ - h
Moreover, if % =0, g—:':_ Oand L= 9;; —(a—l)—%%t are assumed as
the second approximation and thereby L is computed from Eq. (5), the
following characteristic equation is derived from Eq. (6):
dx _(, 4R auqR? 4R,
dat (3—?,) “- 3yh+aqR2(1_ B )’

............... (6)!
% =g or h=gt+const.

Also, the relationship between % and % is



_ R2hgsin § (3vh+aqR?) (5Y
U= (3 htagR Y +a(2—a) ¢*R + 3.qR*h (3—a—4R/BY

(b) Turbulent flow. In this case, as the friction term, ro/pR=n?uzg/
R is adopted, using Manning’s roughness coefficient #. Equating the value
of a to unity, Eq. (1) is rewritten

R/ R3 qR4/3
u= \/(an gh) (gsm0 Ly— g T (N

Consequently, the same procedure as in the case of laminar flow yields
equations for the second approximation through the first approximation as

follows :
dx (5 4 R ugR3 1,6 4R
dt _<§_»3ﬁ F) u+t 2nzghu+ qR3 <§+ F)’l ‘‘‘‘‘‘ (8)
dh
ar =9 or h = qt+ const.
and
_[(5 4 R qRT | _RP___ (2/3+8R/3BYU qR"/2n7gh):
U=« (."_ 3B 2ntgh ft o sin §f — u+(qR"/2ngh)
5 4R qR3
—(T_ 3?) g e 7y

(2) When the lateral inflow rate decreases abruptly from q to 0 (Fig. 3).

(a) Laminar flow. Substituting ¢ = 0
into Egs. (5)'' and (6)', the characteristic equa-
tion and the relationship between # and % for

laminar flow are obtained as follows:

dx , 4R Fig. 3 Relation between lat-
a1 =( 3— —F) #, h=const.,, - €] eral inflow rate and time
: ’ in the case of abrupt
and decrease of inflow rate.
_ R?gsinf
g3’ .................. (10)

(b) Turbulent flow. Substituting g =0 into Egs. (7) and (8), for

turbulent flow, it becomes

dx (5 4R)u Bi= comst.,  ceeeeeereereenans (1D)

d ~\'37 3B

and
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U=-—
n

R?/’(sin(})’/? ............ (]2)
Accordingly, since % and thereby # are constant on the characteristic
curves, in both laminar and turbulent flows the characteristic curves are

represented by straight lines.

(3) Transition between two regions under different conditions.

When the rate of lateral inflow ¢ is constant in each definite time inter-
val, and also ¢ 6r the slope and roughness of bed are uniform, in each de-
finite reach along the stream, for each region on the x-f plane the
above relationships can be applied. However, because of the difference of
the relations between # and % in each region, water depth or discharge rate
obtained from Egs. (5), (7)), (lb) and (12) becomes discontinuous on the
boundary of each region. Therefore, it is necessary to consider the transition

between two different regions.

(a) Transition due to change of inflow rate with respect . fo time.
For example, from Eqs. (7) and (12) representing the relations between #
and % for. turbulent flow in the cases of a finite inflow rate ¢ and ¢ =0
respectively, it is understood that the mean velocity in the latter case is larger
than that in the former for the same depth. Consequently, if water depth is
continuous at an instant of stop of inflow supply, £ = 0, mean velocity and
discharge rate increase abruptly and become discontinuous at this moment.
On the other hand, if mean velocity and discharge rate are continuous, water
depth needs to decrease abruptly. The phenomenon of a temporal increase of
discharge rate is shown in some hydrographs for a paved plot obtained by
Izzard and Augustine.? However, it seems to be irrational that the relation
between # and % changes discontinuously from that in the case of finite in-
flow rate ¢ to that in the case of g= 0. Consequently, the transition between
these two conditions should be introduced.

