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PREFACE 
 
 
This is not an ordinary book on rainfall and runoff. All the general and working formulas 

in this book are theoretically derived. The formulas are therefore globally and eternally 
applicable, as long as the situations under consideration are within the assumptions and 
limitations of the theory. This epitomizes the powerful nature of the physically-based 
approach in hydrology. This book covers formulas for flow depth; flow velocity; average 
flow velocity; wave celerity; average wave celerity; time of concentration; rising, equilibrium 
and falling phases of a hydrograph; forward characteristic; rising, equilibrium and falling 
phases of water surface profiles; duration of partial equilibrium discharge; and equilibrium 
detention storage for flow on an overland plane, and flow in  nine different channel shapes, 
which are (i) circular, (ii) parabolic, (iii) rectangular (deep), (iv) rectangular (square), (v) 
rectangular (wide), (vi) trapezoidal with equal side slopes, (vii) trapezoidal with one side 
vertical, (viii) triangular, and (ix) vertical curb.  
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Chapter 1 
 
 
 

1. INTRODUCTION 
 
 
Ever since Lighthill and Whitham (1955) showed that the main body of a natural flood 

wave moves as the kinematic wave, there has been continual interest in the application of the 
kinematic wave theory to hydrologic engineering. The greatest strength in this application is 
the feasibility of obtaining physically-based analytical formulas. The values of this strength 
are two-fold: 

 
1. It enables hydrologists and engineers to have a clear understanding of the 

contribution by each parameter in the physical process.  
2. Without the need for any experimental data, it offers formulas that can be applied to 

practical situations, including ungauged catchments. 
 

Further, these formulas have great advantages:  
 
1. As the formulas are theoretically derived, the assumptions and limitations involved in 

the formulas can be clearly stated.  
2. As the formulas are general in nature, they are globally and eternally applicable, as 

long as the situation under consideration is within the assumptions and limitations of 
the theory.  

3. As the formulas are analytical, they can be used without the need for computer 
programming. Since the formulas are not hidden in some computer program, the 
steps leading to each answer can easily be traced. 

 
To enable hydrologists and engineers to have ready access to the kinematic wave 

formulas, the objectives of this book are: 
 
1. To show the derivation of the kinematic wave formulas for the rainfall-runoff 

process, and to highlight the assumptions and limitations in the derivations. 
2. To present the kinematic wave formulas in a form that can be readily used by 

practitioners.  
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1.1. HOW TO USE THIS BOOK 
 
The Chapters in this book are more or less self-contained; hence, they can be read fairly 

independently. The topics covered may be grouped under four phases of the rainfall-runoff 
process for an overland plane subject to uniform rainfall excess and with a constant upstream 
inflow, and for a channel subject to uniform lateral inflow and with a constant upstream 
inflow. For a catchment comprising a network of overland planes and channels, the outflow 
from the overland planes can become the lateral inflow to the channels. The four phases of 
the rainfall-runoff process are: 

 
1. General phase covering (i) flow depth, (ii) flow velocity, (iii) average flow velocity, 

(iv) wave celerity, and (v) average wave celerity.  
2. Rising phase covering (i) time of concentration or time of travel, (ii) rising phase of 

hydrograph, (iii) forward characteristic, and (iv) rising phase of water surface or flow 
area profile.  

3. Equilibrium phase covering (i) design discharge of an overland plane, (ii) duration of 
partial equilibrium discharge, (iii) equilibrium phase of hydrograph, (iv) equilibrium 
phase of water surface or flow area profile, and (v) equilibrium detention storage. 

4. Falling phase covering (i) falling phase of hydrograph, and (ii) falling phase of water 
surface or flow area profile.  

 
This book may be read in the following ways: 
 
1. Readers who are interested in the assumptions and background of the formulas may 

refer to Chapter 2 for flow on an overland plane, and Chapter 4 for flow in an open 
channel.  

2. Readers who are interested in the working formulas may refer to Chapter 3 for flow 
on an overland plane, and Chapters 5-13 for flow in nine different channel shapes, 
which are (i) circular, (ii) parabolic, (iii) rectangular (deep), (iv) rectangular (square), 
(v) rectangular (wide), (vi) trapezoidal with equal side slopes, (vii) trapezoidal with 
one side vertical, (viii) triangular, and (ix) vertical curb.  

3. Readers who are interested in the assumptions and background of the formulas and 
the working formulas may refer to all the Chapters. 

 
For ease of reference, the applicability of the kinematic wave theory is summarized in 

Appendix A, the general formulas in Appendices B-C, the kinematic wave parameters in 
Appendix D, and the working formulas in Appendices E-S. The units for the working 
formulas are contained in the List of Symbols. Finally, the values for the runoff coefficient 
may be selected from the American Society of Civil Engineers (1992), the values for the 
Manning’s roughness coefficient for overland surface may be selected from Engman (1986), 
and the values for the Manning’s roughness coefficient for channel surface may be selected 
from Chow (1959) or Arcement and Schneider (1989). 
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Chapter 2 
 
 
 

2. GENERAL FORMULAS FOR FLOW  
ON OVERLAND PLANE 

 
 
In this Chapter, based on the kinematic wave theory; the general formulas for flow depth; 

flow velocity; average flow velocity; wave celerity; average wave celerity; time of 
concentration; design discharge; rising, equilibrium and falling phases of a hydrograph; 
forward characteristic; rising, equilibrium and falling phases of water surface profiles; 
duration of partial equilibrium discharge; and equilibrium detention storage for flow on an 
overland plane are derived. 

 
 

2.1. FLOW CONDITIONS 
 
Consider an overland plane of length Lo, subject to a uniform rainfall intensity i, and with 

a constant upstream inflow qu, the unit discharge, q, along the equilibrium water surface 
profile for a unit width of the plane is: 

 

oru ixCqq +=         (2.1) 
 

where Cr = runoff coefficient, xo = distance along the plane in the direction of flow. 
Substituting xo = Lo into Eq. (2.1) gives the discharge qe at the end of the plane at equilibrium, 
i.e. 
 

orue iLCqq +=         (2.2) 
 
Further, the upstream inflow, qu, can be considered to be contributed by an imaginary 

overland plane of length Lu, which is situated immediately upstream of the overland plane of 
length Lo. This imaginary upstream plane is also subject to a uniform rainfall intensity i, but 
with zero upstream inflow. At the outlet point of this upstream plane and at equilibrium, the 
discharge is qu. Substituting qe = qu, qu = 0 and Lo =Lu into Eq. (2.2) gives the length of the 
upstream plane, Lu, in terms of the upstream inflow, qu, as follows: 
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iC
qL

r

u
u =          (2.3) 

 
Figure 2.1 shows the upstream plane, the overland plane, and the equilibrium water 

surface profile. 
 

 

Figure 2.1. Upstream and Overland Planes with Equilibrium Water Surface Profile. 

 
2.2. DYNAMIC WAVE EQUATIONS 

 
The mechanics of unsteady flow on an overland plane with a rainfall contribution can be 

expressed mathematically by the Saint Venant equation. Derived from the principles of 
continuity and momentum, the equations are (Chow et al 1988): 

 

iC
x
q

t
y

r
o

o =
∂
∂

+
∂

∂
        (2.4) 

 

( ) 01
=−−

∂
∂

+
∂
∂

+
∂
∂

fo
o

o

o

SS
x
y

x
v

g
v

t
v

g
     (2.5) 

 
where yo = overland flow depth, t = time, g = acceleration due to gravity, v = flow velocity, So 
= overland slope, and Sf  = friction slope. The assumptions inherent in Eqs. (2.4) and (2.5) are: 
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1. The flow is one dimensional (i.e. velocity varies in the longitudinal direction only). 
This implies that the velocity is constant and the water surface is horizontal across 
any section perpendicular to the longitudinal axis. 

2. All flows are gradually varied with hydrostatic pressure prevailing at all points in the 
flow such that all vertical acceleration within the water column can be neglected. 

3. The longitudinal axis of the overland plane can be approximated by a straight line 
(i.e. there is no secondary circulation). 

4. The slope of the overland plane is small. 
5. The overland plane is fixed (i.e. the effects of scour and deposition are negligible). 
6. Resistance to flow can be described by empirical resistance formulas, such as 

Manning’s equation. 
7. The fluid is incompressible and homogeneous in density. 
8. The momentum carried to the fluid from the rainfall is negligible. 
 
The momentum equation (Eq. 2.5) consists of five terms; namely local acceleration, 

convective acceleration, pressure force, gravity force and friction force; each representing a 
physical process that governs the flow momentum described as follows: 

 
1. The acceleration terms represent the effect of velocity change over time and space. 
2. The pressure force term represents the effect of flow depth change. 
3. The gravity force term So is proportional to the overland slope and accounts for the 

change in bed level. 
4. The friction force term Sf is proportional to the friction slope and accounts for the 

friction loss for the flow on an overland plane. 
 
 

2.3. KINEMATIC WAVE EQUATIONS 
 
If the backwater effect is negligible and there is no rapid change in flow, the acceleration 

and pressure terms in Eq. (2.5) may be neglected (Stephenson 1981, Wong 1992), and the 
momentum equation reduces to: 

 

fo SS =          (2.6) 

 
Equations (2.4) and (2.6) are called the “kinematic wave equations”. Equation (2.6) shows 
that the overland slope is parallel to the friction slope, which means that the kinematic wave 
is under the uniform flow condition. Thus, Eq. (2.6) can be replaced by the general uniform 
flow equation, which is: 

 
o

oo yq βα=          (2.7) 
 

where αo and βo = kinematic wave parameters relating q to yo. 
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2.4. FLOW DEPTH 
 
Rearranging Eq. (2.7) gives the equation for the flow depth for a plane with and without 

upstream inflow: 
 

o1

o
o

qy
β

α ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=         (2.8) 

 
 

2.5. FLOW VELOCITY 
 
From continuity, the flow velocity, v, is related to the unit discharge, q, as follows:  
 

oy
qv =          (2.9) 

 
Substituting Eq. (2.7) into Eq. (2.9) and the velocity, v, becomes (Wong 2003):  

 
1−= o

oo yv βα         (2.10) 
 

Substituting Eq. (2.8) into Eq. (2.10) gives the equation for the velocity, v, in terms of unit 
discharge, q (Wong 2003): 

 

( ) ooqv o
ββα

11−=         (2.11) 
 

Substituting Eq. (2.1) into Eq. (2.11) gives the equation for the flow velocity along the 
equilibrium profile for a plane with upstream inflow:  

 

( )[ ] oo
oruo ixCqv

ββα
11−+=       (2.12) 

 
For a plane with zero upstream inflow (qu= 0), Eq. (2.12) reduces to: 
 

( )[ ] oo
oro ixCv

ββα
11−=        (2.13) 

 
 

2.6. AVERAGE FLOW VELOCITY 
 
Further, the average flow velocity, vav , over the length of the plane, Lo, can be derived as 

follows (Wong 2003): 
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∫
=

oL

o

o
av

dx
v

Lv

0

1
        (2.14) 

 
Substituting Eq. (2.12) into Eq. (2.14) and integrating (1/v) gives the equation for the average 
flow velocity for a plane with upstream inflow: 

 

( )[ ]oo

o

1
u

1
oruo

or
1

o
av qiLCq

iLCv ββ

β

β
α

−+
=       (2.15) 

 
For a plane with zero upstream inflow (qu = 0), Eq. (2.15) reduces to: 
 

( )[ ] oo
oro

o
av iLCv

ββα
β

111 −=       (2.16) 

 
 

2.7. KINEMATIC WAVE CELERITY 
 
Differentiating Eq. (2.7) with respect to t gives: 
 

⎟
⎠
⎞

⎜
⎝
⎛

∂
∂

=
∂
∂ −

t
y

y
t
q o

ooo
o 1ββα        (2.17) 

 
Rearranging Eq. (2.17) gives: 

 

⎟
⎠
⎞

⎜
⎝
⎛

∂
∂

=
∂

∂
− t

q
yt

y
o

ooo

o
1

1
ββα

       (2.18) 

 
Substituting Eq. (2.18) into Eq. (2.4), the continuity equation becomes: 

 

iC
x
q

t
q

y r
oooo

o
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
∂
∂

+⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛

∂
∂

−1

1
ββα

     (2.19) 

 
Kinematic wave results in changes in q, which is dependent on both xo and t, and the 

increment in flow rate dq can be written as: 
 

o
o

dx
x
qdt

t
qdq

∂
∂

+
∂
∂

=        (2.20) 

 
Dividing Eq. (2.20) by dxo: 
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⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

=
ooo dx

dt
t
q

x
q

dx
dq

      (2.21) 

 
If  

 

o
r dx

dqiC =         (2.22) 

 
and  

 

1

1
−=

o
oooo ydx

dt
ββα

       (2.23) 

 
then Eq. (2.19) and Eq. (2.21) are identical. Differentiating Eq. (2.7) with respect to yo: 
 

1−= o
ooo

o

y
dy
dq ββα         (2.24) 

 
Comparing Eq. (2.23) and Eq. (2.24) gives: 

 

dt
dx

dy
dq o

o

=         (2.25) 

 
Since kinematic wave celerity, ck, is: 
 

dt
dx

c o
k =          (2.26) 

 
Substituting Eq. (2.25) into Eq. (2.26) gives: 

 
1−=== o

ooo
o

o
k y

dy
dq

dt
dx

c ββα       (2.27) 

 
Substituting Eq. (2.8) into Eq. (2.27) gives: 

 

( ) o
oqc ook

ββαβ
11−=        (2.28) 

 
Substituting Eq. (2.1) into Eq. (2.28) gives the equation for the wave celerity along the 
equilibrium profile for a plane with upstream inflow: 
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( )[ ] oo
oruook ixCqc

ββαβ
11−+=       (2.29) 

 
For a plane with zero upstream inflow (qu = 0), Eq. (2.29) reduces to: 
 

( )[ ] oo
orook ixCc

ββαβ
11−=        (2.30) 

 
 

2.8. AVERAGE WAVE CELERITY 
 
The average wave celerity, cav, over the length of the plane, Lo, can be derived as follows 

(Wong 1996): 
 

∫
=

oL

o
k

o
av

dx
c

Lc

0

1         (2.31) 

 
Substituting Eq. (2.29) into Eq. (2.31) and integrating (1/ck) gives the equation for the average 
wave celerity for a plane with upstream inflow: 

 

( ) oo

o

uoru

oro
av qiLCq

iLCc ββ

βα
11

1

−+
=       (2.32) 

 
For a plane with zero upstream inflow (qu = 0), Eq. (2.32) reduces to: 
 

( )[ ] oo
oroav iLCc

ββα
11−=        (2.33) 

 
 

2.9. TIME OF CONCENTRATION 
 
The time of concentration for flow on an overland plane, to, can be obtained by dividing 

length of the plane, Lo, by the average wave celerity, cav, as follows: 
 

av

o
o c

L
t =          (2.34) 

 
Substituting Eq. (2.32) into Eq. (2.34) gives the equation for the time of concentration for a 
plane with upstream inflow (Wong 1995): 
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( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ −+
=

iC
qiLCq

t
r

uoru

o
o

oo

o

ββ

βα

11

1

1
     (2.35) 

 
For a plane with zero upstream inflow (qu = 0), Eq. (2.35) reduces to (Henderson and 

Wooding 1964, Wong 1995): 
 

( )

o

oiC
L

t
ro

o
o

β

βα

1

1 ⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
= −        (2.36) 

 
Further, for the upstream plane of length Lu, substituting Lo = Lu into Eq. (2.36) gives the time 
of concentration, tu, of the upstream plane: 

 

( )

o

oiC
L

t
ro

u
u

β

βα

1

1
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
= −        (2.37) 

 
 

2.10. DESIGN DISCHARGE 
 
For estimating the design discharge of a desired recurrence interval, the rainfall intensity-

duration curve of the same recurrence interval is used. For a given rainfall recurrence interval, 
the design concept is to choose a storm from the rainfall intensity-duration curve such that it 
produces the maximum peak discharge. This maximum discharge is the design discharge 
(Wong 2005a). 

 
 

2.10.1. Rainfall Intensity-Duration Relationship 
 
Analyses of the total rainfall curves show that for a given recurrence interval, the rainfall 

intensity varies inversely with the rainfall duration, and it can be mathematically described by 
(American Society of Civil Engineers 1992): 

 
( )b

rtcai +=         (2.38) 
 

where tr = rainfall duration, and a, b and c = constants. To facilitate the derivation of an 
explicit expression for the design discharge, Eq. (2.38) is reduced to (Wong 1995): 
 

b
rati −=          (2.39) 

 
Although the use of Eq. (2.39) with a single set of a and b values cannot fit the entire rainfall 
intensity-duration curve, Chen and Evans (1977), and Wong (1992) showed that by dividing 
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the rainfall curve into segments, it is possible to fit the entire rainfall curve with different 
values of a and b for each segment. 

 
 

2.10.2. Design Discharge 
 
For the purpose of estimating the design discharge, Wong (2005a) showed that the 

critical rainfall duration is the time of concentration. Eq. (2.36) and Eq. (2.39) are therefore 
solved simultaneously by equating to = tr, resulting in an explicit expression for the design 
rainfall intensity, id, for a plane with zero upstream inflow: 

 

( )

oo

o

o

o

o bb
b

oo

r
b

d L
Cai

ββ
β

β

β
β

α

−+−

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

= 1

1
1

      (2.40) 

 
Figure 2.2 shows a graphical solution for obtaining id. The design discharge, Qd, is related to 
the design rainfall intensity, id, and the area of the plane, Ao, as follows: 

 

odrd AiCQ =         (2.41) 
 

tr = to
tr or to

i

id (Eq. 2.40)

 

Figure 2.2. Design Rainfall Intensity for a Plane without Upstream Inflow. 
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For a rectangular plane, the area Ao, is related to the dimensions of the plane as:  
 

wLA oo =         (2.42) 
 

where w = width of the plane. Substituting Eq. (2.40) into Eq. (2.41) gives the equation for 
the peak discharge per unit area of the plane: 
 

( )
( )

oo

o

o

bb
b

oo

b
r

od L
aCAQ

ββ
β

βα

−+

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
= 1

1

      (2.43) 

 
 

2.11. HYDROGRAPH - RISING PHASE 
 
Expanding the partial derivative, ( )oxq ∂∂ , into total derivative results in: 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

=
∂
∂

o

o

oo x
y

dy
dq

x
q

        (2.44) 

 
Substituting Eq. (2.27) into Eq. (2.44) gives: 

 

o

o
k

o x
y

c
x
q

∂
∂

=
∂
∂

        (2.45) 

 
Substituting Eq. (2.45) into Eq. (2.4) gives: 

 

iC
x
y

c
t

y
r

o

o
k

o =
∂
∂

+
∂

∂
       (2.46) 

 
Differentiating yo with respect to xo and t: 

 

o
o

oo
o dx

x
y

dt
t

y
dy

∂
∂

+
∂

∂
=        (2.47) 

 
Dividing Eq. (2.47) by dt and substituting Eq. (2.27) into it: 

 

o

o
k

oo

x
y

c
t

y
dt

dy
∂
∂

+
∂

∂
=        (2.48) 

 
Comparing Eqs. (2.46) and (2.48) gives: 
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iC
dt

dy
r

o =          (2.49) 

 

Integrating Eq. (2.49) from ( ) o
ouq βα 1  to yo for yo and 0 to t (where t ≤ to) for t gives: 

 

itCqy r
o

u
o

o

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

β

α

1

       (2.50) 

 
Substituting Eq. (2.50) into Eq. (2.7) gives the equation for the rising phase (rising limb) of 
the hydrograph for a plane with upstream inflow for t ≤ to: 

 
o

o

itCqq r
o

u
o

ββ

α
α

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

1

       (2.51) 

 
For a plane with zero upstream inflow (qu = 0), Eq. (2.51) reduces to: 
 

( ) oitCq ro
βα=         (2.52) 

 
Figures 2.3 and 2.4 show the rising phase (rising limb) of an equilibrium and a partial 

equilibrium runoff hydrographs for a plane without and for a plane with upstream inflow, 
respectively. If the hydrographs in figure 2.4 are shifted by a distance tu to the right, they 
become the same as those in figure 2.3. 

 

 

Figure 2.3. Equilibrium and Partial Equilibrium Runoff Hydrographs for a Plane without Upstream 
Inflow. 
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Figure 2.4. Equilibrium and Partial Equilibrium Runoff Hydrographs for a Plane with Upstream Inflow. 

 
2.12. FORWARD CHARACTERISTIC - RISING PHASE 

 
Substituting Eq. (2.1) into Eq. (2.51) gives the equation for the forward characteristic for 

a plane with upstream inflow: 
 

( )
⎥
⎦

⎤
⎢
⎣

⎡ −+
=

iC
qixCqt

r

uoru

o

oo

o

ββ

βα

11

1
1

     (2.53) 

 
The forward characteristic traces the time it takes for the wave to travel downstream. With the 
kinematic wave equations (Eqs. 2.4 and 2.6), there is no backward characteristic, and this is 
why the kinematic wave approximation cannot simulate the backwater effect (Section 2.3).  

For a plane with zero upstream inflow (qu = 0), Eq. (2.53) reduces to: 
 

( )

o

oiC
xt
ro

o

β

βα

1

1 ⎥
⎦

⎤
⎢
⎣

⎡
= −        (2.54) 

 
As shown in figure 2.5, the forward characteristic commences at the upstream end of the 

overland plane (xo = 0), the time it takes for the wave to travel the length of the plane, Lo, 
equals to the time of concentration, to (Eqs. 2.35 and 2.36).  
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xo

t

to (Eq. 2.36)

to (Eq. 2.35)

Lo0  

Figure 2.5. Forward Characteristics for Planes without and with Upstream Inflow. 

 
2.13. WATER SURFACE PROFILE – RISING PHASE  

 
Figure 2.6 shows the successive water surface profiles during the rising phase for a plane 

subject to a uniform rainfall intensity only, without upstream inflow. At t = 0, the profile is the 
line O-A, corresponding to q = 0 and yo = 0. At time interval 0 < t < to, the flow depth 
increases and the profile becomes the curve O-B-C. This is a partial equilibrium profile 
corresponding to the partial equilibrium discharge, qp. The length, Lp, contributes to the 
discharge, qp, which corresponds to the flow depth, yp. Finally, at t ≥ to, the flow depth 
increases even further and the profile reaches equilibrium. The equilibrium profile is the 
curve O-B-D. The length, Lo, contributes to the equilibrium discharge, qe, which corresponds 
to the flow depth, ye.  