Now, let the inflow rate in this region not be restricted to g = 0, but be
assumed g = gs generally. It is also assumed that this transition region is
between £ = 0 and f = #; as shown in Fig. 4 and the points (D, @ and @ are
near each other. Then the following finite difference expressions are obtained

from Eqs. (3)' and (4)':

X3— X1

7 =%(ul+u3+cl+cs)’ ............ (13)
3



. . 1 \ . AY
Uy— U +2(Cs—C1 )+ 9 (( R) gsm()}t3+ T {(;}%]3— gsmﬁ}ts
—z(iq:-ccoss)f {C1+Ca— (u1+u3)}-t3=0; .................. (13Y
1
x3;x2=—;-(u2+u3—02—03), .................. (14)
3

Us— Uz —2(C3—C2)+ % {( R) gsmﬂ}ts+;{(‘;—R)x—gsinﬁ}ts

28gscos b | | 2 AR 14Y
+ (it o ¥ 1Cz+Cs+(uz+ua)J 3=U. (14
Moreover, as the point (x1, f) is ¢
near the point (%2, f), equating ap- @u(-‘-’s;tgﬁ
proximately | -
U=y and Ci=Cg, ereeree (15) Transition
L . : region .
the following relation is derived from Egs. :
(13)" and (14)": 0 i x
csz=cl‘2+ gqa cos 0 t, ......... (16) @ (x,, tl) @ (x:. t:)
u, h, ¢ Uy, P2, Cp
or ) Fig. 4 Transition region due to
hy=hi+gst. e (16 change of condition with respect
Also, from this relation and Eq. (13), to time.
2(Us—tr) |

. {(pR)+(pR) 2gsmﬁ}

4(cs—c1)(wrtus) —0,
GEED)Y

+
and from Eq. (13),
x3=£23..(u1+u3+(;1+ca)+x1 .................. (]8)

are obtained respectively. If gs=0, Eqgs. (16), (17) and (18) are expressed

as follows:
P (16)"
o 2us—w) '
fs = gsinf —(ro/oR)’ an
x3=,t2'i(u1+us+2l/ ghl cos 0 ’)+xl. .................. (lg)’

If the point  is fixed using the above equations, thereafter the equations
put g=¢s in Eqs. (5)"’ and (6) or Eqs. (7)' and (8) are applied. In the



transition -region, it may be assumed that the characteristic curve @ @ is
straight and on this line the same relation as Eq. (16)

h=hi+qst e ey’

is applied, and that mean velocity and discharge rate change linearly from #,
and @ to #; and @s, respectively.

(b) Transition due to change of inflow rate and channel conditions
with respect to distance. The transition region in this case is formed be-
tween x = 0 and x = x5 as shown in Fig. 5. In such a manner as the transi-
tion with respect to time, let it be assumed that the points @, @ and & are
near each other. Then the following finite difference expression are obtained :

X3
t3—14

=%(u1+u3+cl+ca), .................. (19)

ua—u1+2(C3—Cl )+%{(p‘r‘7&) —gsin 03 }(!3—!1)

1

’

+ —l-f( T—".i] — g sin 03} (i—-1)

2 L'pR’s
2843 cos O —0-
—(0134-76'3)2%{61—'_03_(”1"*'“3) }(la—ll)_O PRTONRIN 19y
X N e
13—12—7(u2+u3—cz—63)’ (20)

Ug— Uy — 2(03——02)4‘%{(‘%)”— &sin ﬁa}(ta— t2)
+5{(3) - gsindsf 1)
28q5 cos 0 =0, eeeeeeneeen !
+ ——(023+Ca)23{62+03+(u2+ua)}(ta_tZ)—O' (20

Moreover, it is assumed that the following relation

£
wshs =t 1+ Gaxs, oo 21 Transition |
region ll

or Qs=Q1+¢gaxz, veeen 2y

@
is held between the points D and @. Al u::zt;)

though the assumption of Eq. (21) or 21y 0]
couldn’t be completely approved, the results uf‘l;;;'tc")‘
computed with this assumption in the approx-

. . Fig. 5 Transition region due
imate method based upon the discharge rate to change of condition with

described in the next section were confirmed respect to distance.
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to show very good agreement compared with those obtained by Egs. (19)~
(20) for some examples. Also, from Eqgs. (19) and (19)

{ue—u1+2(03—01)}{u1+ua+01+03} +{(pj(“) +<OT) _2g5m03f

X3
dgacosfiertar—wau)_o
CETN: =0 (22)
is derived, and Eq. (19) is written
= 2% 4 e (23)

U+ Us+C1+Cs

When ¢s=0, #3 and cs; are obtained from Eq. (10) or (12) as @y=6&
from Eq. (21). Consequently, x; is directly computed, and Z is obtained
from Eq. (23). However, when ¢=0, xs must be obtained by the cut-and-try

procedure.
2.3 Approximate method based on the dischange rate.
(1) When the lateral inflow rateincreases abruptly from 0 to g (Fig. 2).