Figure 2.7 shows successive water surface profiles during the rising phase for a plane 
subject to a uniform rainfall intensity and with a constant upstream inflow. The upstream 
inflow, qu, which corresponds to the flow depth, yu, is considered to be contributed by an 
upstream plane of length, Lu. Hence at t = 0, the water surface profile is the curve O-Ou-A. At 
time interval 0 < t < to, the flow depth increases and the profile becomes the curve O-Ou-B-C. 
This is a partial equilibrium profile corresponding to the partial equilibrium discharge, qp. The 
length (Lu + Lp) contributes to the discharge, qp, which corresponds to the flow depth, yp. 
Finally, at t ≥ to, the flow depth increases even further and the profile reaches equilibrium. 
The equilibrium profile is the curve O-Ou-B-D. The length (Lu + Lo) contributes to the 
equilibrium discharge, qe, which corresponds to the flow depth, ye.  
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Figure 2.6. Successive Water Surface Profiles during Rising Phase for a Plane without Upstream 
Inflow. 

 

 

Figure 2.7. Successive Water Surface Profiles during Rising Phase for a Plane with Upstream Inflow. 

From figure 2.7, it is apparent that the water surface profile (curve O-Ou-B) within the 
length, (Lu + Lp) is identical to the equilibrium water surface profile (curve O-Ou-B-D). 
Substituting Eq. (2.1) into Eq. (2.7), gives the equation for the profile between –Lu ≤  xo ≤  Lp: 
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o1

o

oru
o

ixCqy
β

α ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
=        (2.55) 

 
Substituting yo= yp and xo = Lp into Eq. (2.55) gives the equation for the profile between Lp 
≤ xo ≤ Lo: 

 
o1

o

pru
p

iLCq
y

β

α ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
=        (2.56) 

 
Substituting q = qp and xo = Lp into Eq. (2.1) and rearranging gives the distance Lp: 

 

iC
qq

L
r

up
p

−
=         (2.57) 

 
If the profiles in figure 2.7 are shifted by a distance Lu to the right, they become the same 

as those in figure 2.6 which are for a plane with zero upstream inflow (qu = 0). For such a 
case, Eqs. (2.55)-(2.57) reduce to: 

 
o

o

or
o

ixC
y

β

α

1

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=         (2.58) 

 
which is valid for 0 ≤ xo ≤  Lp,  

 
o

o

pr
p

iLC
y

β

α

1

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=         (2.59) 

 
which is valid for Lp ≤ xo ≤ Lo, and 

 

iC
q

L
r

p
p =          (2.60) 

 
Equation (2.59) can also be derived by substituting yo = yp and xo = Lp into Eq. (2.58). 

 
 

2.14. DURATION OF PARTIAL EQUILIBRIUM DISCHARGE 
 
In figure 2.7, the curve O-Ou-B-C is a partial equilibrium water surface profile 

corresponding to the partial equilibrium discharge, qp. The duration of the partial equilibrium 
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discharge, td, is the time taken for the water particle to travel from B to C, and is therefore 
related to the length, Ld, and the kinematic wave celerity, ck , as follows: 

 

k

d
d c

Lt =          (2.61) 

 
As shown in figure 2.7, Ld is related to Lo as follows: 

 

pod LLL −=         (2.62) 

 
Substituting Eq. (2.62) into Eq. (2.61) gives:  

 

k

po
d c

LL
t

−
=         (2.63) 

 
Substituting Eq. (2.57) into Eq. (2.63) gives: 

 

k

r

u

r

p
o

d c
iC

q
iC

q
L

t
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−

=        (2.64) 

 
Substituting q = qp and yo = yp into Eqs. (2.7) and (2.27) give: 

 
o

pop yq βα=         (2.65) 

 
and 

 
1−= o

pook yc ββα         (2.66) 

 
Substituting Eqs. (2.65) and (2.66) into Eq. (2.64) gives: 

 

1−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
−

=
o

o

poo

r

u

r

po
o

d y

iC
q

iC
y

L

t β

β

βα

α

      (2.67) 

 
Substituting yo = y p and t = t r into Eq. (2.50) gives: 
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rr
o

u
p itCqy

o

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

β

α

1

       (2.68) 

 
Substituting Eq. (2.68) into Eq. (2.67) and rearranging gives the equation for the duration of 
partial equilibrium discharge for a plane with upstream inflow: 

 
1

11

o
o

o
o

u
r o u o r r

o

d

u
o o r r r

o

qC iL q C it

t
qC i C it

ββ

ββ

α
α

α β
α

−

⎡ ⎤⎛ ⎞
⎢ ⎥+ − +⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦=

⎡ ⎤⎛ ⎞
⎢ ⎥+⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦

     (2.69) 

 
For a plane with zero upstream inflow (qu = 0), Eq. (2.69) reduces to: 
 

( )
( ) 1

1

−

−−
=

o

oo

rroo

rroo
d itC

tiCL
t β

ββ

βα
α

       (2.70) 

 
Substituting Eq. (2.36) into Eq. (2.70) gives td in terms of to: 

 

1−

−
=

o

oo

ro

ro
d t

tt
t β

ββ

β
        (2.71) 

 
The duration of partial equilibrium discharge, td, for a plane without and for a plane with 

upstream inflow are shown in figures 2.3 and 2.4, respectively. 
 
 

2.15. HYDROGRAPH – EQUILIBRIUM PHASE  
 
As shown in figures 2.3 and 2.4, the hydrograph may reach partial equilibrium or 

equilibrium depending on the duration of rainfall tr. If tr < to, the hydrograph reaches partial 
equilibrium with a constant discharge qp. If tr ≥ to, the hydrograph reaches equilibrium with a 
constant discharge qe. 

 
 

2.15.1. Partial Equilibrium Discharge 
 
Substituting t = tr (where tr < to) into Eq. (2.51) gives the equation for the partial 

equilibrium discharge for a plane with upstream inflow: 
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o
o

rr
o

u
op itC

q
q

ββ

α
α

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

1

      (2.72) 

 
which is valid for tr ≤ t ≤ (tr + td). 

For a plane with zero upstream inflow (qu = 0), Eq. (2.72) reduces to: 
 

( ) o
rrop itCq βα=         (2.73) 

 
 

2.15.2. Equilibrium Discharge 
 
Substituting t = to into Eq. (2.51) gives the equilibrium discharge qe: 
 

o
o

or
o

u
oe itC

q
q

ββ

α
α

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

1

      (2.74) 

 
which is valid for to ≤ t ≤ tr. Substituting Eq. (2.35) into Eq. (2.74) gives the equation for the 
equilibrium discharge for a plane with upstream inflow: 
 

orue iLCqq +=         (2.75) 
 
For a plane with zero upstream inflow (qu = 0), Eq. (2.75) reduces to: 
 

ore iLCq =         (2.76) 
 
 

2.16. WATER SURFACE PROFILE – EQUILIBRIUM PHASE  
 
As shown in figure 2.7, the curve O-Ou-B-D is the equilibrium water surface profile. 

Substituting Eq. (2.1) into Eq. (2.7) gives the equation for the profile between –Lu ≤  xo ≤ Lo : 
 

o1

o

oru
o

ixCqy
β

α ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
=        (2.77) 

 
Equation (2.77) is identical to Eq. (2.55) because the equilibrium profile and the partial 
equilibrium profile are identical for -Lu ≤  xo ≤  Lp (figure 2.7).  

For a plane with zero upstream inflow (qu = 0), Eq. (2.77) reduces to: 
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o

o

or
o

ixC
y

β

α

1

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=         (2.78) 

 
Equation (2.78) is the equation for the curve O-B-D in figure 2.6, which is valid for 0 ≤  xo 
≤  Lo. 

 
 

2.17. EQUILIBRIUM DETENTION STORAGE 
 
The amount of water that is detained under the equilibrium condition is known as the 

equilibrium detention storage (Wong and Li 2000). As the equilibrium detention storage can 
be evaluated from a water surface profile or from a rising phase of a hydrograph, the general 
formula for the equilibrium detention storage of an overland plane with upstream inflow is 
derived using both approaches. 

 
 

2.17.1. Water Surface Profile Approach 
 
Rearranging Eq. (2.3) gives 
 

uru iLCq =         (2.79) 
 

Substituting Eq. (2.79) into Eq. (2.55) gives: 
 

( ) o

o

our
o

xLiC
y

β

α

1

⎥
⎦

⎤
⎢
⎣

⎡ +
=        (2.80) 

 
As shown in figure 2.8, integrating Eq. (2.80) from -Lu to Lo for xo gives the equilibrium 

detention storage, Deuo, for an overland plane of length (Lu + Lo), which is the shaded areas A 
and B: 

 

( )( ) oo

o

ou
o

r

o

o
euo LLiCD ββ

β

αβ
β /1

/1

1
++⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=      (2.81) 

 
Similarly, integrating Eq. (2.80) from -Lu to 0 for xo gives the equilibrium detention storage, 
Deu, for an overland plane of length Lu, which is the shaded area A in figure 2.8: 

 

( ) oo

o

u
o

r

o

o
eu L

iC
D ββ

β

αβ
β /1

/1

1
+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=       (2.82) 
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The difference between Eqs. (2.81) and (2.82) is the equilibrium detention storage, Deo, for an 
overland plane of length Lo, which is the shaded area B in figure 2.8: 

 

( )( ) ( )[ ]oooo

o

uou
o

r

o

o
eo LLLiCD ββββ

β

αβ
β /1/1

/1

1
++ −+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=    (2.83) 

 
Substituting Eq. (2.3) into Eq. (2.83) gives the equation for the equilibrium detention storage 
for a plane with upstream inflow (Wong and Li 2000): 

 

( )
( )( ) ( )[ ]oooo

o uoru
roo

o
eo qiLCq

iC
D ββββ

βαβ
β /1/1

/11
++ −+

+
=    (2.84) 

 
For a plane with zero upstream inflow (i.e. qu = 0), Eq. (2.84) reduces to: 
 

( ) oo

o

o
o

r

o

o
eo LiCD ββ

β

αβ
β /1

/1

1
+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=       (2.85) 

 

 

Figure 2.8. Determination of Equilibrium Detention Storage using Water Surface Profile Approach for a 
Plane with Upstream Inflow. 

 
2.17.2. Hydrograph Approach 

 
Similar to the derivation using the water surface profile, the upstream inflow, qu, is 

considered to be produced by an upstream plane with a time of concentration, tu, subject to 
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rainfall intensity, i. Substituting q = qu and t = tu in Eq. (2.52) gives the upstream inflow, qu, in 
terms of tu as follows: 

 

( ) o
urou tiCq βα=

        (2.86) 
 

Rearranging Eq. (2.86) gives the time of concentration tu in terms of qu: 
 

o

o

or

u
u iC

q
t β

β

α /1

/1

=
        (2.87) 

 
Equation (2.87) can also be derived by substituting Eq. (2.3) into Eq. (2.37). As shown in 
figure 2.9, integrating (qe - q) from -tu to to for t gives the equilibrium detention storage, Deuo, 
for an overland plane of length (Lu + Lo), which is the shaded areas A and B: 

 

( )∫−
−= o

u

t

t eeuo dtqqD        (2.88) 

 
Substituting Eqs. [(2.2), (2.35), (2.51) and (2.87)] into Eq. (2.88) and integrating gives: 

 

( )( ) oo

o oru
oro

o
euo iLCq

iC
D ββ

βαβ
β /1

/1

1
1

++⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=
    (2.89) 

 
Similarly, by integrating (qu - q) from -tu to 0 gives the equilibrium detention storage, Deu, for 
an overland plane of length, Lu, which is the shaded area A in figure 2.9: 

 

( )∫−
−=

0

ut
ueu dtqqD        (2.90) 

 
Substituting Eqs. [(2.51), (2.86) and (2.87)] into Eq. (2.90) and integrating gives: 

 

( ) oo

o u
oro

o
eu q

iC
D ββ

βαβ
β /1

/1

1
1

+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=      (2.91) 

 
The difference between Eqs. (2.89) and (2.91) is the equilibrium detention storage, Deo, for an 
overland plane of length, Lo, which is Eq. (2.84). It is the shaded area B in figure 2.9. 
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Figure 2.9. Determination of Equilibrium Detention Storage using Hydrograph Approach for a Plane 
with Upstream Inflow. 

 
2.18. WATER SURFACE PROFILE - FALLING PHASE 

 
During the falling phase, rainfall ceases (i.e. i = 0 for 0 ≤ xo ≤ Lo), Eq. (2.49) becomes 

(Henderson and Wooding 1964, Overton and Meadows 1976): 
 

0=
dt

dyo          (2.92) 

 
Integrating Eq. (2.92) gives: 

 
yo = constant        (2.93) 
 

Equation (2.93) signifies that water flows out at constant depth. The celerity at which the 
water flows out is governed by the kinematic wave celerity, ck (Eq. 2.27). Figure 2.10 shows 
the successive water surface profiles during the falling phase for a plane without upstream 
inflow. Curve O-D is the equilibrium profile at t = tr ≥ to, which is identical to the curve O-B-
D in figure 2.6. After a time increment at t = tr + ∆t, the profile falls and becomes curve O-C. 
During the time increment ∆t, the water particle a1 travels a distance ∆xo to a2 at constant flow 
depth. The distance, ∆xo, between points a1 and a2 can be derived from the kinematic wave 
celerity, ck. Rearranging Eq. (2.27) gives: 

 

tyx o
oooo Δ=Δ −1ββα        (2.94) 
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The distance between points b1 and b2 is also given by Eq. (2.94). Since the flow depth for the 
b points are larger than those for the a points, the corresponding wave celerity, ck, is greater, 
and the corresponding distance ∆xo is therefore longer, as shown in figure 2.10. At t > tr + ∆t, 
the profile falls further and becomes curve O-B. Finally, at t >> tr + ∆t, when all the water 
flows out of the plane, the profile falls to the line O-A, which is identical to that in figure 2.6. 

 

 

Figure 2.10. Successive Water Surface Profiles during Falling Phase for a Plane without Upstream 
Inflow. 

Further, figure 2.11 shows the successive water surface profiles for a plane with a 
constant upstream inflow during the falling phase. The curve O-Ou-G-D is the equilibrium 
profile at time tr, which is identical to curve O-Ou-B-D in figure 2.7. If the rainfall stops over 
the entire length (Lu + Lo), after a time interval ∆t, the water surface profile falls and becomes 
curve O-E-C. However, since the upstream inflow is constant, the curve O-Ou is fixed. Hence, 
only the curve Ou-G-D falls. At time t = tr + ∆t, the water surface profile on the plane with a 
constant upstream inflow is the curve Ou-E-C, and the curve O-E does not exist. At time t > tr 

+ ∆t, the water surface profile falls further and becomes the curve Ou-E-F-B. Finally, at time t 
>> tr + ∆t, the discharge reduces to the upstream discharge qu. The water surface profile is the 
line Ou-E-F-A, which is identical to the line Ou-A in figure 2.7. 
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Figure 2.11. Successive Water Surface Profiles during Falling Phase for a Plane with Upstream Inflow. 

As shown in figure 2.11, at time tr, the distance xo of any point on the equilibrium profile 
(curve O-Ou-G-D) can be expressed in terms of flow depth yo by substituting Eq. (2.7) into 
Eq. (2.1): 

 

iC
qy

x
r

uoo
o

o −
=

βα
        (2.95) 

 
Integrating Eq. (2.27) from (αo

o
oyβ - qu)/Cri (Eq. 2.95) to xo for xo and from tr to t for t gives 

the equation for the curve O-E-C: 
 

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
+−= −

iC
qyttyx

r

uoo
roooo

o
o

β
β αβα 1      (2.96) 

 
For a plane with a constant upstream inflow, Eq. (2.96) is only valid for Lf ≤ xo ≤ Lo, where Lf 
= length of plane in which the flow is equal to upstream inflow during the falling phase. For 
the profile between 0 ≤ xo ≤ Lf, it is the line Ou-E, i.e. 

 
o

o

u
uo

qyy
β

α

1

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
==        (2.97) 

 
Substituting yo = yu and xo = Lf into Eq. (2.96) gives the equation for Lf in terms of yu: 
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( )ruoof ttyL o −= −1ββα        (2.98) 

 
Substituting Eq. (2.97) into Eq. (2.98) gives the equation for Lf in terms of qu: 

 
( ) ( )ruoof ttqL ooo −= − βββ βα 11       (2.99) 

 
For a plane with zero upstream inflow (qu = 0), Eq. (2.96) reduces to (Wong 2008a): 
 

( ) ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+−= −

iC
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r
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roooo

o
o

β
β αβα 1       (2.100) 

 
which is valid for 0 ≤ xo ≤ Lo (figure 2.10). Equations (2.96)-(2.100) are only valid for t ≥ tr.  

 
 

2.18.1. Inflection Line 
 
As shown in figure 2.10, the equilibrium water surface profiles (curve O-D) is concave 

downwards, while the water surface profile at time t > tr + ∆t (curve O-B) is concave 
upwards. Similarly, in figure 2.11, the curve O-Ou-D is concave downwards, and the curve O-
F-B is concave upwards. The equation for the inflection line can be derived by first obtaining 
the second derivative of Eq. (2.95) with respect to yo: 

 

( )( ) ( ) ( )
⎥
⎦

⎤
⎢
⎣

⎡ −
+−−−= −− 23

2

2 121 oo
o

r

ooo
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o

o y
iC

tty
dy

xd ββ ββαβββα   (2.101) 

 
Next, by equating Eq. (2.101) to zero, and equating yo = yi results in: 

 
( )( ) iCtty rroi −−= β2        (2.102) 

 
where y i = flow depth of the inflection point. Substituting Eq. (2.102) into Eq. (2.96) and 
equating xo = xi and yo = yi gives the equation for the inflection line for a plane with upstream 
inflow: 
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      (2.103) 

 
where x i = distance xo of the inflection point.  

For a plane with zero upstream inflow (qu = 0), Eq. (2.103) reduces to (Wong 2008a): 
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o
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       (2.104) 

 
Equations (2.103) and (2.104) have been superimposed respectively onto figures 2.10 and 

2.11 as dashed lines which are labeled as an inflection line. 
 
 

2.19. HYDROGRAPH - FALLING PHASE 
 
As shown by Eq. (2.93), during the falling phase, water flows out at constant depth. 

Hence, the water particle at G flows out to C at constant depth (figure 2.11). The time 
required for the water particle to flow from G to C is in fact the same as the duration of partial 
equilibrium discharge, td, as shown in figure 2.4. Substituting td = t – tr and qp = q into Eq. 
(2.64) gives: 

 

k

r

u
o

r c
iC
qq

L
tt

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−

=−        (2.105) 

 
Equation (2.105) may also be derived by integrating Eq. (2.26) from tr to t (where t ≥ tr) for t 
and from [(q-qu)/Cri] to Lo for xo. Since the discharge on the overland plane cannot be less 
than upstream discharge, Eq. (2.105) is only valid for q ≥ qu. Substituting Eq. (2.28) into Eq. 
(2.105) gives the equation for the falling phase (falling limb) of the hydrograph, which is only 
valid for q ≥ qu: 

 

( )[ ] r
oo

r

u
o

t
q

iC
qq

L

t
oo

+
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ −
−

=
− ββαβ 111        (2.106) 

 
For a plane with zero upstream inflow (qu = 0), Eq. (2.106) reduces to: 
 

( )[ ] r
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Figures 2.3 and 2.4 show the falling phase (falling limb) of an equilibrium and a partial 

equilibrium runoff hydrograph for a plane without and for a plane with upstream inflow, 
respectively. 
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Chapter 3 
 
 
 

3. WORKING FORMULAS FOR FLOW  
ON OVERLAND PLANE 

 
 
In this Chapter, based on the Manning’s equation, the kinematic wave parameters for 

flow on an overland plane are derived. By applying these parameters to the general formulas 
in Chapter 2, working formulas for the flow depth, flow velocity, average flow velocity, wave 
celerity, average wave celerity, time of concentration, design discharge, rising and falling 
phases of hydrograph, forward characteristic, rising, equilibrium and falling phases of water 
surface profiles, duration of partial equilibrium discharge, and equilibrium detention storage 
are also derived. 

 
 

3.1. KINEMATIC WAVE PARAMETERS 
 
The Manning’s equation is defined as: 
 

n
SAR

Q
2132

=         (3.1) 

 
where Q = discharge, A = cross-sectional flow area, R = hydraulic radius, S = bed slope and n 

= Manning’s roughness coefficient. The hydraulic radius, R, is related to the flow area, A, as 
follows: 

 

P
AR =          (3.2) 

 
where P = wetted perimeter.  

By considering the overland plane as a rectangular channel, the flow area, A, and the 
wetted perimeter, P, are related to the flow depth, yo, as follows: 

 

owyA =          (3.3) 
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oywP 2+=         (3.4) 
 

Substituting Eqs. (3.3) and (3.4) into Eq. (3.2) gives: 
 

o

o

yw
wy

R
2+

=         (3.5) 

 
Since overland flow depth is usually small as compared to the width of the overland 

plane, Eq. (3.5) reduces to: 
 

o
o

o y

w
y

y
R =

+
=

2
1

         (3.6) 

 
Substituting Eqs. (3.3) and (3.6) and Q = Qo, S = So, n = no into Eq. (3.1) gives: 

 

35
21
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o wy

n
S

Q ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=        (3.7) 

 
where Qo = discharge of the overland plane, and no = Manning’s roughness coefficient of the 
overland surface. Dividing Eq. (3.7) by w gives the discharge per unit width of the overland 
plane, q: 
 

35
21

o
o

o y
n

Sq ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=         (3.8) 

 
A comparison of Eq. (3.8) with Eq. (2.7) gives the kinematic wave parameters (Chen and 
Evans 1977): 

 

o

o
o n

S 21

=α          (3.9) 

 

3
5

=oβ
         (3.10) 

 
 

3.2. FLOW DEPTH 
 
Rearranging Eq. (3.8) gives the equation for the flow depth for a plane with and without 

upstream inflow: 
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53

21 ⎟⎟
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o
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qny         (3.11) 

 
 

3.3. FLOW VELOCITY 
 
Substituting Eqs. (3.9) and (3.10) into Eq. (2.12) gives the equation for the flow velocity 

along the equilibrium profile for a plane with upstream inflow: 
 

( ) 526
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1063002380 oru
o

o ixCqx.
n

S.v +⎟⎟
⎠

⎞
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⎝

⎛
=     (3.12) 

 
For a plane with zero upstream inflow (qu = 0), Eq. (3.12) reduces to: 
 

( ) 52
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3.4. AVERAGE FLOW VELOCITY 
 
Substituting Eqs. (3.9) and (3.10) into Eq. (2.15) gives the equation for the average flow 

velocity for a plane with upstream inflow: 
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For a plane with zero upstream inflow (qu = 0), Eq. (3.14) reduces to: 
 

( ) 52
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o

o
av iLC

n
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⎞
⎜⎜
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⎛
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3.5. KINEMATIC WAVE CELERITY 
 
Substituting Eqs. (3.9) and (3.10) into Eq. (2.29) gives the equation for the kinematic 

wave celerity along the equilibrium profile for a plane with upstream inflow: 
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( ) 526
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o

o
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n
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For a plane with zero upstream inflow (qu = 0), Eq. (3.16) reduces to: 
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3.6. AVERAGE WAVE CELERITY 
 
Substituting Eqs. (3.9) and (3.10) into Eq. (2.32) gives the equation for the average wave 

celerity for a plane with upstream inflow: 
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For a plane with zero upstream inflow (qu = 0), Eq. (3.18) reduces to: 
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3.7. TIME OF CONCENTRATION 
 
Substituting Eqs. (3.9) and (3.10) into Eq. (2.35) gives the equation for the time of 

concentration for a plane with upstream inflow: 
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For a plane with zero upstream inflow (qu = 0), Eq. (3.20) reduces to (Woolhiser and 

Liggett 1967): 
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3.8. DESIGN DISCHARGE 
 
Substituting Eqs. (3.9) and (3.10) into Eq. (2.43) gives the equation for the design 

discharge per unit area of the plane for a plane with zero upstream inflow: 
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3.9. HYDROGRAPH - RISING PHASE 
 
Substituting Eqs. (3.9) and (3.10) into Eq. (2.51) gives the equation for the rising phase 

(rising limb) of a hydrograph for a plane with upstream inflow: 
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For a plane with zero upstream inflow (qu = 0), Eq. (3.23) reduces to:  
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Equations (3.23) and (3.24) are valid for t ≤ to. 
 
 

3.10. FORWARD CHARACTERISTIC - RISING PHASE 
 
Substituting Eqs. (3.9) and (3.10) into Eq. (2.53) gives the equation for the forward 

characteristic for a plane with upstream inflow: 
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For a plane with zero upstream inflow (qu = 0), Eq. (3.25) reduces to:  
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3.11. WATER SURFACE PROFILE - RISING PHASE 
 
Substituting Eqs. (3.9) and (3.10) into Eq. (2.55) gives the equation for the rising phase of 

the water surface profile for a plane with upstream inflow, which is valid for 0 ≤ xo ≤ Lp: 
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Substituting Eqs. (3.7) and (3.8) into Eq. (2.56) gives the equation for the rising phase of 

the water surface profile for a plane with upstream inflow, which is valid for Lp ≤ xo ≤ Lo. 
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From Eq. (2.57), the distance Lp is: 
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For a plane with zero upstream inflow (qu = 0), Eqs. (3.27)-(3.29) reduce to: 
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which is valid for 0 ≤  xo ≤  Lp,  
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which is valid for Lp ≤ xo ≤ Lo, and 
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3.12. DURATION OF PARTIAL EQUILIBRIUM DISCHARGE 
 
Substituting Eqs. (3.9) and (3.10) into Eq. (2.69) gives the equation for the duration of 

partial equilibrium discharge for a plane with upstream inflow: 
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For a plane with zero upstream inflow (qu = 0), Eq. (3.33) reduces to: 
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3.13. HYDROGRAPH - EQUILIBRIUM PHASE 
 
As shown in figures 2.3 and 2.4, the hydrograph may reach partial equilibrium or 

equilibrium depending on the duration of rainfall tr. If tr < to, the hydrograph reaches partial 
equilibrium with a constant discharge qp. If tr ≥ to, the hydrograph reaches equilibrium with a 
constant discharge qe. 

 
 

3.13.1. Partial Equilibrium Discharge 
 
Substituting Eqs. (3.9) and (3.10) into Eq. (2.72) gives the equation for the partial 

equilibrium discharge for a plane with upstream inflow: 
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For a plane with zero upstream inflow (qu = 0), Eq. (3.35) reduces to: 
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Equations (3.35) and (3.36) are valid for tr ≤ t ≤ (tr + td). 
 
 

3.13.2. Equilibrium Discharge 
 
From Eq. (2.75), the equation for the equilibrium discharge for a plane with upstream 

inflow is: 
 

61063 ×
+=

.
iLCqq or

ue        (3.37) 

 
For a plane with zero upstream inflow (qu = 0), Eq. (3.37) reduces to: 
 

61063 ×
=

.
iLC
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Equations (3.37) and (3.38) are valid for to ≤ t ≤ tr. 
 
 

3.14. WATER SURFACE PROFILE - EQUILIBRIUM PHASE 
 
Substituting Eqs. (3.9) and (3.10) into Eq. (2.77) gives the equation for the equilibrium 

water surface profile for a plane with upstream inflow between 0 ≤ xo ≤ Lo: 
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For a plane with zero upstream inflow (qu = 0), Eq. (3.39) reduces to: 
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which is also valid for 0 ≤  xo ≤ Lo. 

 
 

3.15. EQUILIBRIUM DETENTION STORAGE 
 
Substituting Eqs. (3.9) and (3.10) into Eq. (2.84) gives the equation for the equilibrium 

detention storage for a plane with upstream inflow: 
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For a plane with zero upstream inflow (qu = 0), Eq. (3.41) reduces to: 
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3.16. WATER SURFACE PROFILE - FALLING PHASE 
 
Substituting Eqs. (3.9) and (3.10) into Eq. (2.96) gives the equation for the falling phase 

of the water surface profile for a plane with upstream inflow, which is valid for Lf ≤ xo ≤ Lo: 
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⎥
⎥
⎥
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6
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10630100   (3.43) 

 
From Eq. (2.97), the equation for the profile between 0 ≤ xo ≤ Lf, is: 

 

( )
53

6
21

3 1063101160 ⎥
⎦

⎤
⎢
⎣

⎡
×⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
×= −

u
o

o
o q.

S
n.y      (3.44) 

 
Substituting Eqs. (3.9) and (3.10) into Eq. (2.99) gives the equation for the distance Lf for a 
plane with upstream inflow, which is valid for t ≥ tr: 

 

( ) ( )ru
o

o
f ttq.

n
S.L −×⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

526
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10632380      (3.45) 

 
For a plane with zero upstream inflow (qu = 0), Eq. (3.43) reduces to: 
 

( ) ⎥
⎦

⎤
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⎣
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6
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which is valid for 0 ≤  xo ≤ Lo, and t ≥ tr. 
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3.17. HYDROGRAPH - FALLING PHASE 
 
Substituting Eqs. (3.9) and (3.10) into Eq. (2.106) gives the equation for the falling phase 

(falling limb) of a hydrograph for a plane with upstream inflow. 
 

( )
r

r

uor
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o t
iqC

qq.iLC
S
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⎠

⎞
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⎝

⎛
= 52
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106301000    (3.47) 

 
For a plane with zero upstream inflow (qu = 0), Eq. (3.47) reduces to: 
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Chapter 4 
 
 
 

4. GENERAL FORMULAS FOR  
FLOW IN OPEN CHANNEL 

 
 
In this Chapter, based on the kinematic wave theory, the general formulas for flow area; 

flow velocity; average flow velocity; wave celerity; average wave celerity; time of travel; 
rising, equilibrium and falling phases of hydrograph; forward characteristic; rising, 
equilibrium and falling phases of flow area profiles; duration of partial equilibrium discharge; 
and equilibrium detention storage for flow in an open channel are derived. 

 
 

4.1. FLOW CONDITIONS 
 
Consider an open channel of length Lc, subject to a uniformly distributed lateral inflow 

qL, and with a constant upstream inflow Qu, the discharge in channel, Qc, along the 
equilibrium water surface profile of the channel is: 

 

cLuc xqQQ +=         (4.1) 
 

where xc = distance along the channel in the direction of flow. Substituting xc = Lc into 
Eq. (4.1) gives the discharge Qe at the end of the channel at equilibrium, i.e. 
 

cLue LqQQ +=         (4.2) 
 
Further, the upstream inflow, Qu, can be considered to be contributed by an imaginary 

channel of length Lu, which is situated immediately upstream of the channel of length Lc. This 
imaginary upstream channel is also subject to a uniformly distributed lateral inflow qL, but 
with zero upstream inflow. At the outlet point of this upstream channel and at equilibrium, the 
discharge is Qu. Substituting Qe = Qu, Qu = 0 and Lc = Lu into Eq. (4.2) gives the length of the 
upstream channel, Lu, in terms of the upstream inflow, Qu, as follows: 

 

L

u
u q

Q
L =          (4.3) 
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Figure 4.1 shows the upstream channel, the open channel, and the equilibrium water 
surface profile. 

 

 

Figure 4.1. Upstream and Open Channels with Equilibrium Water Surface Profile. 

 
4.2. DYNAMIC WAVE EQUATIONS 

 
The mechanics of unsteady open channel flow with a lateral inflow contribution can be 

expressed mathematically by the Saint Venant equation. Derived from the principles of 
continuity and momentum, the equations are (Chow et al 1988): 

 

L
c

cc q
x
Q

t
A

=
∂
∂

+
∂

∂
        (4.4) 

 

( ) 011 2

=−−
∂
∂

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

+
∂

∂
fc

c

c

c

c

cc

c

c

SS
x
y

A
Q

xgAt
Q

gA
    (4.5) 

 
where Ac = channel flow area, t = time, g = acceleration due to gravity, Sc = channel bed slope 
and Sf = friction slope. The assumptions inherent in Eqs. (4.4) and (4.5) are (DeVries and 
MacArthur 1979): 

 
1. The flow is one dimensional (i.e. velocity varies in the longitudinal direction only). 

This implies that the velocity is constant and the water surface is horizontal across 
any section perpendicular to the longitudinal axis. 

2. All flows are gradually varied with hydrostatic pressure prevailing at all points in the 
flow such that all vertical acceleration within the water column can be neglected. 
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3. The longitudinal axis of the channel can be approximated by a straight line (i.e. there 
is no secondary circulation). 

4. The slope of the channel bed is small. 
5. The bed of the channel is fixed (i.e. the effects of scour and deposition are 

negligible). 
6. Resistance to flow can be described by empirical resistance formulas, such as 

Manning’s equation. 
7. The fluid is incompressible and homogeneous in density. 
8. The momentum carried to the fluid from the lateral inflow is negligible. 
 
The momentum equation (Eq. 4.5) consists of five terms, namely local acceleration, 

convective acceleration, pressure force, gravity force and friction force, each representing a 
physical process that governs the flow momentum described as follows: 

 
1. The acceleration terms represent the effect of velocity change over time and space. 
2. The pressure force term represents the effect of flow depth change. 
3. The gravity force term Sc is proportional to the channel bed slope and accounts for 

the change in bed level. 
4. The friction force term Sf is proportional to the friction slope and accounts for the 

friction loss for the flow in an open channel. 
 
 

4.3. KINEMATIC WAVE EQUATIONS 
 
If the backwater effect is negligible and there is no rapid change in flow, the acceleration 

and pressure terms in Eq. (4.5) may be neglected (Stephenson 1981, Wong 1992), and the 
momentum equation reduces to: 

 
Sc = Sf         (4.6) 
 

Equations (4.4) and (4.6) are called the “kinematic wave equations”. Equation (4.6) shows 
that the channel bed slope is parallel to the friction slope, which means that the kinematic 
wave is under the uniform flow condition. Hence, Eq. (4.6) can be replaced by the general 
uniform flow equation, which is: 

 
c

ccc AQ βα=         (4.7) 
 

where αc and βc = kinematic wave parameters relating Qc to Ac. 
 
 

4.4. FLOW AREA 
 
Rearranging Eq. (4.7) gives the equation for the flow area, Ac , in terms of the discharge, 

Qc , as follows: 
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c

c

c
c

QA
β

α

/1

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=         (4.8) 

 
 

4.5. FLOW VELOCITY 
 
From continuity, the flow velocity, v, is related to the channel discharge, Qc, as follows:  
 

c

c

A
Q

v =          (4.9) 

 
Substituting Eq. (4.7) into Eq. (4.9), the velocity, v, becomes:  

 
1−= c

cc Av βα         (4.10) 
 

Substituting Eq. (4.8) into Eq. (4.10) gives the equation for the velocity, v, in terms of 
channel discharge, Qc: 

 

( ) c
c

ccQv
β

βα
1

1−=         (4.11) 
 

Substituting Eq. (4.1) into Eq. (4.11) gives the equation for the flow velocity along the 
equilibrium profile for a channel with upstream inflow:  

 

( )[ ] cc
cLuc xqQv

ββα
11−+=        (4.12) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (4.12) reduces to: 
 

( )[ ] cc
cLc xqv

ββα
11−=        (4.13) 

 
 

4.6. AVERAGE FLOW VELOCITY 
 
Further, the average flow velocity, vav, over the length of the open channel, Lc, can be 

derived as follows: 
 

∫
=

cL

c

c
av

dx
v

Lv

0

1
        (4.14) 
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Substituting Eq. (4.12) into Eq. (4.14) and integrating (1/v) gives the equation for the average 
flow velocity for a channel with upstream inflow: 

 

( )[ ]cc

c

ucLuc

cLc
av QLqQ

Lq
v ββ

β

β
α

11

1

−+
=       (4.15) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (4.15) reduces to: 
 

( )[ ]c

c

1
cLc

cL
1

c
av Lq

Lqv β

β

β
α

=        (4.16) 

 
 

4.7. KINEMATIC WAVE CELERITY 
 
Differentiating Eq. (4.7) with respect to t gives: 
 

⎟
⎠
⎞

⎜
⎝
⎛

∂
∂

=
∂

∂ −

t
A

A
t

Q c
ccc

c c 1ββα        (4.17) 

 
Rearranging Eq. (4.17) gives: 

 

⎟
⎠
⎞

⎜
⎝
⎛

∂
∂

=
∂

∂
− t

Q
At

A c

ccc

c
c 1

1
ββα

       (4.18) 

 
Substituting Eq. (4.18) into Eq. (4.4), the continuity equation becomes:  

 

L
c
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q
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A c
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⎟
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⎞

⎜
⎝
⎛

∂
∂
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1
ββα

     (4.19) 

 
Kinematic waves result in changes in Qc which is dependent on both xc and t, and the 

increment in flow rate dQc can be written as: 
 

c
c

cc
c dx

x
Q

dt
t

Q
dQ

∂
∂

+
∂

∂
=        (4.20) 

 
Dividing Eq. (4.20) by dxc: 
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⎦
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      (4.21) 
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If 
 

c

c
L dx

dQ
q =          (4.22) 

 
and 

 

1

1
−=

c
cccc Adx

dt
ββα

        (4.23) 

 
then Eq. (4.19) and Eq. (4.21) are identical. Differentiating Eq. (4.7) with respect to Ac: 

 

1−= c
ccc

c

c A
dA
dQ ββα         (4.24) 

 
Comparing Eq. (4.23) and Eq. (4.24) gives: 

 

dt
dx

dA
dQ c

c

c =         (4.25) 

 
Since kinematic wave celerity, ck, is:  
 

dt
dx

c c
k =          (4.26) 

 
Substituting Eq. (4.25) into Eq. (4.26) gives: 

 
1−=== c

ccc
c

cc
k A

dA
dQ

dt
dx

c ββα       (4.27) 

 
Substituting Eq. (4.8) into Eq. (4.27) gives: 

 

( ) cc
ccck Qc

ββαβ
/11−=        (4.28) 

 
Substituting Eq. (4.1) into Eq. (4.28) gives the equation for the wave celerity along the 
equilibrium profile for a channel with upstream inflow: 

 

( )[ ] cc
cLucck xqQc

ββαβ
/11−+=       (4.29) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (4.29) reduces to: 
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( )[ ] cc
cLcck xqc

ββαβ
/11−=        (4.30) 

 
 

4.8. AVERAGE WAVE CELERITY 
 
The average wave celerity, cav, over the channel length, Lc, can be derived as follows: 
 

∫
=

cL

c
k

c
av

dx
c

Lc

0

1
        (4.31) 

 
Substituting Eq. (4.29) into Eq. (4.31) and integrating (1/ck) gives the equation for the average 
wave celerity for a channel with upstream inflow: 

 

( ) cc

c

/
u

/
cLu

cL
/

c
av QLqQ

Lqc ββ

βα
11

1

−+
=       (4.32) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (4.32) reduces to:  
 

( )[ ] cc
cLcav Lqc

ββα
/11−=        (4.33) 

 
 

4.9. TIME OF TRAVEL 
 
The time of travel in channel, tt, can be obtained by dividing channel length, Lc, by the 

average wave celerity, cav, as follows: 
 

av

c
t c

Lt =          (4.34) 

 
Substituting Eq. (4.32) into Eq. (4.34) gives the equation for the time of travel for a channel 
with upstream inflow, (Wong 2001): 

 

( )
⎥
⎥
⎦

⎤

⎢
⎢
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⎡ −+
=

L

/
u

/
cLu

/
c

t q
QLqQ

t
cc

c

ββ

βα

11

1

1
     (4.35) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (4.35) reduces to, (Wooding 1965, 

Wong and Chen 1989):  
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c

c
Lc

c
t q

Lt
β

βα

/1

1 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= −         (4.36) 

 
Further, for the upstream channel of length Lu, substituting Lc = Lu into Eq. (4.36) gives the 
time of travel, tu, of the upstream channel: 

 
c

c
Lc

u
u q

Lt
β

βα

/1

1 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= −        (4.37) 

 
 

4.10. HYDROGRAPH - RISING PHASE 
 
Expanding the partial derivative, ( )cc xQ ∂∂ , into total derivative results in: 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

=
∂
∂

c

c

c

c

c

c

x
A

dA
dQ

x
Q

       (4.38) 

 
Substituting Eq. (4.27) into Eq. (4.38) gives: 

 

c

c
k

c

c

x
Ac

x
Q

∂
∂

=
∂
∂

        (4.39) 

 
Substituting Eq. (4.39) into Eq. (4.4) gives: 

 

L
c

c
k

c q
x
Ac

t
A

=
∂
∂

+
∂

∂
        (4.40) 

 
Differentiating Ac with respect to xc and t: 

 

c
c

cc
c dx

x
Adt

t
AdA

∂
∂

+
∂

∂
=        (4.41) 

 
Dividing Eq. (4.41) by dt and substituting Eq. (4.27) into it: 

 

c

c
k

cc

x
A

c
t

A
dt

dA
∂
∂

+
∂

∂
=        (4.42) 

 
Comparing Eqs. (4.40) and (4.42) gives: 
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L
c q

dt
dA

=          (4.43) 

 

Integrating Eq. (4.43) from ( ) c
cuQ βα /1 to Ac for Ac and 0 to t (where t ≤ tt) for t gives: 

 

tqQA L

/

c

u
c

c

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

β

α

1

       (4.44) 

 
Substituting Eq. (4.44) into Eq. (4.7) gives the equation for the rising phase (rising limb) of 
the hydrograph for a channel with upstream inflow for t ≤ tt: 

 
c

c

tqQQ L

/

c

u
cc

ββ

α
α

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

1

      (4.45) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (4.45) reduces to:  
 

c)tq(Q Lcc
βα=         (4.46) 

 
Figures 4.2 and 4.3 show the rising phase (rising limb) of an equilibrium and a partial 

equilibrium runoff hydrographs for a channel without and for a channel with upstream inflow, 
respectively. If the hydrographs in figure 4.3 are shifted by a distance tu to the right, they 
become the same as those in figure 4.2. 

 

 

Figure 4.2. Equilibrium and Partial Equilibrium Runoff Hydrographs for a Channel without Upstream 
Inflow. 
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Figure 4.3. Equilibrium and Partial Equilibrium Runoff Hydrographs for a Channel with Upstream 
Inflow. 

 
 

4.11. FORWARD CHARACTERISTIC - RISING PHASE 
 
Substituting Eq. (4.1) into Eq. (4.45) gives the equation for the forward characteristic for 

a channel with upstream inflow: 
 

( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ −+
=

L

/
u

/
cLu

/
c q

QxqQ
t

cc

c

ββ

βα

11

1

1
     (4.47) 

 
The forward characteristic traces the time it takes for the wave to travel downstream. With the 
kinematic wave equations (Eqs. 4.4 and 4.6), there is no backward characteristic, and this is 
why the kinematic wave approximation cannot simulate the backwater effect (Section 4.3).  

For a channel with zero upstream inflow (Qu = 0), Eq. (4.47) reduces to:  
 

c

c
Lc

c

q
xt

β

βα

/1

1 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= −         (4.48) 

 
As shown in figure 4.4, the forward characteristic commences at the upstream end of the 

channel (xc = 0), the time it takes for the wave to travel the length of the channel, Lc, equals to 
the time of travel in channel, tt (Eqs. 4.35 and 4.36).  
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xc

t

tt (Eq. 4.36)

tt (Eq. 4.35)

Lc0  

Figure 4.4. Forward Characteristics for Channels without and with Upstream Inflow. 

 
4.12. FLOW AREA PROFILE - RISING PHASE 

 
Figure 4.5 shows the successive flow area profiles during the rising phase for a channel 

subject to a uniform lateral inflow only, without upstream inflow. At t = 0, the profile is the 
line O-A, corresponding to Qc = 0 and Ac = 0. At time interval 0 < t < tt, the flow depth 
increases and the profile becomes the curve O-B-C. This is a partial equilibrium profile 
corresponding to the partial equilibrium discharge, Qp. The length, Lp, contributes to the 
discharge, Qp, which corresponds to the flow area, Ap. Finally, at t ≥ tt, the flow area increases 
even further and the profile reaches equilibrium. The equilibrium profile is the curve O-B-D. 
The length, Lc, contributes to the equilibrium discharge, Qe, which corresponds to the flow 
area, Ae.  

 

 

Figure 4.5. Successive Flow Area Profiles during Rising Phase for a Channel without Upstream Inflow. 
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Figure 4.6 shows successive flow area profiles during the rising phase for a channel 
subject to a uniform lateral inflow and with a constant upstream inflow. The upstream inflow, 
Qu, which corresponds to the flow area, Au, is considered to be contributed by an upstream 
channel of length, Lu. Hence at t = 0, the water area profile is the curve O-Ou-A. At time 
interval 0 < t < tt, the flow area increases and the profile becomes the curve O-Ou-B-C. This 
is a partial equilibrium profile corresponding to the partial equilibrium discharge, Qp. The 
length (Lu + Lp) contributes to the discharge, Qp, which corresponds to the flow area, Ap. 
Finally, at t ≥ tt, the flow area increases even further and the profile reaches equilibrium. The 
equilibrium profile is the curve O-Ou-B-D. The length (Lu + Lc) contributes to the equilibrium 
discharge, Qe, which corresponds to the flow area, Ae.  

From figure 4.6, it is apparent that the flow area profile (curve O-Ou-B) within the length, 
(Lu + Lp), is identical to the equilibrium flow area profile (curve O-Ou-B-D). Substituting Eq. 
(4.1) into Eq. (4.7) gives the equation for the profile between –Lu ≤ xc ≤ Lp: 

 
c

c

cLu
c

xqQA
β

α

/1

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
=        (4.49) 

 
Substituting Ac = Ap and xc = Lp into Eq. (4.49) gives the equation for the profile between Lp 
≤ xc ≤ Lc: 

 
c

c

pLu
p

LqQ
A

β

α

/1

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
=        (4.50) 

 
Substituting Qc = Qp and xc = Lp into Eq. (4.1) gives the distance Lp: 

 

L

up
p q

QQ
L

−
=         (4.51) 

 
If the profiles in figure 4.6 are shifted by a distance, Lu, to the right, they become the 

same as those in figure 4.5 which are for a channel with zero upstream inflow (Qu = 0). For 
such a case, Eqs. (4.49)-(4.51) reduce to: 

 
c

c

cL
c

xq
A

β

α

/1

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=         (4.52) 

 
which is valid for 0 ≤ xc ≤  Lp, 

 
c

c

pL
p

Lq
A

β

α

/1

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=         (4.53) 
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which is valid for Lp ≤ xc ≤  Lc, and 
 

L

p
p q

Q
L =          (4.54) 

 
Equation (4.53) can also be derived by substituting Ac = Ap and xc = Lp into Eq. (4.52). 