(a) Laminar flow. Considering comparatively steep channels as in the
case of the method based on the water depth and using Eq. (5) as the first
approximation, yields

G (2 e OBz )

and substituting this equation into Eq. (2)', the following equation is obtained:

4R\ (1-4R/B) augR? 9
(at + ( B 3hT agR* }6_x]Q
_ _4ky,,  (-4R/B)augky
_q{<3 ?) u htagRz ) T (24)

This equation is also expressed as the characteristic equations

dx (3_ﬁ ) 1= 4R/B) muaR?
dt -~ B " 3vh+tagR? ’
dQ _ (o 4R\ (1-4R/B)augR?) |
dt — 9 [(3— B ) u— 3kt agR? }, ............ (24Y
that is _Z_?_zq_ J

For the relation between # and #, Eq. (5)"' is used as the second approxi-
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mation.
(b) Turbulent flow. If the law of resistance of Manning’s type is used,
by the same procedure,as in the case of laminar flow the following charac-

teristic equations are derived:

dx (5 4R') (1/34-4R/3B) ugR**

ar=\3"3B)% ontghu+ qR \\
dQ (5 4R\, (1/3+4R/3B)uqR"
ar 9 (7— BB) Yt owghutrgRm ) T (25)
. aQ
that is . =1

For the relation between # and %, Eq. (7) is also used.
(2) When the lateral inflow rate decreases abruptly from qto 0 (Fig. 3).
Along each characteristic curve in the transition region, the water depth %
does' not change, but the discharge rate @ changes. However, when #; and x;
are computed as in the previously described procedure and the point ® in Fig.
4 is fixed, thereafter the following characteristic equations are applied :

dx 4R
L (3_ ?) , } .................. (26)

Q= const.

Laminar flow:

Turbulent flow:
dx (5 4RV )
G- (3-5)» |

@ = const. ‘

3. Some Examples of Numerical Computations

Some numerical computations by the above described approximate methods
were conducted for the following certain definite numerical values of the
channel dimensions and conditions:

(A) Channel width B=19.6 cm, total length=24 m, Manning coefficient
7=0.009 (m-s unit), sin §=0.015, kinematic viscosity of water »=0.0lcm?/s,
and g=1/12= 0.0833 cm/s having the constant value along the channel.

(B) Channel width, total length, Manning coefficient and kinematic vis-
cosity are the same values as in (A), and both sin §=0.020, 0.015 and 0.010,
and ¢=0.1080, 0.0638 and 0.800 cm/s in each reach of channel x=0-8 m,
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8-16 m and 16-24 m respectively.

Under these conditions, hydrographs resulting from the lateral inflows for
the following cases were computed:

(a) The lateral inflow rate increases abruptly from O to g simultaneously

along the channel.
(b) The lateral inflow rate decreases abruptly from ¢ to 0 simultaneously

along the channel.
(¢) The lateral inflow is given only for the time durations, 7°=10, 20, 30

and 40 sec.

(1) When the lateral inflow rate increases abruptly from 0 to g
simultaneously along the channel.

The velocity-depth and discharge rate-depth relations for ¢=0.0833 cm/s
and ¢=0 obtained from Eqs. (5)'" and (7) and Egs. (10) and (12) respec-
tively are shown in Fig. 6. In this figure, it is obviously seen that both values
of velocity and discharge rate in the case of ¢g=0 are larger than those in the
case of ¢=0.0833 cm/s at all values of depth,

When the values of Reynolds number R,=#R/v are less than 500 or more

than 1500, flows are regarded to be laminar or turbulent, respectively!’,

300 150 50 | l
/ :
—_—q =0? 4 —_—
) — oot ya - @ "f
______ -k & g
7 Q,\‘ Q// =iz )
/ Y,

“8

200 100 100
- A
Qs ue /// Ji%e gé /
pad /
150
By /’,’/ /
) F\
/
7

00 50 z 50 -
/// s F/
50 o e oUR =500 4 o UR/fy=500)
//0/ // . 1500 // ° 15 ]
/ - E
0 L] | |
o 05 10 15 20 25 40 0 B W o w w
A em U oys
Fig. 6 Velocity-depth and discharge rate- Fig. 7 Relations between # and
depth relations for =0 and 4=0.833 cm/s. dx/dt for g=0an1¢y=0.0833cm/s.

and therefore the behaviour of prescribed equations is considered to
show the characteristics for each flow region. In the transition from laminar

to turbulent flow, 1500>R,>500, the velocity- and discharge rate-depth re-
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lations are expressed by curves connecting smoothly curves of both laminar
and turbulent flows together.