 

 

Figure 4.6. Successive Flow Area Profiles during Rising Phase for a Channel with Upstream Inflow. 

 
4.13. DURATION OF PARTIAL EQUILIBRIUM DISCHARGE 

 
In figure 4.6, the curve O-Ou-B-C is the partial equilibrium flow area profile 

corresponding to the partial equilibrium discharge, Qp. The duration of the partial equilibrium 
discharge, td, is the time taken for the water particle to travel from B to C, and is therefore 
related to the length, Ld, and the kinematic wave celerity, ck, as follows: 

 

k

d
d c

Lt =          (4.55) 

 
As shown in figure 4.6, Ld is related to Lc as follows: 

 

pcd LLL −=         (4.56) 

 
Substituting Eq. (4.56) into Eq. (4.55) gives:  
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k

pc
d c

LL
t

−
=         (4.57) 

 
Substituting Eq. (4.51) into Eq. (4.57) gives: 

 

k

L

u

L

p
c

d c
q
Q

q
Q

L
t

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−

=        (4.58) 

 
Substituting Qc = Qp and Ac = Ap into Eqs. (4.7) and (4.27) gives: 

 
c

pcp AQ βα=         (4.59) 

 
and 
 

1−= c
pcck Ac ββα         (4.60) 

 
Substituting Eqs. (4.59) and (4.60) into Eq. (4.58) gives: 

 

1−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
−

=
c

c

p

L

u

L

pc
c

d A

q
Q

q
A

L

t β

β

αβ

α

      (4.61) 

 
Substituting Ac = Ap and t = tq into Eq. (4.44) gives: 

 

qL
c

u
p tqQA

c

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

β

α

1

       (4.62) 

 
where tq = duration of lateral inflow. Substituting Eq. (4.62) into Eq. (4.61) and rearranging 
gives the duration of partial equilibrium discharge for a channel with upstream inflow: 

 

1/1

/1

−

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−+

=
c

c

c
c

qL
c

u
Lcc

qL
c

u
cuLc

d

tqQq

tqQQqL

t ββ

ββ

α
βα

α
α

     (4.63) 
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For a channel with zero upstream inflow (Qu = 0), Eq. (4.63) reduces to: 
 

( ) 1

1

−

−−
=

c

cc

qLcc

qLcc
d tq

tqL
t β

ββ

βα
α

       (4.64) 

 
Substituting Eq. (4.36) into Eq. (4.64) gives td in terms of tt: 

 

1−

−
=

c

cc

qc

qt
d t

tt
t β

ββ

β
        (4.65) 

 
The duration of partial equilibrium discharge, td, for a channel without and for a channel 

with upstream inflow are shown in figures 4.2 and 4.3, respectively. 
 
 

4.14. HYDROGRAPH - EQUILIBRIUM PHASE 
 
As shown in figures 4.2 and 4.3, the hydrograph may reach partial equilibrium, or 

equilibrium depending on the duration of lateral inflow, tq. If tq < tt, the hydrograph reaches 
partial equilibrium with a constant discharge, Qp. If tq ≥ tt, the hydrograph reaches equilibrium 
with a constant discharge, Qe. 

 
 

4.14.1. Partial Equilibrium Discharge 
 
Substituting t = tq (where tq < tt) into Eq. (4.45) gives the equation for the partial 

equilibrium discharge for a plane with upstream inflow: 
 

c
c

qL

/

c

u
cp tq

Q
Q

ββ

α
α

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

1

      (4.66) 

 
which is valid for tq ≤ t ≤ (tq + td). 

For a channel with zero upstream inflow (Qu = 0), Eq. (4.66) reduces to:  
 

c)tq(Q qLcp
βα=         (4.67) 

 
 

4.14.2. Equilibrium Discharge 
 
Substituting t = tt into Eq. (4.45) gives the equilibrium discharge Qe: 
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c
c

tL

/

c

u
ce tq

Q
Q

ββ

α
α

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

1

      (4.68) 

 
which is valid for tt ≤ t ≤ tq. Substituting Eq. (4.35) into Eq. (4.68) gives the equation for the 
equilibrium discharge for a plane with upstream inflow: 

 

cLue LqQQ +=         (4.69) 
 
For a channel with zero upstream inflow (Qu = 0), Eq. (4.69) reduces to:  
 

cLe LqQ =          (4.70) 
 
 

4.15. FLOW AREA PROFILE - EQUILIBRIUM PHASE 
 
As shown in figure 4.6, the curve O-Ou-B-D is the equilibrium water surface profile. 

Substituting Eq. (4.1) into Eq. (4.7) gives the equation for the profile between -Lu ≤ xc ≤ Lc : 
 

c

c

cLu
c

xqQA
β

α

/1

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
=        (4.71) 

 
Equation (4.70) is identical to Eq. (4.49) because the equilibrium profile and the partial 
equilibrium profile are identical for -Lu ≤ xc ≤ Lp (figure 4.6).  

For a channel with zero upstream inflow (Qu = 0), Eq. (4.71) reduces to: 
 

c

c

cL
c

xq
A

β

α

/1

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=         (4.72) 

 
Equation (4.71) is the equation for the curve O-B-D in figure 4.5, which is valid for 0 ≤ xc 
≤ Lc. 

 
 

4.16. EQUILIBRIUM DETENTION STORAGE 
 
The amount of water that is detained under the equilibrium condition is known as the 

equilibrium detention storage (Wong and Li 2000). As the equilibrium detention storage can 
be evaluated from a flow area profile or from a rising phase of a hydrograph, the general 
formula for the equilibrium detention storage of a channel with upstream inflow is derived 
using both approaches. 
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4.16.1. Flow Area Profile Approach 
 
Rearranging Eq. (4.3) gives: 
 

uLu LqQ =          (4.73) 
 

Substituting Eq. (4.73) into Eq. (4.49) gives: 
 

( ) c

c

cuL
c

xLqA
β

α

/1

⎥
⎦

⎤
⎢
⎣

⎡ +
=        (4.74) 

 
As shown in figure 4.7, integrating Eq. (4.74) from -Lu to Lc for xc gives the equilibrium 

detention storage for an open channel of length (Lu + Lc), which is the shaded areas A and B: 
 

( )( ) cc

c

/1
cu

/1

c

L

c

c
euc LLq

1
D ββ

β

αβ
β ++⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=      (4.75) 

 
Similarly, integrating Eq. (4.73) from –Lu to 0 for xc gives the equilibrium detention storage 
for an open channel of length, Lu, which is the shaded area A in figure 4.7: 

 

( ) cc

c

/1
u

/1

c

L

c

c
eu Lq

1
D ββ

β

αβ
β +

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=       (4.76) 

 
The difference between Eqs. (4.75) and (4.76) is the equilibrium detention storage for an open 
channel of length, Lc, which is the shaded area B in figure 4.7: 

 

( )( ) ( )[ ]cccc

c

/1
u

/1
cu

/1

c

L

c

c
ec LLLq

1
D ββββ

β

αβ
β ++ −+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=    (4.77) 

 
Substituting Eq. (4.3) into Eq. (4.77) gives the equation for the equilibrium detention storage 
for a channel with upstream inflow: 

 

( )
( )( ) ( )

⎥
⎦

⎤
⎢
⎣

⎡ −+
+

=
++

L

/
u

/
cLu

/
cc

c
ec q

QLqQD
cccc

c

ββββ

βαβ
β 11

11
   (4.78) 

 
For a channel with zero upstream inflow (i.e. Qu = 0), Eq. (4.78) reduces to: 
 

( ) cc

c

c
c

L

c

c
ec LqD ββ

β

αβ
β /1

/1

1
+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=       (4.79) 
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Figure 4.7. Determination of Equilibrium Detention Storage using Flow Area Profile Approach for a 
Channel with Upstream Inflow. 

 
4.16.2. Hydrograph Approach 

 
Similar to the derivation using the water surface profile, the upstream inflow, Qu, is 

considered to be produced by an upstream channel with time of travel, tt, subject to a uniform 
lateral inflow into the channel, qL. The upstream inflow, Qu, is then related to tt as follows: 

 

( ) c
tLcu tqQ βα=         (4.80) 

 
Substituting Eq. (4.3) into Eq. (4.37): 

 

c

c

cL

u
u q

Q
t β

β

α /1

/1

=         (4.81) 

 
At equilibrium (xc = Lc), Eq. (4.1) becomes: 

 

cLue LqQQ +=         (4.82) 
 

where Qe = equilibrium channel discharge. As shown in figure 4.8, integrating (Qe - Qc) from 
-tu to tt for t gives the equilibrium detention storage for an open channel of length (Lu + Lc), 
which is the shaded areas A and B: 
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( )∫−
−=

t

u

t

t ceeuc dtQQD
       (4.83) 

 
Substituting Eqs. [(4.35), (4.45), (4.81) and (4.82)] into Eq. (4.83) and integrating gives: 

 

( )( ) cc

c cLu
cLc

c
euc LqQ

q
D ββ

βαβ
β /1

/1
1

1
++⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=
    (4.84) 

 
Similarly, by integrating (Qu - Qc) from -tu to 0 gives the equilibrium detention storage for an 
open channel of length Lu, which is the shaded area A in figure 4.8: 

 

( )∫−
−=

0

ut
cueu dtQQD        (4.85) 

 
Substituting Eqs. [(4.45), (4.79) and (4.80)] into Eq. (4.85) and integrating gives: 

 

( ) cc

c u
cLc

c
eu Q

q
D ββ

βαβ
β /1

/1

1
1

+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=       (4.86) 

 
The difference between Eqs. (4.84) and (4.86) is the equilibrium detention storage, Dec for an 
open channel of length Lc, which is Eq. (4.78). It is the shaded area B in figure 4.8. 

 

 

Figure 4.8. Determination of Equilibrium Detention Storage using Hydrograph Approach for a Channel 
with Upstream Inflow. 
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4.17. FLOW AREA PROFILE - FALLING PHASE 
 
During the falling phase, lateral inflow ceases (i.e. qL = 0 for 0 ≤ xc ≤ Lc), Eq. (4.43) 

becomes: 
 

0=
dt

dAc          (4.87) 

 
Integrating Eq. (4.87) gives: 

 
Ac = constant        (4.88) 
 

Equation (4.88) signifies that water flows out at constant flow area. The celerity at which the 
water flows out is governed by the kinematic wave celerity, ck (Eq. 4.27). Figure 4.9 shows 
the successive flow area profiles during the falling phase for a channel without upstream 
inflow. Curve O-D is the equilibrium profile at t = tq ≥ tt, which is identical to the curve O-B-
D in figure 2.6. After a time increment at t = tq + ∆t, the profile falls and becomes curve O-C. 
During the time increment ∆t, the water particle a1 travels a distance ∆xo to a2 at constant flow 
area. The distance, ∆xo, between points a1 and a2, can be derived from the kinematic wave 
celerity, ck. Rearranging Eq. (4.27) gives: 

 

tAx c
cccc Δ=Δ −1ββα        (4.89) 

 
The distance between points b1 and b2 is also given by Eq. (4.89). Since the flow area for the b 
points are larger than those for the a points, the corresponding wave celerity, ck, is greater, 
and the corresponding distance ∆xo is therefore longer, as shown in figure 4.9. At t > tq + ∆t, 
the profile falls further and becomes curve O-B. Finally, at t >> tq + ∆t, when all the water 
flows out of the channel, the profile falls to the line O-A, which is identical to that in figure 
4.5. 

Further, figure 4.10 shows the successive flow area profiles for a channel with a constant 
upstream inflow during the falling phase. The curve O-Ou-G-D is the equilibrium profile at 
time tr, which is identical to curve O-Ou-B-D in figure 4.6. If the lateral inflow stops over the 
entire length (Lu + Lo), after a time interval ∆t, the flow area profile falls and becomes curve 
O-E-C. However, since the upstream inflow is constant, the curve O-Ou is fixed. Hence, only 
the curve, Ou-G-D, falls. At time t = tq + ∆t, the flow area profile on the channel with a 
constant upstream inflow is the curve Ou-E-C, and the curve O-E does not exist. At time t > tq 

+ ∆t, the flow area profile falls further and becomes the curve Ou-E-F-B. Finally, at time t >> 
tq + ∆t, the discharge reduces to the upstream discharge, Qu. The flow area profile is the line 
Ou-E-F-A, which is identical to the line Ou-A in figure 4.6. 
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Figure 4.9. Successive Flow Area Profiles during Falling Phase for a Channel without Upstream Inflow. 

 

 

Figure 4.10. Successive Flow Area Profiles during Falling Phase for a Channel with Upstream Inflow. 

As shown in figure 4.10, at time tr, the distance xc of any point on the equilibrium profile 
(curve O-Ou-G-D) can be expressed in terms of flow area Ac by substituting Eq. (4.7) into Eq. 
(4.1): 

 

L

ucc
c q

QA
x

c −
=

βα
        (4.90) 
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Integrating Eq. (4.27) from ( )[ ]Luc qQA c −βα  (Eq. 4.90) to xc for xc and from tq to t (where t 
≥ tq) for t gives the equation for the curve O-E-C: 

 

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
+−= −

L

ucc
qcccc q

QAttAx
c

c

β
β αβα 1      (4.91) 

 
For a channel with a constant upstream inflow, Eq. (4.91) is only valid for Lf ≤ xc ≤ Lc, where 
Lf = length of channel in which the flow equals to upstream inflow during the falling phase. 
For the profile between 0 ≤ xc ≤ Lf, it is the line Ou-E, i.e. 

 
c

c

u
uc

QAA
β

α

1

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
==        (4.92) 

 
Substituting Ac = Au and xc = Lf into Eq. (4.91) gives the equation for Lf in terms of Au: 

 
( )quccf ttAL o −= −1ββα        (4.93) 

 
Substituting Eq. (4.92) into Eq. (4.93) gives the equation for Lf in terms of Qu: 

 
( ) ( )quccf ttQL ccc −= − βββ βα 11       (4.94) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (4.91) reduces to: 
 

( )
L

cc
qcccc q

A
ttAx

c
c

β
β α

βα +−= −1        (4.95) 

 
which is valid for 0 ≤ xc ≤ Lc. Equations (4.91)-(4.95) are valid for t ≥ tq.  

 
 

4.17.1. Inflection Line 
 
As shown in figure 2.10, the equilibrium flow area profile (curve O-D) is concave 

downwards, while the flow area profile at time t > tq + ∆t (curve O-B) is concave upwards. 
Similarly, in figure 4.10, the curve O-Ou-D is concave downwards, and the curve O-F-B is 
concave upwards. The equation for the inflection line can be derived by first obtaining the 
second derivative of Eq. (4.90), with respect to Ac: 

 

( )( ) ( ) ( )
⎥
⎦

⎤
⎢
⎣

⎡ −
+−−−=

−
−

L

cccc
qccccc

c

c

q
AttA

dA
xd c

c

2
3

2

2 121
β

β ββαβββα   (4.96) 
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Next, by equating Eq. (4.96) to zero and equating Ac = Ai results in: 
 

( )( ) Lqci qttA −−= β2        (4.97) 

 
where Ai = flow area of the inflection point. Substituting Eq. (4.97) into Eq. (4.91) gives the 
equation for the inflection line for a channel with upstream inflow: 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

=
L

u

L

i

c
i q

Q
q
Ax

cβα
β2

2
      (4.98) 

 
where xi = distance xc of the inflection point.  

For a channel with zero upstream inflow (Qu = 0), Eq. (4.98) reduces to:  
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

=
L

i

c
i q

Ax
cβα

β2
2

       (4.99) 

 
Equations (4.98) and (4.99) have been superimposed respectively onto figures 4.9 and 

4.10 as dashed lines, which are labeled as inflection lines.  
 
 

4.18. HYDROGRAPH - FALLING PHASE 
 
As shown by Eq. (4.88), during the falling phase, water flows out at constant flow area, 

hence, the water particle at G flows out to C at constant flow area (figure 4.10). The time 
required for the water particle to flow from G to C is in fact the same as the duration of partial 
equilibrium discharge, td, as shown in figure 4.3. Substituting td = t – tq and Qp = Qc into Eq. 
(4.58) gives: 

 

k

L

uc
c

q c
q

QQ
L

tt
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−

=−        (4.100) 

 
Equation (4.99) may also be derived by integrating Eq. (4.26) from tq to t (where t ≥ tq) for t 
and from [(Qc-Qu)/qL] to Lc for xc. Since the discharge in the channel cannot be less than 
upstream discharge, Eq. (4.100) is only valid for Qc ≥ Qu. Substituting Eq. (4.28) into Eq. 
(4.100) gives the equation for the falling phase (falling limb) of the hydrograph, which is only 
valid for Qc ≥ Qu: 

 

( ) q/
cc

/
c

L

uc
c

t
Q

q
QQL

t
ccc

+
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−

= − βββ βα 11        (4.101) 
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For a channel with zero upstream inflow (Qu = 0), Eq. (4.101) reduces to  
 

( ) q/
cc

/
c

L

c
c

t
Q

q
Q

L
t

ccc
+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

= − βββ βα 11        (4.102) 

 
Figures 4.2 and 4.3 show the falling phase (falling limb) of an equilibrium and a partial 

equilibrium runoff hydrograph for a channel without and for a channel with upstream inflow, 
respectively.  
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Chapter 5 
 
 
 

5. WORKING FORMULAS FOR FLOW  
IN CIRCULAR CHANNEL 

 
 
In this Chapter, based on the Manning’s equation, the kinematic wave parameters for 

flow in a circular channel are derived. By applying these parameters to the general formulas 
in Chapter 4, working formulas for the flow depth; flow velocity; average flow velocity; wave 
celerity; average wave celerity; time of travel; rising, equilibrium and falling phases of 
hydrograph; forward characteristic; rising, equilibrium and falling phases of water surface 
profiles; duration of partial equilibrium discharge; and equilibrium detention storage are also 
derived. 

 
 

5.1. KINEMATIC WAVE PARAMETERS 
 
For flow in a circular channel, the flow area Ac, and the wetted perimeter, P, are related to 

the diameter of circular channel D, and the water surface angle θ, as follows: 
 

( )θθ sin
8

2

−=
DAc        (5.1) 

 

2
θDP =          (5.2) 

 
Figure 5.1 shows the circular channel with diameter D, water surface angle θ, and flow depth 
yc. Substituting Eqs. (5.1) and (5.2) and Q = Qc, S = S c, A = Ac, n = nc into Eq. (3.1) gives: 

 

( )
⎥
⎦

⎤
⎢
⎣

⎡ −
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= 32

353821

04960 /

/

c

c
c

sin
n
DS.Q

θ
θθ

     (5.3) 
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yc

centre

D

θ

 

Figure 5.1. Cross-section of Circular Channel. 

For full flow condition in a circular channel (i.e. θ = 2π), Eqs. (5.1) and (5.3) become: 
 

4

2DπAfull =         (5.4) 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

c

c
full n

DS.Q
3821

3120        (5.5) 

 
where Afull = flow area under full flow condition, and Qfull = discharge under full flow 
condition. Dividing Eq. (5.3) by Eq. (5.5) and Eq. (5.1) by Eq. (5.4) give: 

 

( )
⎥
⎦

⎤
⎢
⎣

⎡ −
= 32

35

2
1

/

/

full

c sin
πQ

Q
θ

θθ
      (5.6) 

 
( )

π
sin

A
A

full

c

2
θθ −

=         (5.7) 

 
Equations (5.6) and (5.7) are considered to be the true relationship between discharge and 
flow area for flow in a circular channel. This true relationship is shown in figure 5.2, and it is 
apparent that the discharge reaches a maximum under the partially full flow condition. 
Differentiating Qc with respect to θ in Eq. (5.3) gives: 

 

⎟
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⎞
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⎝
⎛ +−⎟

⎠
⎞
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⎝
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cc   (5.8) 
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Figure 5.2. Comparison between True and Kinematic Wave Relationships for Flow in Circular Channel.  

Equating Eq. (5.8) to zero shows that the maximum discharge, Qmax, occurs at θ = 5.278 rad 
(or 302.4°). Substituting θ = 5.278 rad into Eq. (5.6) gives: 

 

0761.
Q
Q

full

max =         (5.9) 

 
Substituting Eq. (5.5) into Eq. (5.9) gives: 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

c

c/
max n

S
D.Q

21
383350        (5.10) 

 
To evaluate the kinematic wave parameters αc and βc using the same method that was 

used by Harley et al (1970), the parameters αc and βc are related to Qmax and Amax as follows: 
 

c
Qc AQ βα maxmax =         (5.11) 

 
where AQmax = flow area under maximum discharge condition. Further, relating AQmax to D 
through a parameter γ: 
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2
max

D
AQ=γ          (5.12) 

 
Substituting D in Eq. (5.4) into Eq. (5.12) gives a relationship between γ and Afull: 

 

full

maxQ

A
Aπ

4
=γ         (5.13) 

 
Substituting Eqs. (5.10) and (5.12) into Eq. (5.11) gives a relationship between αc and γ: 

 
( )

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎥
⎦

⎤
⎢
⎣

⎡
=

−

c

c
c n

SD
c

c 2123/8335.0
β

β

γ
α       (5.14) 

 
Equation (5.14) shows that the value of αc is dependent on the value of γ, which is dependent 
on the flow area AQmax (Eq. 5.16). To identify the values of αc and βc, Eq. (4.7) is divided by 
Eq. (5.11): 

 
c

Q

cc

A
A

Q
Q

β

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

maxmax

       (5.15) 

 
Substituting Eqs. (5.9) and (5.13) into (5.15) gives: 

 
cc

full

c

full

c

A
A

Q
Q

ββ

γ
π

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

4
076.1       (5.16) 

 
Wong and Zhou (2003) fitted the kinematic wave relationship (Eq. 5.19) to the true 
relationship (Eqs. 5.7 and 5.8), and found that the best fit occurs at AQmax/Afull = 0.923 (which 
corresponds to yQmax/D = 0.87 where yQmax = flow depth under maximum discharge 
condition), γ = 0.725, and βc = 5/4, as shown in figure 5.2. Substituting βc = 5/4 and γ = 0.725 
into Eq. (5.14), gives the kinematic wave parameters, which are valid for yc ≤ 0.87D: 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

c

/
c

c n
DS.