Fig. 7 shows the relation between # and dx/df obtained from Egs. (6,
(8), (9) and (11) and a set of curves shown in Fig. 6.  The characteristic
3 curves can be comput-

I .
PRy | ed by using Eqs. (6Y,
Waler depth Method / (8), (24) and (25) and

i e . . .
50 74 == D e 745Teady =] relations shown in Figs.
L /
/ //

35

o ShrictMethod ford=1

s 6 and 7. The character-

Esec ¢ =7 .. L.
P 7 ' istic curves obtained for
m d . . I
/ P C;;;/’/ the channel condition

5 ..
/ Uns?iea dy ~ (A) are shown in Fig. 8.

/
o 7 Th lts denoted
L2 A b s metod 1o
/ / / / a=1 in this figure are

5
° ° ° Xm ° ® z those computed by the

Fig. 8 Characteristic curves in the channel condition finite difference method
(A) and the inflow condition (a). from EqS. (3) and 4y,
using to/pR=3v#/R? for laminar and 7,/pR=n*u?g/R'? for turbulent flow.
As the boundary condition, hereon, the source of supply of water consists of
only the lateral inflow and the inflow from the upper end of the channel is
not given. That is, hydraulically speaking, as =0 at x=0, the flow becomes
steady along the characteristic curve Co starting from the origin. Hence,
the curve Co, forms the
boundary  between the % ;ﬂ
steady and unsteady regions 25 Steady

as seen in Fig. 8. Provided 20

| Transition _i

=

x is constant, dx/dt is 15“15

also constant. Thus the Cos

P 3 1
characteristic curves 1 0 |

NNy

7 :f / \
the stead i d %V Unsteady
ady region are drawn 5 / / ¢ / A/ V / /
by moving the curve G, 0 / | L L | o
parallel to the f-axis. Since Xm

Fig. 9 Characteristic curves in the channal condition

Y b and Q are zero (B) and the inflow condition (a).

along the channel at =0,

as the initial condition, in the unsteady region the values of dx/dt are the



14

same in all values.of x.at a given instant £. Consequently, the characteristic

curves in the unsteady region are drawn by moving the curve C, parallel to the

x-axis.

Hence the depth /% increases linearly to the time ?, in the unsteady re-

gion, because of the relation 2=g# along the characteristic curves.

The characteristic curves obtained for the channel condition (B) is shown in

Fig. 9. In this figure, each set of curves in three unsteady regions between

25 | X=24m
=Yz | 20
1 | — WD Method /‘
20| --- D R. Method
o Strict Method //_ __________ L
s /
............ =70
hem
10 { 5
05 e z
/
4 0 20 30 40 50

tsec

Fig. 10 Variation of water depth as
a function of time in the channel

condition (A) and the inflow
condition (a).
100 I
9 =lf2"Ys
— WhMethod | ¥ X=Z4n
§0H --- D.R.Method —20
o ShrictMelhod 7T
/[- 15
&0 =——=====/0"
usg /
5
40
2 :
20{— 7
o /0 20 30 40 50

E sec
Fig. 11 Variation of mean velocity as
a function of time in the channel
condition (A) and the inflow
condition (a).

the x-axis and Co,, Ci,0 and Cg,o,
starting from the upstream end of
each reach with different flow con-
dition can be drawn until arriving at
the transition regions, by moving Co,o,
Ci,0 and Cg,o parallel to the x-axis,
respectively. And the transition regions
are those caused by the changes of
lateral inflow rate and channel con-
ditions with respect to distance.

The behaviour of the variations of
water depth, mean velocity and dis-
charge rate as a function of time for
the channel condition (A) is shown

9= Yz /’
— WD Method
200\ --- D R.Method —/ —

250

X=24mn
@ Stricf Method

— ———— = 20
150 / : .

QF [/____ ______ = /5
1
100
/é. ........... - 10
50
_ P 5
2
/
o 10 20 30 40 /]

tsec
Fig 12 Variation of discharge rate as
a function of time in the channel
condition (A) and the inflow
condition (a).
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in Figs. 10, 11 and 12.

In these figures, the lapsed time until the flow becomes steady for any
point is obtained from Fig. 8.

For the channel condition (A), the behaviour of the variation of water sur-

face profile as a function of time is shown in Fig. 13.

25 _ As seen in the above
G=Y2"%s L

20l — WD Merhod P it - presented figures, both

o ;:,&‘r%';; /_'/ 20 results by methods based

hem L5 /5 ' on the water depth and

10 ,’f — — /0" — on the discharge rate co-

osb—& L |  t=5sec | . incide well with a maxi-

mum difference of about

@ s 10 Xm/j 2 = 2 94. Also, the results by

Fig. 13 Variation of water surface profile in the the strict method for a=

channel condition (A) and the inflow condition (a). 1 show gOOd agreement

compared with those by two approximate methods. This agreement may be due
to the fact that in the unsteady region, in which the disturbance of upstream

end does not reach 30 ——
anywhere, the second 25k . £ 7 213
approximation obtained /
by putting 8%/8x=0 and hc:o //’ \ 20
0u/8x=0 is not approxi- 15
mate but quite rigorous. 10 £210 e

The behaviour of the a5 \——/_ —_
variation of water surface /
profile obtained by the ° B SN 20 2
water depth method for Fig. 14 Variation of water surface profile in the
the channel condition (B) channel condition (B) and the inflow condition (a).

is shown in Fig. 14. In this figure, it is seen that the flow in this case
becomes gradually steady, appearing rather complex behaviour of the variation
of water surface profile as compared with the case of channel condition (A).

(2) When the lateral inflow rate decreases abruptly from qto 0 along
the channel.

Fig. 15 shows the straight characteristics obtained by the water depth
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method for the channel condition (A). As the initial condition at =0, that. is,
when the lateral supply of -water is stopped, the water depth 2 for any point
along the channel is determined

4 ‘ / from Fig. 13. Hence %, and u;
_§7_§, —9 y_ﬂ Kz in Eq.' (17)" are calculated as

@ ‘Q'r - particular values of velocity cor-
foee / / / 2'25 ] responding to water depth %
[ / / //‘i/%/é obtained for both cases of g=
— = 0.0833 cm/s and ¢=0. Further-

!ﬁ/=z~;3"" - / 4 % more, f; is computed from Eq.
7,‘—0,3';3,5”/_:%7 e PJ.Z,zb‘—“J (17)! by using the above obtained

e s e % %5 4, and %3, and x; is also calculated

Fig. 15 Straight characteristics in the channel from Eq, (18). C0nsequently
condition (A) and the inflow condition (b). . .
the straight characteristics in the

transition region can be drawn. In this case, the transition means that caused
by the change of inflow rate as a function of time. Partly the point ®, (s,
%3), was calculated by the strict method based upon Egs. (13), (13), (14)
and (14, resulting in the conclusion that the approximate method by Eq.
(15) showed a good agreement with the strict method, and also the relation
hs=h, and the assumption of straight line for ® @ were considered to be
satisfactory. Since, starting from the point @), (#s, £3), the straight characteristics
given by Egs. (9)and (11)can be drawn. the depth-time relations for any point
are also obtained from this diagram of characteristics, and-moreover velocity-and

discharge rate-time relations are also calculated. These results are shown in the

IR i i
/ o) ' \%0/
S i — 0
for the channel condition %/ Qé ' 0_\'53 i/nZV
(B) obtained by the water (D Y A
faec v ./ y 2
a8

depth method are shown in

inflow condition (c) described

below.
The straight characteristics _g/

-
.\‘f‘i\

Fig. 16, in which at £=0, 20 2 - /\"‘( },3’1
that is, when the lateral supply - bia//mm L a‘f(’; /,/zm
is stopped, the water depths 0590 /) 4\«(---)-115/'2‘%31‘7’"""
along the channel are deter- o 2 5 5% — = '/zzoﬂ/zs

mined from Fig. 14. In this Fig. 16. Straight characteristics in the channel

case, the two kinds of transition condition (B) and the inflow condition (b).
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region caused by the changes of lateral inflow rate and channel conditions as

functions of time and distance appear in the x-f plane

namely Fig. 16.
(3) When

the lateral inflow is given only during a definite time
duration.