6121

5010α        (5.17) 

 

4
5

=cβ          (5.18) 
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5.2. FLOW DEPTH 
 
For flow in a circular channel, the flow depth, yc, is related to D and θ, as follows:  
 

⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛−=

2
1

2
θcosDyc        (5.19) 

 
Equating θ in Eq. (5.19) to that in Eq. (5.1), and by curve fitting results in the following 
equation relating Ac to yc: 

 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛−=

D
y.

D
y.

D
y.DA ccc

c 397080111951
4

π 232

   (5.20) 

 
Substituting Eqs. (5.17) and (5.18) into Eq. (4.7) gives: 

 

45
6121

5010 c
c

c
c A

n
DS

.Q ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=        (5.21) 

 
Substituting Eqs. (5.20) into Eq. (5.21) gives: 

 
45233821

3970801119513700
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

D
y.

D
y.

D
y.

n
DS.Q ccc

c

c
c  (5.22) 

 
Rearranging Eq. (5.22) gives the equation for the flow depth for a channel with and without 
upstream inflow: 

 
54

3821

23

2132397080111951 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟

⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛−

DS
Qn.

D
y.

D
y.

D
y.

c

ccccc   (5.23) 

 
 

5.3. FLOW VELOCITY 
 
Substituting Eqs. (5.17) and (5.18) into Eq. (4.12), gives the equation for the flow 

velocity along the equilibrium profile for a channel with upstream inflow: 
 

( ) 51
546121

5750 cLu
c

c xqQ
n
DS.v +⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=      (5.24) 
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For a channel with zero upstream (Qu = 0), Eq. (5.24) reduces to: 
 

( ) 51
546121

5750 cL
c

c xq
n
DS.v ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=       (5.25) 

 
 

5.4. AVERAGE FLOW VELOCITY 
 
Substituting Eqs. (5.17) and (5.18) into Eq. (4.15) gives the equation for the average flow 

velocity for a channel with upstream inflow: 
 

( ) 5454

546121

4600

ucLu

cL
c

c

av QLqQ

Lq
n
DS.

v
−+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

=       (5.26) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (5.26) reduces to:  
 

( ) 51
546121

4600 cL
c

c
av Lq

n
DS.v ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=       (5.27) 

 
 

5.5. KINEMATIC WAVE CELERITY 
 
Substituting Eqs. (5.17) and (5.18) into Eq. (4.29) gives the equation for the wave celerity 

along the equilibrium profile for a channel with upstream inflow: 
 

( ) 51
546121

7190 cLu
c

c
k xqQ

n
DS.c +⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=      (5.28) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (5.28) reduces to: 
 

( ) 51
546121

7190 cL
c

c
k xq

n
DS.c ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=       (5.29) 

 
 

5.6. AVERAGE WAVE CELERITY 
 
Substituting Eqs. (5.17) and (5.18) into Eq.(4.32) gives the equation for the wave celerity 

for a channel with upstream inflow: 
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( ) 5454

546121

5750

ucLu

cL
c

c

av QLqQ

Lq
n
DS.

c
−+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

=       (5.30) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (5.30) reduces to: 
 

( ) 51
546121

5750 cL
c

c
av Lq

n
DS.c ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=       (5.31) 

 
 

5.7. TIME OF TRAVEL 
 
Substituting Eqs. (5.17) and (5.18) into Eq. (4.35) gives the equation for the time of travel 

for a channel with upstream inflow: 
 

( )
⎥
⎦

⎤
⎢
⎣

⎡ −+
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

ucLu

c

c
t q

QLqQ
DS

n.t
545454

612102900     (5.32) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (5.32) reduces to: 
 

54

612151

02900
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

DS
Ln

q
.t

c

cc

L
t       (5.33) 

 
 

5.8. HYDROGRAPH – RISING PHASE 
 
Substituting Eqs. (5.17) and (5.18) into Eq. (4.45) gives the equation for the rising phase 

(rising limb) of the hydrograph for a channel with upstream inflow: 
 

4554

6121

6121

6073815010
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= tq

DS
Qn.

n
DS.Q L

c

uc

c

c
c    (5.34) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (5.34) reduces to: 
 

( ) 45
6121

6683 tq
n
DS.Q L
c

c
c ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=       (5.35) 

 
Equations (5.34) and (5.35) are valid for t ≤ tt. 
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5.9. FORWARD CHARACTERISTIC - RISING PHASE 
 
Substituting Eqs. (5.17) and (5.18) into Eq. (4.47) gives the equation for the forward 

characteristic of the rising phase for a channel with upstream inflow: 
 

( )
⎥
⎦

⎤
⎢
⎣

⎡ −+
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

ucLu

c

c

q
QxqQ

DS
n.t

545454

612102900     (5.36) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (5.36) reduces to: 
 

54

612151

02900
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

DS
xn

q
.t

c

cc

L

       (5.37) 

 
 

5.10. WATER SURFACE PROFILE – RISING PHASE 
 
Substituting Eqs. (5.17) and (5.18) into Eq. (4.49) gives the equation for the rising phase 

of the flow area profile for a channel with upstream inflow, which is valid for 0 ≤  xc ≤ Lp: 
 

( )
54

61217381 ⎥
⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= cLu

c

c
c xqQ

DS
n.A      (5.38) 

 
Substituting Eqs. (5.20) into Eq. (5.38) gives the equation for the rising phase of the water 
surface profile for a channel with upstream inflow, which is valid for 0 ≤  xc ≤ Lp: 

 

( )
54

3821

23

2132397080111951 ⎥
⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=⎟

⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛− cLu

c

cccc xqQ
DS

n.
D
y.

D
y.

D
y.  (5.39) 

 
Substituting Eqs. (5.16) and (5.17) into Eq. (4.50) gives the equation for the rising phase of 
the flow area profile for a channel with upstream inflow, which is valid for Lp ≤ xc ≤ Lc: 

 

( )
54

61217381 ⎥
⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= pLu

c

c
p LqQ

DS
n.A      (5.40) 

 
Substituting Ac = Ap, and yc = yp into Eq. (5.20), and then substituting it into Eq. (5.40) gives 
the equation for the rising phase of the water surface profile for a channel with upstream 
inflow, which is valid for Lp ≤  xc ≤  Lc: 

 
 



Kinematic-Wave Rainfall-Runoff Formulas 

 

71

( )
54

3821

23

2132397080111951
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
− pLu

c

cppp LqQ
DS

n
.

D
y

.
D
y

.
D
y

. (5.41) 

 
From Eq. (4.51), the distance Lp is: 

 

L

up
p q

QQ
L

−
=         (5.42) 

 
For a channel with zero upstream inflow (Qu = 0), Eqs. (5.38)-(5.42) reduce to: 
 

54

61217381 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

DS
xqn.A

c

cLc
c        (5.43) 

 
54

3821

23

2132397080111951 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟

⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛−

DS
xqn.

D
y.

D
y.

D
y.

c

cLcccc   (5.44) 

 
which are valid for 0 ≤ xc ≤ Lp,  

 
54

61217381 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

DS
Lqn

.A
c

pLc
p        (5.45) 

 
54

3821

23

2132397080111951 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−

DS
Lqn

.
D
y

.
D
y

.
D
y

.
c

pLcppp  (5.46) 

 
which are valid for Lp ≤  xc ≤  Lc, and 

 

L

p
p q

Q
L =          (5.47) 

 
 

5.11. DURATION OF PARTIAL EQUILIBRIUM DISCHARGE 
 
Substituting Eqs. (5.17) and (5.18) into Eq. (4.63) gives the equation for the duration of 

partial equilibrium discharge for a channel with upstream inflow: 
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4154

6121

6121

4554

6121

6121

6073815837

6073815010

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+

=

qL
c

uc

c

Lc

qL
c

uc

c

c
uLc

d

tq
DS
Qn.

n
qDS.

tq
DS
Qn.

n
DS.QqL

t  (5.48) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (5.41) reduces to: 
 

( ) 41
6121

4541
6121

59104

6683

qL
c

c

qL
c

c
c

d

tq
n
DS.

tq
n
DS.L

t

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

=       (5.49) 

 
 

5.12. HYDROGRAPH - EQUILIBRIUM PHASE 
 
As shown in figures 4.2 and 4.3, the hydrograph may reach partial equilibrium or 

equilibrium depending on the duration of lateral inflow tq. If tq < tt, the hydrograph reaches 
partial equilibrium with a constant discharge Qp. If tq ≥ tt, the hydrograph reaches equilibrium 
with a constant discharge Qe. 

 
 

5.12.1. Partial Equilibrium Discharge 
 
Substituting Eqs. (5.17) and (5.18) into Eq. (4.66) gives the equation for the partial 

equilibrium discharge for a channel with upstream inflow: 
 

4554

6121

6121

6073815010
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= qL

c

uc

c

c
p tq

DS
Qn

.
n
DS

.Q    (5.50) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (5.50) reduces to:  
 

( ) 45
6121

6683 qL
c

c
p tq

n
DS

.Q ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=       (5.51) 

 
Equations (5.50) and (5.51) are valid for tq ≤ t ≤ (tq + td). 
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5.12.2. Equilibrium Discharge 
 
From Eq. (4.69), the equation for the equilibrium discharge for a channel with upstream 

inflow is: 
 

cLue LqQQ +=         (5.52) 
 
For a channel with zero upstream inflow (Qu = 0), Eq. (5.52) reduces to:  
 

cLe LqQ =          (5.53) 
 
Equations (5.52) and (5.53) are valid for tt ≤ t ≤ tq. 
 
 

5.13. WATER SURFACE PROFILE - EQUILIBRIUM PHASE 
 
Substituting Eqs. (5.17) and (5.18) into Eq. (4.71) gives the equation for the equilibrium 

flow area profile for a channel with upstream inflow between –Lu ≤  xc ≤  Lc: 
 

( )
54

61217381 ⎥
⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= cLu

c

c
c xqQ

DS
n.A      (5.54) 

 
Substituting Eqs. (5.20) into Eq. (5.54) gives the equation for the rising phase of the water 
surface profile for a channel with upstream inflow, which is valid for –Lu ≤  xc ≤  Lc: 

 

( )
54

3821

23

2132397080111951 ⎥
⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=⎟

⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛− cLu

c

cccc xqQ
DS

n.
D
y.

D
y.

D
y.  (5.55) 

 
For a channel with zero upstream inflow (Qu = 0), Eqs. (5.54) and (5.55) reduce to: 
 

54

61217381 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

DS
xqn.A

c

cLc
c        (5.56) 

 
54

3821

23

2132397080111951 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟

⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛−

DS
xqn.

D
y.

D
y.

D
y.

c

cLcccc   (5.57) 

 
which are valid for 0 ≤  xc ≤  Lc. 
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5.14. EQUILIBRIUM DETENTION STORAGE 
 
Substituting Eqs. (5.17) and (5.18) into Eq. (4.78) gives the equation for the equilibrium 

detention storage for a channel with upstream inflow: 
 

( )
⎥
⎦

⎤
⎢
⎣

⎡ −+
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

ucLu

c

c
ec q

QLqQ
DS

n.D
595954

61219660     (5.58) 

 
For a channel with zero upstream inflow (i.e. Qu = 0), Eq. (5.58) reduces to: 
 

54

6121

49

9660 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

DS
Lqn.D

c

cLc
ec        (5.59) 

 
 

5.15. WATER SURFACE PROFILE – FALLING PHASE 
 
Substituting Eqs. (5.17) and (5.18) into Eq. (4.91) gives the equation for the falling phase 

of the flow area profile for a channel with upstream inflow, which is valid for Lf ≤  xc ≤ Lc: 
 

( )
⎪
⎪

⎭

⎪
⎪

⎬

⎫

⎪
⎪

⎩

⎪
⎪

⎨

⎧
−⎥

⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

u
c

cc

q
c

cc
c q

Q
n

ADS.
tt

n
ADS.x

456121

416121
5010

5837   (5.60) 

 
Substituting Eq. (5.20) into Eq. (5.60) gives the equation for the falling phase of the water 
surface profile for a channel with upstream inflow, which is valid for Lf ≤ xc ≤ Lc: 

 

( )

⎟⎟
⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜
⎜
⎜

⎝

⎛
−

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛

+

−
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

L

u
ccc

c

c

q
ccc

c

c
c

q

Q
D
y.

D
y.

D
y.

n
DS.

tt
D
y.

D
y.

D
y.

n
DS.x

45233821

41233221

3970801119513700

3970801119513835

 (5.61) 

 
From Eq. (4.92), the equation for the flow area profile between 0 ≤  xc ≤ Lf is: 
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54

61217381 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

DS
Qn

.A
c

uc
c        (5.62) 

 
Substituting Eq. (5.20) into Eq. (5.62) gives the equation for the falling phase of the water 
surface profile for a channel with upstream inflow, which is valid for 0 ≤  xc ≤ Lf: 

 
54

3821

23

2132397080111951 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟

⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛−

DS
Qn

.
D
y

.
D
y

.
D
y

.
c

ucccc   (5.63) 

 
Substituting Eqs. (5.17) and (5.18) into Eq. (4.94) gives the equation for the distance Lf for a 
channel with upstream inflow, which is valid for t ≥ tq: 

 

( )qu
c

c
f ttQ

n
DS.L −⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= 51

546121

1543      (5.64) 

 
For a channel with zero upstream inflow (Qu = 0), Eqs. (5.60) and (5.61) reduce to: 
 

( )

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

c

cc

q
c

cc
c q

n
ADS.

tt
n

ADS.x

456121

416121
5010

5837    (5.65) 

 

( )

⎟
⎟
⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎝

⎛

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛

+

−
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

L

ccc

c

c

q
ccc

c

c
c

q

D
y

.
D
y

.
D
y

.
n
DS

.

tt
D
y

.
D
y

.
D
y

.
n
DS

.x

45233821

41233221

3970801119513700

3970801119513835

 (5.66) 

 
which are valid for 0 ≤ xc ≤ Lc. 

 
 

5.16. HYDROGRAPH - FALLING PHASE 
 
Substituting Eqs. (5.17) and (5.18) into Eq. (4.101) gives the equation for the falling 

phase (falling limb) of a hydrograph for a channel with upstream inflow: 
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q
L

uc
c

c

c

c

t
q

QQL
DS

n
Q
.t +⎥

⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

54

612151

02320
    (5.67) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (5.67) reduces to: 
 

q
L

c
c

c

c

c

t
q
QL

DS
n

Q
.t +⎥

⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

54

612151

02320
    (5.68) 
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Chapter 6 
 
 
 

6. WORKING FORMULAS FOR FLOW  
IN PARABOLIC CHANNEL 

 
 
In this Chapter, based on the Manning’s equation, the kinematic wave parameters for 

flow in a parabolic channel are derived. By applying these parameters to the general formulas 
in Chapter 4, working formulas for the flow depth; flow velocity; average flow velocity; wave 
celerity; average wave celerity; time of travel; rising, equilibrium and falling phases of 
hydrograph; forward characteristic; rising, equilibrium and falling phases of water surface 
profiles; duration of partial equilibrium discharge; and equilibrium detention storage are also 
derived. 

 
 

6.1. KINEMATIC WAVE PARAMETERS 
 
For the parabolic channel as shown in figure 6.1, the channel section can be described 

mathematically by: 
 

H
xy
4

2

=          (6.1) 

 
where y = height above the channel invert, x = semi-width at height y, and H = height of focal 
point above channel invert. From mathematics, the flow area Ac can be related to x and H, as 
follows: 

 

H
xAc 3

3

=          (6.2) 
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focal point

2H

H
yc

 

Figure 6.1. Cross-section of Parabolic Channel. 

The arc length, La, of the parabola can be derived by integrating Eq. (6.1), as follows: 
 

[ ] dx
x
yyxLa

212
2122

d
d1dd ∫∫

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛+=+=      (6.3) 

 
Upon integration, the arc length, La, of the parabola is: 

 

( ) ( ) ( )[ ]'Z'xHxZ
H

La ++⎥
⎦

⎤
⎢
⎣

⎡
= ln2

22
1 2      (6.4) 

 
where  

 

( )[ ] 21222 xHZ +=        (6.5) 
 

H
x'x

2
=          (6.6) 

 
and 

 

( ) 2121
2

'x
H
Z'Z +==        (6.7) 

 
In Eq. (6.4), the trigonometric equivalent of the logarithmic term is: 

 
( ) ( )'x'Z'x 1sinhln −=+        (6.8) 

 
Equation (6.6) is defined as the dimensionless ratio of the flow semi-width to focal semi-
width.  

As derived from Eq. (6.4), the wetted perimeter P being twice the arc length La is:  
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( ) ( )[ ]'Z'xHxZ
H

P ++⎟
⎠
⎞

⎜
⎝
⎛= ln2

2
1 2       (6.9) 

 
Dividing Eq. (6.9) by (2H) gives the equation in a dimensionless form, as follows: 

 

( )'Z'x'Z'x
H
P'P ++== ln

2
      (6.10) 

 
To eliminate x in Eqs. (6.2)-(6.10), Eq. (6.2) is converted to a dimensionless form, as follows: 

 

( ) ( ) 51232

3

2

3

2 .
'x

HH
x

H
A

'A c
c ===       (6.11) 

 
Rearranging Eq. (6.11) gives: 

 

( ) 31
31

1451
2
3 'A.'A'x cc =⎟

⎠
⎞

⎜
⎝
⎛=       (6.12) 

 
Substituting Eq. (6.12) into Eq. (6.7) gives: 

 

( )[ ] 213231111 /
c'A.'Z +=        (6.13) 

 
Substituting Eqs. (6.8), (6.12) and (6.13) into Eq. (6.10) gives: 

 

( ) ( )[ ] ( )[ ]311213231 1451sinh311111451 'A.'A.'A.'P c
/

cc
−++=   (6.14) 

 
To expand Eq. (6.14) into a series, the following series expansions are used: 

 

( ) ......'
16
1'

8
1'

2
11'1 642212 −+−+=+ xxxx      (6.15) 

 

( ) ......'
112

5'
40
3'

6
1''sinh 7531 +−+−=− xxxxx     (6.16) 

 
Equations (6.15) and (6.16) are only valid for x’ < 1. Substituting Eqs. (6.15) and (6.16) into 
Eq. (6.14), and cancelling the higher order terms, the equation becomes: 

 
'x'P 2≈          (6.17) 

 
Substituting Eq. (6.12) into Eq. (6.17) gives: 
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( ) 312902 'A.'P c=         (6.18) 
 

Substituting Eqs. (6.10), and (6.11) into Eq. (6.18) gives a relationship between P and Ac, as 
follows: 

 

( ) 318852 cHA.P =         (6.19) 
 

Brady (1983) showed that Eq. (6.19) is valid for 
 
x’ < 0.6          (6.20) 
 

As x is related to the top width, T, as: 
 

2
Tx =          (6.21) 

 
and T is related to the flow depth, yc, as: 

 

( ) 214 cHyT =         (6.22) 
 

Substituting Eqs. (6.20)-(6.22) into Eq. (6.6) gives: 
 

B.yc 180<         (6.23) 
 

Substituting Eq. (6.19) and Q = Qc, S = S c, A = Ac, n = nc into Eq. (3.1) gives: 
 

913
92

21

4930 c
c

c
c A

Hn
S.Q ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=        (6.24) 

 
A comparison of Eqs. (6.24) with Eq. (4.7) gives the kinematic wave parameters (Brady 
1983), which are valid for yc < 0.18H: 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= 92

21

4930
Hn
S.
c

c
cα        (6.25) 

 

9
13

=cβ          (6.26) 
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6.2. FLOW DEPTH 
 
For flow in a parabolic channel, the flow area Ac, is related to the flow depth yc, and the 

parabola’s focal height H, as follows (Jan 1979): 
 

3
8 2321

c
c

yH
A =         (6.27) 

 
Substituting Eq. (6.27) into Eq. (6.24) gives: 

 

613
2121

0332 c
c

c
c y

n
HS

.Q ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=       (6.28) 

 
Rearranging Eq. (6.28) gives the equation for the flow depth for a channel with and without 
upstream inflow: 

 
136

21217210 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

HS
Qn

.y
c

cc
c        (6.29) 

 
 

6.3. FLOW VELOCITY 
 
Substituting Eqs. (6.25) and (6.26) into Eq. (4.12) gives the equation for the flow velocity 

along the equilibrium profile for a channel with upstream inflow: 
 

( ) 134
139

92

21

6130 cLu
c

c xqQ
Hn

S
.v +⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=      (6.30) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (6.30) reduces to: 
 

( ) 134
139

92

21

6130 cL
c

c xq
Hn

S
.v ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=       (6.31) 

 
 

6.4. AVERAGE FLOW VELOCITY 
 
Substituting Eqs. (6.25) and (6.26) into Eq. (4.15) gives the equation for the average flow 

velocity for a channel with upstream inflow: 
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( ) 139139

139

92

21

4240

ucLu

cL
c

c

av QLqQ

Lq
Hn

S
.

v
−+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

=       (6.32) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (6.32) reduces to: 
 

( ) 134
139

92

21

4240 cL
c

c
av Lq

Hn
S

.v ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=      (6.33) 

 
 

6.5. KINEMATIC WAVE CELERITY 
 
Substituting Eqs. (6.25) and (6.26) into Eq. (4.29) gives the equation for the wave celerity 

along the equilibrium profile for a channel with upstream inflow: 
 

( ) 134
139

92

21

8850 cLu
c

c
k xqQ

Hn
S

.c +⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=      (6.34) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (6.34) reduces to: 
 

( ) 134
139

92

21

8850 cL
c

c
k xq

Hn
S

.c ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=       (6.35) 

 
 

6.6. AVERAGE WAVE CELERITY 
 
Substituting Eqs. (6.25) and (6.26) into Eq. (4.32) gives the equation for the average 

wave celerity for a channel with upstream inflow: 
 

( ) 139139

139

92

21

6130

ucLu

cL
c

c

av QLqQ

Lq
Hn

S
.

c
−+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

=       (6.36) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (6.36) reduces to: 
 

( ) 134
139

92

21

6130 cL
c

c
av Lq

Hn
S

.c ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=      (6.37) 
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6.7. TIME OF TRAVEL 
 
Substituting Eqs. (6.25) and (6.26) into Eq. (4.35) gives the equation for the time of travel 

for a channel with upstream inflow: 
 

( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ −+
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

ucLu

c

c
t q

QLqQ
S
Hn

.t
139139139

21

92

02720    (6.38) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (6.38) reduces to: 
 

139

21

92

134

02720
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

c

cc

L
t S

LHn
q
.t       (6.39) 

 
 

6.8. HYDROGRAPH – RISING PHASE 
 
Substituting Eqs. (6.25) and (6.26) into Eq. (4.45) gives the equation for the rising phase 

(rising limb) of the hydrograph for a channel with upstream inflow: 
 

913139

21

92

92

21

6063914930
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= tq

S
QHn

.
Hn

S
.Q L

c

uc

c

c
c    (6.40) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (6.41) reduces to: 
 

( ) 913
92

21

5182 tq
Hn

S
.Q L

c

c
c ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=       (6.41) 

 
Equations (6.40) and (6.41) are valid for t ≤ tt. 
 