As shown in Fig. 17, when the lateral inflow 2
at a constant rate is supplied only during the
time interval 7 before £=0, the required hydro-
graphs can be obtained by combining the results

in both inflow conditions (a) and (b). Until

the lateral supply is stopped, the hydrographs Fig. 17. Relation hetween
show the same behaviour as in those described

) lateral
in Article (1), but, hereafter at any point in the

inflow rate and

time in the

inflow
condition (¢).
steady region at £=0, water depth, mean velocity and discharge rate begin to

decrease together at the instant of stop of lateral supply. On the other hand

b
for any point in the unsteady region where the disturbance of upstream end
does not yet reach at £=0

the water depth upward from a given point
exerts influence on the change of water depth at that point. In channel condi-

tion (A), for example, as the water depth at a point in the unsteady re-
25
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Fig. 18 Computed hydrographs for water
depth in the channel condition (A) and

o
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Fig. 19 Computed runoff hydrographs in
the channe! condition (A) and

inflow condition (c).

60

the
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gion is uniform as shown in Fig. 13, so the water depth does not change
until the arrival of the distrubance of upstream end at this point, but immedi-
ately after the arrival of this disturbance it begins to decrease. In the channel
condition (B), however, as the behaviour of water surface profile appears rather-
complex at all points in the unsteady region as shown in Fig. 14, even until
the arrival of the disturbance of upstream end the water depth is not constant,
but changes, not as in the channel condition (A). Figs. 18 and-19 show the
hydrographs for water depth an1 discharge rate at each point in the channel
condition (A), drawn for various parametric values of duration time of inflow
T by taking the time axis as shown in Fig. 17. These are both hydrographs
obtained by the approximate water depth method. It is seen from these fig-
ures that in the cases of 7'=30 sec..and 40 sec. the flows become steady
overall along the channel before .the lateral supply is stopped. ‘As shown in
Fig. 7, in the case of g=0, there exists a condition that the dx/d? in laminar
flow is larger than that in turbulent flow, even though the velocity is smaller.
Accordingly, some straight characteristics in the vicinity of  transition region.
between both regions of flow intersect eact other, so that the abruptly decreas-
ing parts of water depth and discharge rate. appear as seen in Figs. 18 and
19, and this phenomenon becomes more remarkable in downstream reaches.

In the channel condition (B), the hydrographs for various cases of inflow
condition cannot be drawn together as in Figs. 18 and 19.

With respect to the variation of water surface profile as a function of time,
the behaviour for the rising limb of hydrograph was already shown in Figs: 13
and 14. On the other hand, ths variation of water surface profile for the des-
cending limb can be drawn by using the characteristics in the inflow condition
(b) given in Figs. 15 and 16. As an example, the behaviour of the variation
of water surface profile in the channel condition (A) is shown in Fig. 20.

This figure also shows the variation in the inflow condition (¢).

25 —
20| Waler surface —— =
; — =20s -~

/5 profiles d =0 /T_—'s o Fig. 20 Variation of waler
hem 1_:355-""\2,_,,.——-";" _____ - surface in the channel con-

ro / 7:=_/0§" D i) M dition (A) and the inflow

o5 — - ~ et 7 "r_. 30 condition (c).

° 5 10 /5 20 25
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4. Experiments

In order to ascertain the validity of results of calculation presented above, a
course of experiments was performed in detail at the Hydraulic Lahoratory,
Kyoto University.

4.1 Apparatus and procedure

The exprerimental flume has a rectangular cross section of 19.6 cm width
and 9 cm effective depth. Iis total length is 24 m and the flume is made of
aluminum. The flume slope is set at the same inclination as in the computed
examples, that is uniform along the flume and sin#=0.015 in the channel con-
dition (A), and sin # =0.020, 0.015 and 0.010 for x=0-8m, 8-16 m and 16
- 24 m respectively in the: channel condition (B). '

‘ﬂ\ "/:;‘;‘L The inflow water was supplied by a
-

ﬂ;@ rotative iron pipe of 2 in. diameter hav-
bqr>y  fmefor  ing many small holes of 2.5-3.2 mm

plus
fest flume 2 . . .
oL g Fem|. | [Fen diameter, from which water jets and
L ! pours into the experimental flume as
Z6em 0 -
£ TPL’W’" shown in Fig.2 1.