 

6.9. FORWARD CHARACTERISTIC - RISING PHASE 
 
Substituting Eqs. (6.25) and (6.26) into Eq. (4.47) gives the equation for the forward 

characteristic of the rising phase for a channel with upstream inflow: 
 

( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ −+
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

uucL

c

c

q
QQxq

S
Hn

.t
139139139

21

92

02720     (6.42) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (6.42) reduces to: 
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139

21

92

134

02720
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

c

cc

L S
xHn

q
.t       (6.43) 

 
 

6.10. WATER SURFACE PROFILE – RISING PHASE 
 
Substituting Eqs. (6.25) and (6.26) into Eq. (4.49) gives the equation for the rising phase 

of the flow area profile for a channel with upstream inflow, which is valid for 0 ≤ xc ≤ Lp: 
 

( )
139

21

92

6321
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= cLu

c

c
c xqQ

S
Hn

.A      (6.44) 

 
Substituting Eq. (6.27) into Eq. (6.44) gives the equation for the rising phase of the water 
surface profile for a channel with upstream inflow, which is valid for 0 ≤ xc ≤ Lp: 

 

( )
136

21217210
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= cLu

c

c
c xqQ

HS
n

.y      (6.45) 

 
Substituting Eqs. (6.25) and (6.26) into Eq. (4.50) gives the equation for the rising phase of 
the flow area profile for a channel with upstream inflow, which is valid for Lp ≤ xc ≤ Lc: 

 

( )
139

21

92

6321
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= pLu

c

c
p LqQ

S
Hn

.A      (6.46) 

 
Substituting Ac = Ap, and yc = yp into Eq. (6.27) and then substituting it into Eq. (6.46) gives 
the equation for the rising phase of the water surface profile for a channel with upstream 
inflow, which is valid for Lp ≤ xc ≤ Lc: 

 

( )
136

21217210
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= pLu

c

c
c LqQ

HS
n

.y      (6.47) 

 
From Eq. (4.51), the distance Lp is: 

 

L

up
p q

QQ
L

−
=         (6.48) 

 
For a channel with zero upstream inflow (Qu = 0), Eqs. (6.44)-(6.48) reduce to: 
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139

21

92

6321 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

c

cLc
c S

xqHn
.A       (6.49) 

 
136

21217210 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

HS
xqn

.y
c

cLc
c        (6.50) 

 
which are valid for 0 ≤ xo ≤ Lp,  
 

139

21

92

6321 ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

c

pLc
p S

LqHn
.A       (6.51) 

 
136

21217210 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

HS
Lqn

.y
c

pLc
c        (6.52) 

 
which are valid for Lp ≤ xc ≤ Lc, and 
 

L

p
p q

Q
L =          (6.53) 

 
 

6.11. DURATION OF PARTIAL EQUILIBRIUM DISCHARGE 
 
Substituting Eqs. (6.25) and (6.26) into Eq. (4.63) gives the equation for the duration of 

partial equilibrium discharge for a channel with upstream inflow: 
 

94139

21

92

92

21

913139

21

92

92

21

6063217342

6063214930

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+

=

qL
c

uc

c

Lc

qL
c

uc

c

c
uLc

d

tq
S

QHn.
Hn

qS.

tq
S

QHn.
Hn
S.QqL

t  (6.54) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (6.54) reduces to: 
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( ) 94
92

21

91394
92

21

6263

5182

qL
c

c

qL
c

c
c

d

tq
Hn
S.

tq
Hn
S.L

t

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

=       (6.55) 

 
 

6.12. HYDROGRAPH - EQUILIBRIUM PHASE 
 
As shown in figures 4.2 and 4.3, the hydrograph may reach partial equilibrium or 

equilibrium depending on the duration of lateral inflow tq. If tq < tt, the hydrograph reaches 
partial equilibrium with a constant discharge Qp. If tq ≥ tt, the hydrograph reaches equilibrium 
with a constant discharge Qe. 

 
 

6.12.1. Partial Equilibrium Discharge 
 
Substituting Eqs. (6.25) and (6.26) into Eq. (4.66) gives the equation for the partial 

equilibrium discharge for a channel with upstream inflow: 
 

913139

21

92

92

21

6063914930
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= qL

c

uc

c

c
p tq

S
QHn

.
Hn

S
.Q   (6.56) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (5.56) reduces to:  
 

( ) 913
92

21

5182 qL
c

c
p tq

Hn
S

.Q ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=       (6.57) 

 
Equations (5.56) and (5.57) are valid for tq ≤ t ≤ (tq+ td). 
 
 

6.12.2. Equilibrium Discharge 
 
From Eq. (4.69), the equation for the equilibrium discharge for a channel with upstream 

inflow is: 
 

cLue LqQQ +=         (5.58) 
 
For a channel with zero upstream inflow (Qu = 0), Eq. (5.58) reduces to:  
 

cLe LqQ =          (5.59) 
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Equations (5.58) and (5.59) are valid for tt ≤ t ≤ tq. 
 
 

6.13. WATER SURFACE PROFILE - EQUILIBRIUM PHASE 
 
Substituting Eqs. (6.25) and (6.26) into Eq. (4.71) gives the equation for the equilibrium 

flow area profile for a channel with upstream inflow between –Lu ≤ xc ≤ Lp: 
 

( )
139

21

92

6321
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= cLu

c

c
c xqQ

S
Hn

.A      (6.60) 

 
Substituting Eq. (6.27) into Eq. (6.60) gives the equation for the equilibrium water surface 
profile for a channel with upstream inflow, which is valid for –Lu ≤ xc ≤ Lp: 

 

( )
136

21217210
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= cLu

c

c
c xqQ

HS
n

.y      (6.61) 

 
For a channel with zero upstream inflow (Qu = 0), Eqs. (6.60) and (6.61) reduce to: 
 

139

21

92

6321 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

c

cLc
c S

xqHn
.A       (6.62) 

 
136

21217210
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

HS
xqn

.y
c

cLc
c       (6.63) 

 
which are valid for 0 ≤  xc ≤ Lc. 

 
 

6.14. EQUILIBRIUM DETENTION STORAGE 
 
Substituting Eqs. (6.25) and (6.26) into Eq. (4.78) gives the equilibrium detention storage 

for a channel with upstream inflow: 
 

( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ −+
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

ucLu

c

c
ec q

QLqQ
S
Hn

.D
13221322139

21

92

9640    (6.64) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (6.64) reduces to: 
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1322
139

21

92

9640 c
c

Lc
ec L

S
qHn

.D ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=       (6.65) 

 
 

6.15. WATER SURFACE PROFILE – FALLING PHASE 
 
Substituting Eqs. (6.25) and (6.26) into Eq. (4.91) gives the equation for the falling phase 

of the flow area profile for a channel with upstream inflow, which is valid for Lf ≤ xc ≤ Lc. 
 

( )
⎪
⎪

⎭

⎪
⎪

⎬

⎫

⎪
⎪

⎩

⎪
⎪

⎨

⎧
−

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

u
c

cc

q
c

cc
c q

Q
Hn
AS

.
tt

Hn
AS

.x
92

91321

92

9421
4930

7342   (6.66) 

 
Substituting Eq. (6.27) into Eq. (6.66) gives the equation for the falling phase of the water 
surface profile for a channel with upstream inflow, which is valid for Lf ≤ xc ≤ Lc: 

 

( )
⎪
⎪

⎭

⎪
⎪

⎬

⎫

⎪
⎪

⎩

⎪
⎪

⎨

⎧
−

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

u
c

cc

q
c

cc
c q

Q
n

yHS
.

tt
n

yS
.x

6132121

3221
0332

0866   (6.67) 

 
From Eq. (4.92), the equation for the flow area profile between 0 ≤ xc ≤ Lf is: 

 
139

21

92

6321 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

c

uc
c S

QHn
.A       (6.68) 

 
Substituting Eq. (6.27) into Eq. (6.68) gives the equation for the falling phase of the water 
surface profile for a channel with upstream inflow, which is valid for 0 ≤ xc ≤ Lf: 

 
136

21217210 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

HS
Qn

.y
c

uc
c        (6.69) 

 
Substituting Eqs. (6.25) and (6.26) into Eq. (4.94) gives the equation for the distance Lf for a 
channel with upstream inflow, which is valid for t ≥ tq: 
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( )qu
c

c
f ttQ

Hn
S

.L −⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= 134

139

92

21

1253      (6.70) 

 
For a channel with zero upstream inflow (Qu = 0), Eqs. (6.66) and (6.67) reduce to: 
 

( )

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

c

cc

q
c
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c q

Hn
AS

.
tt

Hn
AS

.x
92

91321

92

9421
4930

7342    (6.71) 

 

( )

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

c

cc

q
c

cc
c q

n
yHS

.
tt

n
yS

.x

6132121

3221
0332

0866    (6.72) 

 
which are valid for 0 ≤ xc ≤ Lc. 

 
 

6.16. HYDROGRAPH - FALLING PHASE 
 
Substituting Eqs. (6.25) and (6.26) into Eq. (4.101) gives the equation for the falling 

phase of a hydrograph for a channel with upstream inflow: 
 

q
L

uc
c

c

c

c

t
q

QQ
L

S
Hn

Q
.t +⎥

⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

139

21

92
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01880
    (6.73) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (6.73) reduces to: 
 

q
L

c
c

c

c

c

t
q
Q

L
S
Hn

Q
.t +⎥

⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
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⎛
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⎞
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⎛
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01880
     (6.74) 
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Chapter 7 
 
 
 

7. WORKING FORMULAS FOR FLOW IN 
RECTANGULAR (DEEP) CHANNEL 

 
 
In this Chapter, based on the Manning’s equation, the kinematic wave parameters for 

flow in a rectangular (deep) channel are derived. By applying these parameters to the general 
formulas in Chapter 4, working formulas for the flow depth; flow velocity; average flow 
velocity; wave celerity; average wave celerity; time of travel; rising, equilibrium and falling 
of hydrograph; forward characteristic; rising, equilibrium and falling phases of water surface 
profiles; duration of partial equilibrium discharge; and equilibrium detention storage are also 
derived. 

 
 

7.1. KINEMATIC WAVE PARAMETERS 
 
For flow in a rectangular channel, the flow area Ac, and the wetted perimeter P, are 

related to the channel width W, and the flow depth yc, as follows: 
 

cc WyA =          (7.1) 
 

cyWP 2+=         (7.2) 
 

Substituting Eqs. (7.1) and (7.2) and A = Ac into Eq. (3.2) gives: 
 

c

c

yW
Wy

R
2+

=         (7.3) 

 
Rearranging Eq. (7.3) gives: 

 

2+
=

cy
W

WR         (7.4) 
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For a rectangular deep channel, as shown in figure 7.1, yc >> W and Eq. (7.4) reduces to: 
 

2
WR ≈          (7.5) 

 

W

yc

 

Figure 7.1. Cross-section of Rectangular (Deep) Channel. 

Substituting Eq. (7.5) and Q = Q c, S =S c, A = Ac, n = nc into Eq. (3.1) gives: 
 

c
c

c
c A

n
WS.Q ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

3221

6300        (7.6) 

 
A comparison of Eq. (7.6) with Eq. (4.7) gives the kinematic wave parameters (Wong 2002, 
Wong and Zhou 2006): 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

c

c
c n

WS.
3221

6300α        (7.7) 

 
1=cβ          (7.8) 
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7.2. FLOW DEPTH 
 
Substituting Eqs. (7.1) into Eq. (7.6) gives: 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

c

cc
c n

yWS.Q
3521

6300        (7.9) 

 
Rearranging Eq. (7.9) gives the equation for the flow depth for a channel with and 

without upstream inflow: 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= 35215871

WS
Qn.y

c

cc
c        (7.10) 

 
 

7.3. FLOW VELOCITY 
 
Substituting Eqs. (7.7) and (7.8) into Eq. (4.12) gives the equation for the flow velocity 

along the equilibrium profile for a channel with and without upstream inflow: 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

c

c

n
WS

.v
3221

6300        (7.11) 

 
 

7.4. AVERAGE FLOW VELOCITY 
 
Substituting Eqs. (7.7) and (7.8) into Eq. (4.15) gives the equation for the average flow 

velocity for a channel with and without upstream inflow: 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

c

c
av n

WS.v
3221

6300        (7.12) 

 
 

7.5. KINEMATIC WAVE CELERITY 
 
Substituting Eqs. (7.7) and (7.8) into Eq. (4.29) gives the working equation for the wave 

celerity along the equilibrium profile for a channel with and without upstream inflow: 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

c

c
k n

WS.c
3221

6300        (7.13) 
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7.6. AVERAGE WAVE CELERITY 
 
Substituting Eqs. (7.7) and (7.8) into Eq. (4.32) gives the working equation for the 

average wave celerity for a channel with and without upstream inflow: 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

c

c
av n

WS.c
3221

6300        (7.14) 

 
 

7.7. TIME OF TRAVEL 
 
Substituting Eqs. (7.7) and (7.8) into Eq. (4.35) gives the formula for the time of travel 

for a channel with and without upstream inflow: 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= 322102650

WS
Ln.t

c

cc
t        (7.15) 

 
 

7.8. HYDROGRAPH – RISING PHASE 
 
Substituting Eqs. (7.7) and (7.8) into Eq. (4.45) gives the equation for the rising phase of 

the hydrograph for a channel with upstream inflow: 
 

⎥
⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= tq

WS
Qn.

n
WS.Q L

c

uc

c

c
c 6058716300 3221

3221

    (7.16) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (7.16) reduces to: 

 

tq
n
WS.Q L

c

c
c ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

3221

8037        (7.17) 

 
Equations (7.16) and (7.17) are valid for t ≤ tt. 
 
 

7.9. FORWARD CHARACTERISTIC - RISING PHASE 
 
Substituting Eqs. (7.7) and (7.8) into Eq. (4.47) gives the equation for the forward 

characteristic of the rising phase for a channel with and without upstream inflow: 
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⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= 322102650

WS
xn.t

c

cc        (7.18) 

 
 

7.10. WATER SURFACE PROFILE – RISING PHASE 
 
Substituting Eqs. (7.7) and (7.8) into Eq. (4.49) gives the equation for the rising phase of 

the flow area profile for a channel with upstream inflow, which is valid for 0 ≤  xc ≤ Lp: 
 

( )cLu
c

c
c xqQ

WS
n.A +⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= 32215871       (7.19) 

 
Substituting Eq. (7.1) into Eq. (7.19) gives the equation for the rising phase of the water 

surface profile for a channel with upstream inflow, which is valid for 0 ≤  xc ≤ Lp: 
 

( )cLu
c

c
c xqQ

WS
n.y +⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= 35215871       (7.20) 

 
Substituting Eqs. (7.7) and (7.8) into Eq. (4.50) gives the equation for the rising phase of 

the flow area profile for a channel with upstream inflow, which is valid for Lp ≤  xc ≤  Lc: 
 

( )pLu
c

c
p LqQ

WS
n.A +⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= 32215871       (7.21) 

 
Substituting Ac = Ap, and yc = yp into Eq. (7.1) and then substituting it into Eq. (7.21) 

gives the equation for the rising phase of the water surface profile for a channel with upstream 
inflow, which is valid for Lp ≤  xc ≤  Lc: 

 

( )pLu
c

c
p LqQ

WS
n.y +⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= 35215871       (7.22) 

 
From Eq. (4.51), the distance Lp is: 

 

L

up
p q

QQ
L

−
=         (7.23) 

 
For a channel with zero upstream inflow (Qu = 0), Eqs. (7.19)-(7.23) reduce to: 
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cL
c

c
c xq

WS
n.A ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= 32215871       (7.24) 

 

cL
c

c
c xq

WS
n.y ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= 35215871        (7.25) 

 
which are valid for 0 ≤  xo ≤ Lp , and 
 

pL
c

c
p Lq

WS
n.A ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= 32215871       (7.26) 

 

pL
c

c
p Lq

WS
n.y ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= 35215871       (7.27) 

 
which are valid for Lp ≤  xc ≤  Lc, and 
 

L

p
p q

Q
L =          (7.28) 

 
 

7.11. DURATION OF PARTIAL EQUILIBRIUM DISCHARGE 
 
Substituting Eqs. (7.7) and (7.8) into Eq. (4.63) gives the equation for the duration of 

partial equilibrium discharge for a channel with upstream inflow: 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⎥
⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+

=

c

Lc

qL
c

uc

c

c
uLc

d

n
qWS.

tq
WS
Qn.

n
WS.QqL

t
3221

3221

3221

8037

6058716300
  (7.29) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (7.29) reduces to: 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

=

c

c

q
c

c
c

d

n
WS.

t
n
WS.L

t
3221

3221

8037

8037
      (7.30) 
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7.12. HYDROGRAPH - EQUILIBRIUM PHASE 
 
As shown in figures 4.2 and 4.3, the hydrograph may reach partial equilibrium or 

equilibrium depending on the duration of lateral inflow tq. If tq < tt, the hydrograph reaches 
partial equilibrium with a constant discharge Qp. If tq ≥ tt, the hydrograph reaches equilibrium 
with a constant discharge Qe. 

 
 

7.12.1. Partial Equilibrium Discharge 
 
Substituting Eqs. (7.7) and (7.8) into Eq. (4.66) gives the equation for the partial 

equilibrium discharge for a channel with upstream inflow: 
 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= qL

c

uc

c

c
p tq

WS
Qn

.
n
WS

.Q 6058716300 3221

3221

   (7.31) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (7.31) reduces to:  
 

qL
c

c
p tq

n
WS

.Q ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

3221

8037       (7.32) 

 
Equations (7.31) and (7.32) are valid for tq ≤ t ≤ (tq + td). 
 
 

7.12.2. Equilibrium Discharge 
 
From Eq. (4.69), the equation for the equilibrium discharge for a channel with upstream 

inflow is: 
 

cLue LqQQ +=         (7.33) 
 
For a channel with zero upstream inflow (Qu = 0), Eq. (7.33) reduces to:  
 

cLe LqQ =          (7.34) 
 
Equations (7.33) and (7.34) are valid for tt ≤ t ≤ tq. 
 
 

7.13. WATER SURFACE PROFILE - EQUILIBRIUM PHASE 
 
Substituting Eqs. (7.7) and (7.8) into Eq. (4.71) gives the equation for the equilibrium 

flow area profile for a channel with upstream inflow between –Lu ≤  xc ≤  Lp: 
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( )cLu
c

c
c xqQ

WS
n.A +⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= 32215871       (7.35) 

 
Substituting Eq. (7.1) into Eq. (7.35) gives the equation for the equilibrium water surface 

profile for a channel with upstream inflow, which is valid for –Lu ≤  xc ≤  Lp: 
 

( )cLu
c

c
c xqQ

WS
n.y +⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= 35215871       (7.36) 

 
For a channel with zero upstream inflow (Qu = 0), Eqs. (7.35) and (7.36) reduce to: 
 

cL
c

c
c xq

WS
n.A ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= 32215871       (7.37) 

 

cL
c

c
c xq

WS
n.y ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= 35215871        (7.38) 

 
which are valid for 0 ≤  xc ≤ Lc. 

 
 

7.14. EQUILIBRIUM DETENTION STORAGE 
 
Substituting Eqs. (7.7) and (7.8) into Eq. (4.78) gives the equilibrium detention storage 

for a channel with upstream inflow: 
 

( )
⎥
⎦

⎤
⎢
⎣

⎡ −+
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

ucLu

c

c
ec q

QLqQ
WS
n.D

22

32217940     (7.39) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (7.39) reduces to: 
 

2
32217940 cL

c

c
ec Lq

WS
n.D ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=       (7.40) 

 
 

7.15. WATER SURFACE PROFILE – FALLING PHASE 
 
Substituting Eqs. (7.7) and (7.8) into Eq. (4.91) gives the equation for the falling phase of 

the flow area profile for a channel with upstream inflow, which is valid for Lf ≤ xc ≤ Lc. 
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( )
⎪
⎪

⎭

⎪
⎪

⎬

⎫

⎪
⎪

⎩

⎪
⎪

⎨

⎧
−⎥

⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

u
c

cc

q
c

c
c q

Q
n

AWS.
tt

n
WS.x

3221

3221
6300

8037   (7.41) 

 
Substituting Eq. (7.1) into Eq. (7.41) gives the equation for the falling phase of the water 
surface profile for a channel with upstream inflow, which is valid for Lf ≤ xc ≤ Lc: 

 

( )
⎪
⎪

⎭

⎪
⎪

⎬

⎫

⎪
⎪

⎩

⎪
⎪

⎨

⎧
−⎥

⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

u
c

cc

q
c

c
c q

Q
n

yWS.
tt

n
WS.x

3521

3221
6300

8037   (7.42) 

 
From Eq. (4.92), the equation for the flow area profile between 0 ≤ xc ≤ Lf is: 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= 32215871

WS
Qn

.A
c

uc
c        (7.43) 

 
Substituting Eq. (7.1) into Eq. (7.43) gives the equation for the falling phase of the water 
surface profile for a channel with upstream inflow, which is valid for 0 ≤ xc ≤ Lf: 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= 35215871

WS
Qn

.y
c

uc
c        (7.44) 

 
Substituting Eqs. (7.7) and (7.8) into Eq. (4.94) gives the equation for the distance Lf for a 
channel with upstream inflow, which is valid for t ≥ tq: 

 

( )q
c

c
f tt

n
WS.L −⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

3221

8037       (7.45) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (7.41) and (7.42) reduce to: 
 

( )

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

c

cc

q
c

c
c q

n
AWS.

tt
n
WS.x

3221

3221
6300

8037    (7.46) 
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( )

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

c

cc

q
c

c
c q

n
yWS.

tt
n
WS.x

3521

3221
6300

8037    (7.47) 

 
which are valid for 0 ≤ xc ≤ Lc. 

 
 

7.16. HYDROGRAPH - FALLING PHASE 
 
Substituting Eqs. (7.7) and (7.8) into Eq. (4.101) gives the equation for the falling phase 

(falling limb) of a hydrograph for a channel with upstream inflow: 
 

q
L

uc
c

c

c t
q

QQL
WS
n.t +⎥

⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= 322102650     (7.48) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (7.48) reduces to: 
 

q
L

c
c

c

c t
q
QL

WS
n.t +⎥

⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= 322102650      (7.49) 
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Chapter 8 
 
 
 

8. WORKING FORMULAS FOR FLOW IN 
RECTANGULAR (SQUARE) CHANNEL 

 
 
In this Chapter, based on the Manning’s equation, the kinematic wave parameters for 

flow in a rectangular (square) channel are derived. By applying these parameters to the 
general formulas in Chapter 4, working formulas for the flow depth; flow velocity; average 
flow velocity; wave celerity; average wave celerity; time of travel; rising, equilibrium and 
falling phases of hydrograph; forward characteristic; rising, equilibrium and falling phases of 
water surface profiles; duration of partial equilibrium discharge; and equilibrium detention 
storage are also derived. 

 
 

8.1. KINEMATIC WAVE PARAMETERS 
 
For a rectangular square channel, as shown in figure 8.1, yc = W and Eq. (7.3) reduces to: 
 

3
cy

R =          (8.1) 

 

W

yc

 

Figure 8.1. Cross-section of Rectangular (Square) Channel. 
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Substituting Eq. (7.1) into Eq. (8.1) gives: 
 

W
AR

3
=          (8.2) 

 
Substituting Eq. (8.2) and Q = Q c , S =S c, A = Ac, n = nc into (3.1) gives: 

 

34
21

481.0 c
c

c
c A

n
S

Q ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=        (8.3) 

 
A comparison of Eq. (8.3) with Eq. (4.7) gives the kinematic wave parameters (Wong 2002, 
Wong and Zhou 2006): 

 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

c

c
c n

S 21

481.0α        (8.4) 

 

3
4

=cβ          (8.5) 

 
 

8.2. FLOW DEPTH 
 
Substituting W = yc into Eq. (7.1) gives: 
 

2
cc yA =          (8.6) 

 
Substituting Eq. (8.6) into Eq. (8.3) and rearranging gives the equation for the flow depth for 
a channel with and without upstream inflow: 

 
83

213161 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

c

cc
c S

Qn.y        (8.7) 

 
 

8.3. FLOW VELOCITY 
 
Substituting Eqs. (8.4) and (8.5) into Eq. (4.11) gives the equation for the flow velocity 

along the equilibrium profile for a channel with upstream inflow: 
 

( ) 41
4321

5780 cLu
c

c xqQ
n

S.v +⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=       (8.8) 
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For a channel with zero upstream inflow (Qu = 0), Eq. (8.8) reduces to: 
 

( ) 41
4321

5780 cL
c

c xq
n

S.v ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=       (8.9) 

 
 

8.4. AVERAGE FLOW VELOCITY 
 
Substituting Eqs. (8.4) and (8.5) into Eq. (4.15) gives the equation for the average flow 

velocity for a channel with upstream inflow: 
 

( ) 4343

4321

4330

ucLu

cL
c

c

av QLqQ

Lq
n

S.
v

−+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

=       (8.10) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (8.10) reduces to:  
 

( ) 41
4321

433.0 cL
c

c
av Lq

n
S

v ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=       (8.11) 

 
 

8.5. KINEMATIC WAVE CELERITY 
 
Substituting Eqs. (8.4) and (8.5) into Eq. (4.29) gives the equation for the wave celerity 

along the equilibrium profile for a channel with upstream inflow: 
 

( ) 41
4321

7700 cLu
c

c
k xqQ

n
S.c +⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=       (8.12) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (8.12) reduces to: 
 

( ) 41
4321

7700 cL
c

c
k xq

n
S.c ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=       (8.13) 

 
 

8.6. AVERAGE WAVE CELERITY 
 
Substituting Eqs. (8.4) and (8.5) into Eq. (4.32) gives the equation for the wave celerity 

for a channel with upstream inflow: 
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( ) 4343

4321

5780

ucLu

cL
c

c

av QLqQ

Lq
n

S.
c

−+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

=       (8.14) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (8.14) reduces to: 
 

( ) 41
4321

578.0 cL
c

c
av Lq

n
S

c ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=       (8.15) 

 
 

8.7. TIME OF TRAVEL 
 
Substituting Eqs. (8.4) and (8.5) into Eq. (4.35) gives the equation for the time of travel 

for a channel with upstream inflow: 
 

( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ −+
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

ucLu

c

c
t q

QLqQ
S
n

t
434343

210289.0     (8.16) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (8.16) reduces to: 
 

43

2141

02890
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

c

cc

L
t S

Ln
q
.t        (8.17) 

 
 

8.8. HYDROGRAPH – RISING PHASE 
 
Substituting Eqs. (8.4) and (8.5) into Eq. (4.44) gives the equation for the rising phase of 

the hydrograph for a channel with upstream inflow: 
 

3443

21

21

6073114810
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= tq

S
Qn.

n
S.Q L

c

uc

c

c
c     (8.18) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (8.18) reduces to: 
 

( ) 34
21

0113 tq
n

S
.Q L

c

c
c ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=        (8.19) 

 
Equations (8.18) and (8.19) are valid for t ≤ tt. 
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8.9. FORWARD CHARACTERISTIC - RISING PHASE 
 
Substituting Eqs. (8.4) and (8.5) into Eq. (4.47) gives the equation for the forward 

characteristic of the rising phase for a channel with upstream inflow: 
 

( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ −+
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

ucLu

c

c

q
QxqQ

S
n

t
434343

210289.0     (8.20) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (8.20) reduces to: 
 

43

2141

02890
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

c

cc

L S
xn

q
.t        (8.21) 

 
 

8.10. WATER SURFACE PROFILE – RISING PHASE 
 
Substituting Eqs. (8.4) and (8.5) into Eq. (4.49) gives the equation for the rising phase of 

the flow area profile for a channel with upstream inflow, which is valid for 0 ≤ xc ≤ Lp: 
 

( )
43

217311 ⎥
⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= cLu

c

c
c xqQ

S
n.A       (8.22) 

 
Substituting Eq. (8.6) into Eq. (8.22) gives the equation for the rising phase of the water 
surface profile for a channel with upstream inflow, which is valid for 0 ≤ xc ≤ Lp: 

 

( )
83

213161 ⎥
⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= cLu

c

c
c xqQ

S
n.y       (8.23) 

 
Substituting Eqs. (8.4) and (8.5) into Eq. (4.50) gives the equation for the rising phase of the 
flow area profile for a channel with upstream inflow, which is valid for Lp ≤ xc ≤  Lc. 

 

( )
43

217311 ⎥
⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= pLu

c

c
p LqQ

S
n.A       (8.24) 

 
Substituting Ac = Ap, and yc = yp into Eq. (8.6) and then substituting it into Eq. (8.24) gives the 
equation for the rising phase of the water surface profile for a channel with upstream inflow, 
which is valid for 0 ≤  xc ≤ Lp: 
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( )
83

213161 ⎥
⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= pLu

c

c
p LqQ

S
n.y       (8.25) 

 
From Eq. (4.51), the distance Lp is: 
 

L

up
p q

QQ
L

−
=         (8.26) 

 
For a channel with zero upstream inflow (Qu = 0), Eqs. (8.22)-(8.26) reduce to: 
 

43

217311 ⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= cL

c

c
c xq

S
n.A        (8.27) 

 
83

213161 ⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= cL

c

c
c xq

S
n.y        (8.28) 

 
which are valid for 0 ≤  xc ≤ Lp ,  
 

43

217311 ⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= pL

c

c
p Lq

S
n.A       (8.29) 

 
83

213161 ⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= pL

c

c
p Lq

S
n.y       (8.30) 

 
which are valid for Lp ≤ xc ≤ Lc, and 
 

L

p
p q

Q
L =          (8.31) 

 
 

8.11. DURATION OF PARTIAL EQUILIBRIUM DISCHARGE 
 
Substituting Eqs. (8.4) and (8.5) into Eq. (4.63) gives the equation for the duration of 

partial equilibrium discharge for a channel with upstream inflow: 
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3143

21

21

3443

21

21

6073114838

6073114810

/

qL
c

uc

c

Lc

qL
c

uc

c

c
uLc

d

tq
S

Qn.
n

qS.

tq
S

Qn.
n

S.QqL

t

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+

=   (8.32) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (8.32) reduces to: 
 

( ) 31
21

3431
21

4838

4810

qL
c

c

qL
c

c
c

d

tq
n

S.

tq
n

S.L
t

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

=       (8.33) 

 
 

8.12. HYDROGRAPH - EQUILIBRIUM PHASE 
 
As shown in figures 4.2 and 4.3, the hydrograph may reach partial equilibrium or 

equilibrium depending on the duration of lateral inflow tq. If tq < tt, the hydrograph reaches 
partial equilibrium with a constant discharge Qp. If tq ≥ tt, the hydrograph reaches equilibrium 
with a constant discharge Qe. 

 
 

8.12.1. Partial Equilibrium Discharge 
 
Substituting Eqs. (8.4) and (8.5) into Eq. (4.66) gives the equation for the partial 

equilibrium discharge for a channel with upstream inflow: 
 

3443

21

21

6073114810
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= qL

c

uc

c

c
p tq

S
Qn

.
n

S
.Q     (8.34) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (8.34) reduces to:  
 

( ) 34
21

0113 qL
c

c
p tq

n
S

.Q ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=       (8.35) 

 
Equations (8.34) and (8.35) are valid for tq ≤ t ≤ (tq + td). 
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8.12.2. Equilibrium Discharge 
 
From Eq. (4.69), the equation for the equilibrium discharge for a channel with upstream 

inflow is: 
 

cLue LqQQ +=         (8.36) 
 
For a channel with zero upstream inflow (Qu = 0), Eq. (8.36) reduces to:  
 

cLe LqQ =          (8.37) 
 
Equations (8.36) and (8.37) are valid for tt ≤ t ≤ tq. 
 
 

8.13. WATER SURFACE PROFILE - EQUILIBRIUM PHASE 
 
Substituting Eqs. (8.4) and (8.5) into Eq. (4.71) gives the equation for the equilibrium 

flow area profile for a channel with upstream inflow between –Lu ≤ xc ≤ Lc. 
 

( )
43

217311 ⎥
⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= cLu

c

c
c xqQ

S
n.A       (8.38) 

 
Substituting Eq. (8.6) into Eq. (8.38) gives the equation for the equilibrium water surface 
profile for a channel with upstream inflow, which is valid for –Lu ≤ xc ≤ Lc: 

 

( )
83

213161 ⎥
⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= cLu

c

c
c xqQ

S
n.y       (8.39) 

 
For a channel with zero upstream inflow (Qu = 0), Eqs. (8.38) and (8.39) reduce to: 
 

43

217311 ⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= cL

c

c
c xq

S
n.A        (8.40) 

 
83

213161 ⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= cL

c

c
c xq

S
n.y        (8.41) 

 
which are valid for 0 ≤ xc ≤ Lc. 
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8.14. EQUILIBRIUM DETENTION STORAGE 
 
Substituting Eqs. (8.4) and (8.5) into Eq. (4.78) gives the equilibrium detention storage 

for a channel with upstream inflow: 
 

( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ −+
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

ucLu

c

c
ec q

QLqQ
S
n

D
4/74/74/3

21989.0     (8.42) 

 
For a channel with zero upstream inflow (i.e. Qu = 0), Eq. (8.42) reduces to: 
 

4/74/3
4/3

21989.0 cL
c

c
ec Lq

S
n

D ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=       (8.43) 

 
 

8.15. WATER SURFACE PROFILE – FALLING PHASE 
 
Substituting Eqs. (8.4) and (8.5) into Eq. (4.91) gives the equation for the falling phase of 

the flow area profile for a channel with upstream inflow, which is valid for Lf ≤ xc ≤ Lc: 
 

( )
⎪
⎪

⎭

⎪
⎪

⎬

⎫

⎪
⎪

⎩

⎪
⎪

⎨

⎧
−⎥

⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

u
c

cc

q
c

cc
c q

Q
n
AS.

tt
n
AS.x

3421

3121
4810

4838    (8.44) 

 
Substituting Eq. (8.6) into Eq. (8.44) gives the equation for the falling phase of the water 
surface profile for a channel with upstream inflow, which is valid for Lf ≤ xc ≤ Lc: 

 

( )
⎪
⎪

⎭

⎪
⎪

⎬

⎫

⎪
⎪

⎩

⎪
⎪

⎨

⎧
−

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

u
c

cc

q
c

cc
c q

Q
n
yS.

tt
n
yS.x

3821

3221
4810

4838    (8.45) 

 
From Eq. (4.92), the equation for the flow area profile between 0 ≤ xc ≤ Lf is: 

 
43

217311 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

c

uc
c S

Qn
.A        (8.46) 
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Substituting Eq. (8.6) into Eq. (8.46) gives the equation for the falling phase of the water 
surface profile for a channel with upstream inflow, which is valid for 0 ≤ xc ≤ Lf: 

 
83

213161 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

c

uc
c S

Qn
.y        (8.47) 

 
Substituting Eqs. (8.4) and (8.5) into Eq. (4.94) gives the equation for the distance Lf for a 
channel with upstream inflow, which is valid for t ≥ tq: 

 

( )qu
c

c
f ttQ

n
S.L −⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= 41

4321

2146       (8.48) 

 
For a channel with zero upstream inflow (Qu = 0), Eqs. (8.44) and (8.45) reduce to: 
 

( )

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

c

cc

q
c

cc
c q

n
AS.

tt
n
AS.x

3421

3121
4810

4838     (8.49) 

 

( )

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

c

cc

q
c

cc
c q

n
yS.

tt
n
yS.x

3821

3221
4810

4838     (8.50) 

 
which are valid for 0 ≤ xc ≤ Lc. 

 
 

8.16. HYDROGRAPH - FALLING PHASE 
 
Substituting Eqs. (8.4) and (8.5) into Eq. (4.101) gives the equation for the falling phase 

(falling limb) of a hydrograph for a channel with upstream inflow: 
 

q
L

uc
c

c

c

c

t
q

QQL
S
n

Q
.t +⎥

⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

43

2141
02160

    (8.51) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (8.51) reduces to: 
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q
L

c
c

c

c

c

t
q
QL

S
n

Q
.t +⎥

⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

43

2141
02160

     (8.52) 
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Chapter 9 
 
 
 

9. WORKING FORMULAS FOR FLOW  
IN RECTANGULAR (WIDE) CHANNEL 

 
 
In this Chapter, based on the Manning’s equation, the kinematic wave parameters for 

flow in a rectangular (wide) channel are derived. By applying these parameters to the general 
formulas in Chapter 4, working formulas for the flow depth; flow velocity; average flow 
velocity; wave celerity; average wave celerity; time of travel; rising, equilibrium and falling 
phases of hydrograph; forward characteristic; rising, equilibrium and falling phases of water 
surface profiles; duration of partial equilibrium discharge; and equilibrium detention storage 
are also derived. 

 
 

9.1. KINEMATIC WAVE PARAMETERS 
 
Rearranging Eq. (7.3) gives: 
 

W
y

y
R

c

c

2
1+

=         (9.1) 

 
For a rectangular wide channel, as shown in figure 9.1, yc << W and Eq. (9.1) reduces to: 

 

cyR ≈          (9.2) 
 

 

Figure 9.1. Cross-section of Rectangular (Wide) Channel. 
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Substituting Eq. (7.1) into Eq. (9.2) gives: 
 

W
AR =          (9.3) 

 
Substituting Eq. (9.3) and Q = Q c , S =S c, A = Ac, n = nc into (3.1) gives: 

 

35
32

21

c
c

c
c A

Wn
SQ ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=        (9.4) 

 
A comparison of Eq. (9.4) with Eq. (4.7) gives the kinematic wave parameters (Wong 2002, 
Wong and Zhou 2006): 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= 32

21

Wn
S

c

c
cα         (9.5) 

 

3
5

=cβ          (9.6) 

 
 

9.2. FLOW DEPTH 
 
Substituting Eqs. (7.1) into Eq. (9.4) gives: 
 

1 2
5 3c

c c
c

SQ Wy
n

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
        (9.7) 

 
Rearranging Eq. (9.7) gives the equation for the flow depth for a channel with and without 
upstream inflow: 

 
53

21 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

WS
Qny

c

cc
c         (9.8) 

 
 

9.3. FLOW VELOCITY 
 
Substituting Eqs. (9.5) and (9.6) into Eq. (4.12) gives the equation for the flow velocity 

along the equilibrium profile for a channel with upstream inflow: 
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( ) 52
53

32

21

cLu
c

c xqQ
Wn
Sv +⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=       (9.9) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (9.9) reduces to: 
 

( ) 52
53

32

21

cL
c

c xq
Wn
Sv ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=        (9.10) 

 
 

9.4. AVERAGE FLOW VELOCITY 
 
Substituting Eqs. (9.5) and (9.6) into Eq.(4.15) gives the equation for the average flow 

velocity for a channel with upstream inflow: 
 

( ) 5353

53

32

21

6000

ucLu

cL
c

av QLqQ

Lq
nW
S.

v
−+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

=       (9.11) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (9.11) reduces to:  
 

( ) 52
53

32

21

6000 cL
c

av Lq
nW
S.v ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=       (9.12) 

 
 

9.5. KINEMATIC WAVE CELERITY 
 
Substituting Eqs. (9.5) and (9.6) into Eq. (4.29) gives the equation for the wave celerity 

along the equilibrium profile for a channel with upstream inflow: 
 

( ) 52
53

32

21

6671 cLu
c

c
k xqQ

Wn
S.c +⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=      (9.13) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (9.13) reduces to: 
 

( ) 52
53

32

21

6671 cL
c

c
k xq

Wn
S.c ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=       (9.14) 
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9.6. AVERAGE WAVE CELERITY 
 
Substituting Eqs. (9.5) and (9.6) into Eq. (4.32) gives the equation for the wave celerity 

for a channel with upstream inflow: 
 

( ) 5353

53

32

21

ucLu

cL
c

c

av QLqQ

Lq
Wn
S

c
−+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

=       (9.15) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (9.15) reduces to: 
 

( ) 52
53

32

21

cL
c

c
av Lq

Wn
Sc ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=        (9.16) 

 
 

9.7. TIME OF TRAVEL 
 
Substituting Eqs. (9.5) and (9.6) into Eq. (4.35) gives the equation for the time of travel 

for a channel with upstream inflow: 
 

( )
⎥
⎦

⎤
⎢
⎣

⎡ −+
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

ucLu

c

c
t q

QLqQ
S
Wn.t

535353

21

32

01670     (9.17) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (9.17) reduces to: 
 

53

21

32

52

01670
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

c

cc

L
t S

LWn
q
.t        (9.18) 

 
 

9.8. HYDROGRAPH – RISING PHASE 
 
Substituting Eqs. (9.5) and (9.6) into Eq. (4.45) gives the equation for the rising phase 

(rising limb) of the hydrograph for a channel with upstream inflow: 
 

3553

21

32

32

21

60
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= tq

S
QnW

Wn
SQ L

c

u

c

c
c      (9.19) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (9.19) reduces to: 
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( ) 35
32

21

6919 tq
Wn
S.Q L
c

c
c ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=       (9.20) 

 
Equations (9.19) and (9.20) are valid for t ≤ tt. 
 
 

9.9. FORWARD CHARACTERISTIC - RISING PHASE 
 
Substituting Eqs. (9.5) and (9.6) into Eq.(4.47) gives the equation for the forward 

characteristic of the rising phase for a channel with upstream inflow: 
 

( )
⎥
⎦

⎤
⎢
⎣

⎡ −+
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

ucLu

c

c

q
QxqQ

S
Wn.t

535353

21

32

01670     (9.21) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (9.21) reduces to: 
 

53

21

32

52
01670

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

c

cc

L S
xWn

q
.t        (9.22) 

 
 

9.10. WATER SURFACE PROFILE – RISING PHASE 
 
Substituting Eqs. (9.5) and (9.6) into Eq. (4.49) gives the equation for the rising phase of 

the flow area profile for a channel with upstream inflow, which is valid for 0 ≤ xc ≤ Lp: 
 

( )
53

21

32

⎥
⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= cLu

c

c
c xqQ

S
WnA       (9.23) 

 
Substituting Eq. (7.1) into Eq. (9.23) gives the equation for the rising phase of the water 
surface profile for a channel with upstream inflow, which is valid for 0 ≤ xc ≤ Lp: 

 

( )
53

21 ⎥
⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= cLu

c

c
c xqQ

WS
ny       (9.24) 

 
Substituting Eqs. (9.5) and (9.6) into Eq. (4.50) gives the equation for the rising phase of the 
flow area profile for a channel with upstream inflow, which is valid for Lp ≤ xc ≤  Lc. 
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( )
53

21

32

⎥
⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= pLu

c

c
p LqQ

S
WnA       (9.25) 

 
Substituting Ac = Ap, and yc = yp into Eq. (7.1) and then substituting it into Eq. (9.25) gives the 
equation for the rising phase of the water surface profile for a channel with upstream inflow, 
which is valid for 0 ≤ xc ≤ Lp: 

 

( )
53

21 ⎥
⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= pLu

c

c
p LqQ

WS
ny       (9.26) 

 
From Eq. (4.51), the distance Lp is: 
 

L

up
p q

QQ
L

−
=         (9.27) 

 
For a channel with zero upstream inflow (Qu = 0), Eqs. (9.23)-(9.27) reduce to: 
 

53

21

32

⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= cL

c

c
c xq

S
WnA        (9.28) 

 
53

21 ⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= cL

c

c
c xq

WS
ny        (9.29) 

 
which are valid for 0 ≤  xc ≤ Lp, and  
 

53

21

32

⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= pL

c

c
p Lq

S
WnA        (9.30) 

 
53

21 ⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= pL

c

c
p Lq

WS
ny        (9.31) 

 
which are valid for Lp ≤ xc ≤ Lc, and 
 

L

p
p q

Q
L =          (9.32) 
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9.11. DURATION OF PARTIAL EQUILIBRIUM DISCHARGE 
 
Substituting Eqs. (9.5) and (9.6) into Eq. (4.63) gives the equation for the duration of 

partial equilibrium discharge for a channel with upstream inflow: 
 

3253

21

32

32

21

3553

21

32

32

21

600100

60

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+

=

qL
c

uc

c

Lc

qL
c

uc

c

c
uLc

d

tq
S

QWn
Wn

qS.

tq
S

QWn
Wn
SQqL

t    (9.33) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (9.29) reduces to: 
 

( ) 32
32

21

3532
32

21

61532

6919

qL
c

c

qL
c

c
c

d

tq
Wn
S.

tq
Wn
S.L

t

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

=       (9.34) 

 
 

9.12. HYDROGRAPH - EQUILIBRIUM PHASE 
 
As shown in figures 4.2 and 4.3, the hydrograph may reach partial equilibrium or 

equilibrium depending on the duration of lateral inflow tq. If tq < tt, the hydrograph reaches 
partial equilibrium with a constant discharge Qp. If tq ≥ tt, the hydrograph reaches equilibrium 
with a constant discharge Qe. 

 
 

9.12.1. Partial Equilibrium Discharge 
 
Substituting Eqs. (9.5) and (9.6) into Eq. (4.66) gives the equation for the partial 

equilibrium discharge for a channel with upstream inflow: 
 

3553

21

32

32

21

60
⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡
+⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= qL

c

u

c

c
p tq

S
QnW

Wn
S

Q     (9.35) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (9.35) reduces to:  
 

( ) 35
32

21

6919 qL
c

c
p tq

Wn
S

.Q ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=       (9.36) 



Tommy S.W. Wong 

 

120 

Equations (9.35) and (9.36) are valid for tq ≤ t ≤ (tq + td). 
 