Fig. 21. Mechanism of lateral supply Simultaneous Sllpply and stoppage

of water into the experimental flume.
overall along the flume are made by the
rotation of the pipe. In channel condition (A), these small holes were opened
at intervals of 10 cm, so that the lateral supply of water was as uniform as
possible along the flume. In the channel condition (B), on the other hand,
the water supply was so adjusted as to become ¢=0.1080 cm/s, 0.0638 cm/s and
0.0800 cm/s by the pertinent closure of holes, for the flume reaches x=0- 8 m,
8-16 m and 16-24 m respectively. At one side of the test flume, a drain
flume of 10 cm width, 9 cm depth and 24 m length was placed as shown in Fig.
21, and water jetting from these small holes was supplied into this flume by
the rotation of pipe as the condition of ¢=0.

Measurements of water depth were made at points, x=10 m, 15 m, 20m and
24 m by the electric self-recording water gauges, because of the quick change
of water level. To measure the change of discharge rate, water level of the weir
set to a box (40 cm by 40 cm square cross section and 45 cm depth) beneath
the downstream end of the flume was first recorded in the same manner as
mentioned above. However, as'it was difficult to obtain the change of discharge

rate accurately, owing to the effect of water storage in the box, this measure-
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Fig. 22(a) Hydrographs for the water depth
obtained by the experiments and computations
at x=10 m in the channel condition (A).

4.2 Results and considerations

Figs. 22 (a), (b),
(¢) and 23 (a), (b)
show some examples
of the results of exper-
iments and theoretical
in the

channel conditions (A)

computations

and (B), respectively.
In these figures, the
origin of time - axis
was taken at the initia-
tion of lateral supply
of water, not as in
Figs. 18 and 19. From
Figs. 22 and 23, it is
understood that:

(1) The computed
results by the appro-
ximate method propos-
ed by the author are
in good agreement with

ment was abandoned and then
the accumulating method was
adopted. That is,the accumu-
lated” discharge was measured
by recording the water level
in another box (50 cm by 60
cm- rectangular cross section
and 60 cm depth) that
capable of storing the total
discharge, and from this record
the rate of change of dis-
charge was calculated.

is
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Fig. 22(b) Hydrographs for the water, depth obtained
by the experiments and computations at x=24 m in
the channel condition. (A).
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Though, in the channel condition (B), as shown in

Figs. 23(a) and (b), there are some parts where the experimental values

D=l M, X=24m

Theoretical

oT=|0ﬂ )
° gg Bxperimental

150

QF

\OF\:

50 z; °~‘”".

7 & /0 %%‘
° () B
. %0 @
®
- ®
07 j0 20 0 40 v 60 W & @
T sec

Fig. 22(¢) Hydrographs for the discharge rate
obtained by the experiments and computations
at =24 m in the channel condition (A).

are somewhat out of the com-
puted curves, it may be due
to the reason that the uni-
formity of lateral inflow rate
g at each reach of the flume
was considered to be un-
satisfactory.

(2) In both cases of T =
10 sec. and 20 sec., when-
ever the lateral inflow rate
becomes 0, the discharge rate
and the water depth will not
begin to decrease, and, on
the contrary, the former in-
creases.

(3) The phenomenon that
the water depth and dis-
charge rate decrease suddenly

at the transition of descending

Limb of hydrographs from

turbulent to laminar flow is not so remarkable in the experiments as in the the-

oretical results, but yet appears
later than the theoretically computed
hydrographs. This may perhaps be
due to the fact that the ecritical

Reynolds Numbers become smaller ha-;j_'

than those used in the computa-
tions because of any cause like
the irregularity of flume bottom
or disturbance.

(4) Although the experimental
results of discharge rate are plotted

more scattered than those of water
depth, it is rather difficult to obtain

Jo
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Fig. 23(a) Hydrographs for the water depth
obtained by the experiments and com-

putations at

2=24 m in the channel

condition (B).
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more accurate results by the accumulating method.

250
[ [
. I
g Theoretical
o :ngf} Experimental Fig. 23(b) Hydrographs for the
Q[f::u 4 e 30 discharge rate obtained by the ex-
_s,?” o ‘)\ l periments and computations at x=
%}éo ' 24 m in the channel condition (B).
50 s >
o8 °
4 10 20 30 4 S50 & 710 &
t sec

5. Approximate Method by Characteristics for
Calculation of Unsteady Flows in Channels of
Any Cross-sectional Shape with Lateral Inflow

For the purpose of runoff analysis in an existing river, it is necessary to
develop the author’s method by characteristics for open channels of any cross-
sectional shape.

In the case of any cross-sectional channel, the equations of motion and con-
tinuity are, instead of Egs. (1), (2) and (2)', expressed as?

%ﬂm P G I)Zah+gcos(7
=g51n0H;_‘0R_ au il—*’ .................. (28)
A A
aai +Aa—x a__q* .................. (29)
or
16Q* Q* ou , 6Q*
_uaT_?_a_t_l_ax _q*_ .................. ng)’

where g* is the rate of lateral inflow per unit length, @* the discharge "rlate
of flow in the total cross-section of channel, and A the cross-sectional area of
flowing water. ' :
Introducing the characteristic equation of the second approximation from
Egs. (28),(29)and (29) by the same procedure as in the case of the rectangular

channel described previously, the fbllowing expressions are obtained for turbu-
lent flow:
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dx _ (1-2/38) ugqrR>
di (1+3,3)“+ g AUt qrR
aa_
di =q% 30
or
d@Q*
=~

and the relation between # and A is

- { 1+3% R LR sin G 1= /36w (qHRY/2ngA )

2n2gA n? u'+(g*R3/2n2gA)
2 \gHR®
(1+3ﬁ) Tagi- e (31)

where

_ 2 \g*R¥3\1* R*sind 2\ g*R
w \/ (1+ 3ﬂ/2n2gA} T _(l+3—ﬂ)2n2gA .

and g the coefficient which is included in the relation put as
OR_O0R0A_ R 0A
ox 0A 0x pA ox
The value of this coefficient is generally between unity for rectangular and
wide channel and two for triangular channel.

When there is no lateral inflow, moreover, putting g*=0 in the above

equations yields

dt /1+3ﬁ)“’ S (32)

A= const. or Q%= const. J
and Eq. (31) becomes Manning’s formula

u = %R””(sin NG et (33)

In applying this method to runoff analysis in an existing river, the value
of g* is usually so small that, as the relation between # and A4, Eq. (33) can
be used satisfactorily instead of Eq. (31). In this case, therefore, since the
relation Between # and A becomes to be independent of the value of g*, the
transition region ‘as a function of time vanishes, and only that caused by the
abrupt change of g* and the channel conditions along a stream remains.

This method by the characteristic approach was applied to the hydraulic
analysis of the storm runoff which damaged the basin of River Daido over a drainage
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area of 189.1 km? and of a 38.9 km length of main water course in September,
1953. by Mr. T. Sueishi under the author’s instruction.!? The results were very
successful, and then it was approved that this runoff analysis method establish-
ed by the knowledge of advanced hydraulics in more recent years would be an
effective tool for the analysis of runoff estimation in a mountainous district.

Practical work on these problems will be reported in a forthcoming paper.

Conclusion

An approximate method for calculation of unsteady flow in 6pen channels
with lateral inflow, especially which increases or decreases abruptly, using the
characteristics, was proposed. The calculated results by this method and those
obtained by the experiments in the same conditions were compared, and it was
seen thaf both results were in good agreement. When, ‘therefore, the channel
slope is comparatively steep and hence the flow is nearly uniform, such an
approximation as described previously may be permitted satisfactorily.

Moreover, this approximate method by characteristics was developed for
unsteady flow in open channels of any cross-ssctional shape, and it was noted that
the proposed method would be applicable to the hydraulic analysis of runoff
estimation in actual rivers.

Among the results obtained in this investigation, the interesting points are
summarized as follows:

(1> When the lateral inflow rate changes abruptly from 0 to constant
rate g, if g is uniform along the channel, the water depth increases linearly
according to the relation %z = ¢t.

(2) When the lateral inflow rate changes abruptly from g to 0, the
water depth and discharge rate at the point where the flow is already in a
steady state begin to decrease suddenly. But at the point in an unsteady state,
these phenomena don’t occur at once; on the contrary the discharge rate in-
creases in the transition region.

(3) It is found theoretically that when the water depth and the discharge
rate decrease, these values drop suddenly.near the transition from turbulent to
laminar. This phenomenon is not so clear in the experiments, but can be
observed to some extent.

(4) This method by characteristics is developed for -any cross-sectional

channel and applicable to runoff analysis in a comparatively steep river.
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