 

9.12.2. Equilibrium Discharge 
 
From Eq. (4.69), the equation for the equilibrium discharge for a channel with upstream 

inflow is: 
 

cLue LqQQ +=         (9.37) 
 
For a channel with zero upstream inflow (Qu = 0), Eq. (9.37) reduces to:  
 

cLe LqQ =          (9.38) 
 
Equations (9.37) and (9.38) are valid for tt ≤ t ≤ tq. 
 
 

9.13. WATER SURFACE PROFILE - EQUILIBRIUM PHASE 
 
Substituting Eqs. (9.5) and (9.6) into Eq. (4.71) gives the equation for the equilibrium 

flow area profile for a channel with upstream inflow between –Lu ≤ xc ≤ Lc: 
 

( )
53

21

32

⎥
⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= cLu

c

c
c xqQ

S
WnA       (9.39) 

 
Substituting Eq. (7.1) into Eq. (9.39) gives the equation for the equilibrium water surface 
profile for a channel with upstream inflow, which is valid for –Lu ≤ xc ≤ Lc: 

 

( )
53

21 ⎥
⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= cLu

c

c
c xqQ

WS
ny       (9.40) 

 
For a channel with zero upstream inflow (Qu = 0), Eqs. (9.39) and (9.40) reduce to: 
 

53

21

32

⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= cL

c

c
c xq

S
WnA        (9.41) 

 
53

21 ⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= cL

c

c
c xq

WS
ny        (9.42) 
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which are valid for 0 ≤ xc ≤ Lc. 
 
 

9.14. EQUILIBRIUM DETENTION STORAGE 
 
Substituting Eqs. (9.5) and (9.6) into Eq. (4.78) gives the equilibrium detention storage 

for a channel with upstream inflow: 
 

( )
⎥
⎦

⎤
⎢
⎣

⎡ −+
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

ucLu

c

c
ec q

QLqQ
S
Wn.D

585853

21

32

6250     (9.43) 

 
For a channel with zero upstream inflow (i.e. Qu = 0), Eq. (9.43) reduces to: 
 

5853
53

21

32

6250 cL
c

c
ec Lq

S
Wn.D ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=       (9.44) 

 
 

9.15. WATER SURFACE PROFILE – FALLING PHASE 
 
Substituting Eqs. (9.5) and (9.6) into Eq. (4.91) gives the equation for the falling phase of 

the flow area profile for a channel with upstream inflow, which is valid for Lf ≤ xc ≤ Lc: 
 

( )

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛

+−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

u
c

cc

q
c

cc
c q

Q
Wn

AS

tt
Wn

AS.x
32

3521

32

3221

0100     (9.45) 

 
Substituting Eq. (7.1) into Eq. (9.45) gives the equation for the falling phase of the water 
surface profile for a channel with upstream inflow, which is valid for Lf ≤ xc ≤ Lc: 

 

( )

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛

+−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

u
c

cc

q
c

cc
c q

Q
n
WyS

tt
n
yS.x

3521

3221

0100     (9.46) 

 
From Eq. (4.92), the equation for the flow area profile between 0 ≤ xc ≤ Lf is: 
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53

21

32

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

c

uc
c S

QWn
A        (9.47) 

 
Substituting Eq. (7.1) into Eq. (9.47) gives the equation for the falling phase of the water 
surface profile for a channel with upstream inflow, which is valid for 0 ≤ xc ≤ Lf: 

 
53

21 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

WS
Qn

y
c

uc
c         (9.48) 

 
Substituting Eqs. (9.5) and (9.6) into Eq. (4.94) gives the equation for the distance Lf for a 
channel with upstream inflow, which is valid for t ≥ tq: 

 

( )qu
c

c
f ttQ

Wn
S.L −⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= 52

53

32

21

0100      (9.49) 

 
For a channel with zero upstream inflow (Qu = 0), Eqs. (9.45) and (9.46) reduce to: 
 

( )

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

c

cc

q
c

cc
c q

Wn
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tt
Wn

AS.x
32

3521

32

3221

0100     (9.50) 

 

( )
⎪
⎪

⎭

⎪
⎪

⎬

⎫

⎪
⎪

⎩

⎪
⎪

⎨

⎧
⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

c

cc

q
c

cc
c q

n
WyS

tt
n
yS.x

3521

3221

0100     (9.51) 

 
which are valid for 0 ≤ xc ≤ Lc. 

 
 

9.16. HYDROGRAPH - FALLING PHASE 
 
Substituting Eqs. (9.5) and (9.6) into Eq. (4.101) gives the equation for the falling phase 

(falling limb) of a hydrograph for a channel with upstream inflow: 
 

q
L

uc
c

c

c

c

t
q

QQL
S
Wn

Q
.t +⎥

⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

53

21

32

52

01000
    (9.52) 
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For a channel with zero upstream inflow (Qu = 0), Eq. (9.52) reduces to: 
 

q
L

c
c

c

c

c

t
q
QL

S
Wn

Q
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⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

53

21

32

52

01000
     (9.53) 
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Chapter 10 
 
 
 

10. WORKING FORMULAS FOR FLOW  
IN TRAPEZOIDAL CHANNEL  
WITH EQUAL SIDE SLOPES 

 
 
In this Chapter, based on the Manning’s equation, the kinematic wave parameters for 

flow in a trapezoidal channel with equal side slopes are derived. By applying these 
parameters to the general formulas in Chapter 4, working formulas for the flow depth; flow 
velocity; average flow velocity; wave celerity; average wave celerity; time of travel; rising, 
equilibrium and falling phases of hydrograph; forward characteristic; rising, equilibrium and 
falling phases of water surface profiles; duration of partial equilibrium discharge; and 
equilibrium detention storage are also derived. 

 
 

10.1. KINEMATIC WAVE PARAMETERS 
 
For flow in a trapezoidal channel with equal side slopes, the flow area Ac, and the wetted 

perimeter P, are related to the base width W, reciprocal of channel side slope z, and the flow 
depth yc, as follows: 

 

ccc WyzyA += 2         (10.1) 
 

( ) WzyP c ++=
21212        (10.2) 

 
Figure 10.1 shows the trapezoidal channel with base width W, reciprocal of channel side slope 
z, and flow depth yc. Next, defining two dimensionless variables, ψ and µ, as:  

 
2WAc=ψ         (10.3) 

 
Wyc=μ          (10.4) 
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W

yc

z
1

z
1

 

Figure 10.1. Cross-section of Trapezoidal Channel with Equal Side Slopes. 

Substituting Eqs. (10.3) and (10.4) into Eq. (10.1) gives the following relationship between ψ 
and µ:  

 
02 =−+ ψμμz         (10.5) 

 
For z ≠ 0, the positive solution for Eq. (10.5) is: 

 

( )
z

z
2

141 21 −+
=

ψμ        (10.6) 

 
Substituting Eq. (10.4) into Eq. (10.6) to eliminate µ results: 

 

( ) W
z

zyc ⎥
⎦

⎤
⎢
⎣

⎡ −+
=

2
141 21ψ

       (10.7) 

 
Substituting Eq. (10.7) into Eq. (10.2) gives an expression for P: 

 

( ) ( )[ ] W
z

zzP
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧ −++

+=
14111

21212 ψ
     (10.8) 

 
Substituting Eqs. (10.3) and (10.8) into Eq. (3.1) results in a dimensionless equation in terms 
of ψ, which can be considered as the "true" relationship between Qc and Ac for a trapezoidal 
channel of equal side slopes: 

 

( ) ( )[ ]
35

32

212123821 1411
ψ

ψ ⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

−+++
=

zzz
z

WS
Qn

c

cc     (10.9) 

 
As shown in figure 10.2, by mathematical fitting to the true relationships for 0.1 ≤ z ≤ 5.0, 
Wong and Zhou (2006) obtained the following kinematic wave parameters: 
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⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= 09090

21

3400 .
c

c
c Wn

S.α        (10.10) 

 
379.1=cβ         (10.11) 

 

 

Figure 10.2. Comparison between True and Kinematic Wave Relationships for Flow in Trapezoidal 
Channel with Equal Side Slopes. 

 
10.2. FLOW DEPTH 

 
Substituting Eqs. (10.10) and (10.11) into Eq. (4.7) gives: 
 

3791
09090

21

3400 .
c.

c

c
c A

Wn
S.Q ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=       (10.12) 
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Substituting Eqs. (10.1) into Eq. (10.12) gives: 
 

( ) 37912
09090

21

3400 .
cc.

c

c
c Wyzy

Wn
S.Q +⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=      (10.13) 

 
Rearranging Eq. (10.13) gives: 

 

01872
7250

21

09090
2 =⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−+

.

c

c
.

c
cc S

QWn
.Wyzy      (10.14) 

 
Solving Eq. (10.14) gives the equation for the flow depth for a channel with and without 
upstream inflow: 

 

z

S
QWn

z.WW

y

.

c

c
.

c

c 2

7488

217250

21

09090
2

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++−

=     (10.15) 

 
 

10.3. FLOW VELOCITY 
 
Substituting Eqs. (10.10) and (10.11) into Eq. (4.12) gives the equation of flow velocity 

for a channel with upstream inflow: 
 

( )
7250

3790
09090

21

3400
.

.
cLu.

c

c xqQ
Wn
S.v ⎥

⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=     (10.16) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (10.16) reduces to: 
 

( )
7250

3790
09090

21

3400
.

.
cL.

c

c xq
Wn
S.v ⎥

⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=      (10.17) 

 
 

10.4. AVERAGE FLOW VELOCITY 
 
Substituting Eqs. (10.10) and (10.11) into Eq. (4.15) gives the equation of average flow 

velocity along the equilibrium profile for a channel with upstream inflow: 
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( ) 72507250

7250

09090

21

3320

.
u

.
cLu

cL

.

.
c

c

av QLqQ

Lq
Wn
S.

v
−+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

=       (10.18) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (10.18) reduces to:  
 

( ) 2750
7250

09090

21

3320 .
cL

.

.
c

c
av Lq

Wn
S.v ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=      (10.19) 

 
 

10.5. KINEMATIC WAVE CELERITY 
 
Substituting Eqs. (10.10) and (10.11) into Eq. (4.29) gives the equation of wave celerity 

along the equilibrium profile for a channel with upstream inflow: 
 

( )
7250

3790
09090

21

6300
.

.
cLu.

c

c
k xqQ

Wn
S.c ⎥

⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=     (10.20) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (10.20) reduces to: 
 

( )
7250

3790
09090

21

6300
.

.
cL.

c

c
k xq

Wn
S.c ⎥

⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=      (10.21) 

 
 

10.6. AVERAGE WAVE CELERITY 
 
Substituting Eqs. (10.10) and (10.11) into Eq. (4.32) gives the equation of wave celerity 

for a channel with upstream inflow: 
 

( ) 72507250

7250

09090

21

4570

.
u

.
cLu

cL

.

.
c

c

av QLqQ

Lq
Wn
S.

c
−+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

=       (10.22) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (10.22) reduces to: 
 

( ) 2750
7250

09090

21

4570 .
cL

.

.
c

c
av Lq

Wn
S.c ⎟⎟

⎠

⎞
⎜⎜
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⎛
=      (10.23) 
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10.7. TIME OF TRAVEL 
 
Substituting Eqs. (10.10) and (10.11) into Eq. (4.35) gives the equation of time of travel 

for a channel with upstream inflow: 
 

( )
⎥
⎦

⎤
⎢
⎣

⎡ −+
⎟⎟
⎠

⎞
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.

c

.
c

t q
QLqQ

S
Wn.t

725072507250

21

09090

03640    (10.24) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (10.24) reduces to: 
 

7250

21

09090

2750

03640
.

c

.
c

.
L

t S
Wn

q
.t ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=       (10.25) 

 
 

10.8. HYDROGRAPH – RISING PHASE 
 
Substituting Eqs. (10.10) and (10.11) into Eq. (4.45) gives the equation for the rising 

phase of the hydrograph for a channel with upstream inflow: 
 

37917250

21

09090

09090

21

6018623400

.

L

.

c

u
.

c
.

c

c
c tq

S
QWn.

Wn
S.Q

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=   (10.26) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (10.26) reduces to: 
 

( ) 3791
09090

21

2896 .
L.

c

c
c tq

Wn
S.Q ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=       (10.27) 

 
Equations (10.26) and (10.27) are valid for t ≤ tt. 
 
 

10.9. FORWARD CHARACTERISTIC - RISING PHASE 
 
Substituting Eqs. (10.10) and (10.11) into Eq. (4.47) gives the equation for the forward 

characteristic of the rising phase for a channel with upstream inflow: 
 

( )
⎥
⎦

⎤
⎢
⎣

⎡ −+
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
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L

.
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.
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.

c

.
c

q
QxqQ

S
Wn.t

725072507250

21

09090

03640    (10.28) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (10.28) reduces to: 
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7250

21

09090

2750

03640
.

c

c
.

c
.

L S
xWn

q
.t ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=       (10.29) 

 
 

10.10. WATER SURFACE PROFILE – RISING PHASE 
 
Substituting Eqs. (10.10) and (10.11) into Eq. (4.49) gives the equation for the rising 

phase of the flow area profile for a channel with upstream inflow, which is valid for 0 ≤  xc 
≤ Lp: 

 

( )
7250

21

09090

1862
.

ucL
c

.
c

c Qxq
S

Wn
.A

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=      (10.30) 

 
Substituting Eq. (10.1) into Eq. (10.30), and solving it gives the equation for the rising phase 
of the water surface profile for a channel with upstream inflow, which is valid for 0 ≤  xc ≤ Lp: 

 

( )

z

S
QxqWn

z.WW

y

.

c

ucL
.

c

c 2

7488

217250
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09090
2

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎥
⎦

⎤
⎢
⎣

⎡ +
++−

=   (10.31) 

 
Substituting Eqs. (10.10) and (10.11) into Eq. (4.50) gives the equation for the rising phase of 
the flow area profile for a channel with upstream inflow, which is valid for Lp ≤  xc ≤  Lc: 

 

( )
7250

21

09090

1862
.

upL
c

.
c

p QLq
S

Wn.A ⎥
⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=      (10.32) 

 
Substituting Ac = Ap, and yc = yp into Eq. (10.1), and then substituting it into Eq. (10.32), and 
solving it gives the equation for the rising phase of the water surface profile for a channel 
with upstream inflow, which is valid for Lp ≤  xc ≤  Lc: 

 

( )

z

S
QLqWn

z.WW

y

.

c

upL
.

c

p 2

7488

217250
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09090
2

⎪⎭

⎪
⎬
⎫
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⎪
⎨
⎧

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ +
++−

=   (10.33) 

 
From Eq. (4.51), the distance Lp is: 
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L

up
p q

QQ
L

−
=         (10.34) 

 
For a channel with zero upstream inflow (Qu = 0), Eqs. (10.30)-(10.34) reduce to: 
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09090
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c
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.

c
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xqWn.A ⎟⎟
⎠
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c
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c
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⎥
⎥
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⎤
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⎡
⎟⎟
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++−

=     (10.36) 

 
which are valid for 0 ≤  xc ≤ Lp ,  
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c
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c
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⎜
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c
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⎢
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⎡

⎟
⎟
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⎞
⎜
⎜
⎝

⎛
++−

=     (10.38) 

 
which are valid for Lp ≤  xc ≤  Lc, and 
 

L

p
p q

Q
L =          (10.39) 

 
 

10.11. DURATION OF PARTIAL EQUILIBRIUM DISCHARGE 
 
Substituting Eqs. (10.10) and (10.11) into Eq. (4.63) gives the equation for the duration 

of partial equilibrium discharge for a channel with upstream inflow: 
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09090
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=  (10.40) 
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For a channel with zero upstream inflow (Qu = 0), Eq. (10.40) reduces to: 
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⎞
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⎛
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⎞
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⎝

⎛
−

=      (10.41) 

 
 

10.12. HYDROGRAPH - EQUILIBRIUM PHASE 
 
As shown in figures 4.2 and 4.3, the hydrograph may reach partial equilibrium or 

equilibrium depending on the duration of lateral inflow tq. If tq < tt, the hydrograph reaches 
partial equilibrium with a constant discharge Qp. If tq ≥ tt, the hydrograph reaches equilibrium 
with a constant discharge Qe. 

 
 

10.12.1. Partial Equilibrium Discharge 
 
Substituting Eqs. (10.10) and (10.11) into Eq. (4.66) gives the equation for the partial 

equilibrium discharge for a channel with upstream inflow: 
 

37917250
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09090

09090
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6018623400

.

qL

.

c

u
.

c
.

c

c
p tq

S
QWn

.
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S

.Q
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=   (10.42) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (10.42) reduces to:  
 

( ) 3791
09090

21

2896 .
qL.

c

c
p tq

Wn
S

.Q ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=       (10.43) 

 
Equations (10.42) and (10.43) are valid for tq ≤ t ≤ (tq + td). 
 
 

10.12.2. Equilibrium Discharge 
 
From Eq. (4.69), the equation for the equilibrium discharge for a channel with upstream 

inflow is: 
 

cLue LqQQ +=         (10.44) 
 
For a channel with zero upstream inflow (Qu = 0), Eq. (10.44) reduces to:  
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cLe LqQ =          (10.45) 
 
Equations (10.44) and (10.45) are valid for tt ≤ t ≤ tq. 
 
 

10.13. WATER SURFACE PROFILE - EQUILIBRIUM PHASE 
 
Substituting Eqs. (10.10) and (10.11) into Eq. (4.71) gives the equation for the 

equilibrium flow area profile for a channel with upstream inflow between –Lu ≤  xc ≤  Lp: 
 

( )
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21

09090
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.

ucL
c

.
c

c Qxq
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Substituting Eq. (10.1) into Eq. (10.40), and solving it gives the equation for the rising phase 
of the water surface profile for a channel with upstream inflow, which is valid for –Lu ≤  xc 
≤  Lp: 
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For a channel with zero upstream inflow (Qu = 0), Eqs. (10.46) and (10.47) reduce to: 
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which are valid for 0 ≤  xc ≤ Lc. 

 
 

10.14. EQUILIBRIUM DETENTION STORAGE 
 
Substituting Eqs. (10.10) and (10.11) into Eq. (4.78) gives the equilibrium detention 

storage for a channel with upstream inflow: 
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For a channel with zero upstream inflow (i.e. Qu = 0), Eq. (10.50) reduces to: 
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10.15. WATER SURFACE PROFILE – FALLING PHASE 
 
Substituting Eqs. (10.10) and (10.11) into Eq. (4.91) gives the equation for the falling 

phase of the flow area profile for a channel with upstream inflow, which is valid for Lf ≤  xc 
≤ Lc. 
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Substituting Eq. (10.1) into Eq. (10.46) gives the equation for the falling phase of the water 
surface profile for a channel with upstream inflow, which is valid for Lf ≤  xc ≤ Lc: 
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From Eq. (4.92), the equation for the flow area profile between 0 ≤  xc ≤ Lf is: 
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Substituting Eq. (10.1) into Eq. (10.50) and solving it gives the equation for the falling phase 
of the water surface profile for a channel with upstream inflow, which is valid for 0 ≤ xc ≤ Lf: 
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Substituting Eqs. (10.10) and (10.11) into Eq. (4.94) gives the equation for the distance Lf for 
a channel with upstream inflow, which is valid for t ≥ tq: 
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For a channel with zero upstream inflow (Qu = 0), Eqs. (10.52) and (10.53) reduce to: 
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which are valid for 0 ≤ xc ≤ Lc. 
 
 

10.16. HYDROGRAPH - FALLING PHASE 
 
Substituting Eqs. (10.10) and (10.11) into Eq. (4.101) gives the equation for the falling 

phase of a hydrograph for a channel with upstream inflow: 
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For a channel with zero upstream inflow (Qu = 0), Eq. (10.59) reduces to: 
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Chapter 11 
 
 
 

11. WORKING FORMULAS FOR FLOW  
IN TRAPEZOIDAL CHANNEL  
WITH ONE SIDE VERTICAL 

 
 
In this Chapter, based on the Manning’s equation, the kinematic wave parameters for 

flow in a trapezoidal channel with one side vertical are derived. By applying these parameters 
to the general formulas in Chapter 4, working formulas for the flow depth; flow velocity; 
average flow velocity; wave celerity; average wave celerity; time of travel; rising, equilibrium 
and falling phases of hydrograph; forward characteristic; rising, equilibrium and falling 
phases of water surface profiles; duration of partial equilibrium discharge; and equilibrium 
detention storage are also derived. 

 
 

11.1. KINEMATIC WAVE PARAMETERS 
 
For flow in a trapezoidal channel with one side vertical, the flow area Ac, and the wetted 

perimeter P, are related to the flow depth yc, and the reciprocal of channel side slope z, as 
follows: 

 

ccc Wyzy.A += 250         (11.1) 
 

( )[ ] WyzP c +++=
21211        (11.2) 

 
Figure 11.1 shows the trapezoidal channel with base width W, reciprocal of channel side slope 
z, and flow depth yc. Next, defining two dimensionless variables, ψ and µ, as:  

 
2WAc=ψ         (11.3) 

 
Wyc=μ          (11.4) 
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Substituting Eqs. (11.3) and (11.4) into Eq. (11.1) gives the following relationship between ψ 
and µ:  

 
050 2 =−+ ψμμz.        (11.5) 

 
For z ≠ 0, the positive solution for Eq. (11.5) is: 
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Substituting Eq. (11.4) into Eq. (11.6) to eliminate µ results in: 
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Substituting Eq. (11) into Eq. (6) gives an expression for P: 
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Substituting Eqs. (11.3) and (11.8) into Eq. (3.1) results in a dimensionless equation in terms 
of ψ, which can be considered as the "true" relationship Qc and Ac for a trapezoidal channel 
with one side vertical: 
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As shown in figure 11.2, by mathematical fitting to the true relationships for 0.1 ≤ z ≤ 5.0, 
Wong and Zhou (2006) obtained the following kinematic wave parameters: 
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360.1=cβ         (11.11) 
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Figure 11.1. Cross-section of Trapezoidal Channel with One Side Vertical. 

 

 

Figure 11.2. Comparison between True and Kinematic Wave Relationships for Flow in Trapezoidal 
Channel with One Side Vertical. 
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11.2. FLOW DEPTH 
 
Substituting Eqs. (11.10) and (11.11) into Eq. (4.7) gives: 
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Substituting Eqs. (11.1) into Eq. (11.12) gives: 
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Rearranging Eq. (11.13) gives: 
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Solving Eq. (11.14) gives the equation for the flow depth for a channel with and without 
upstream inflow: 
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11.3. FLOW VELOCITY 
 
Substituting Eqs. (11.10) and (11.11) into Eq. (4.12) gives the equation of flow velocity 

along the equilibrium profile for a channel with upstream inflow: 
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For a channel with zero upstream inflow zero upstream inflow (Qu = 0), Eq. (11.16) 

reduces to: 
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11.4. AVERAGE FLOW VELOCITY 
 
Substituting Eqs. (11.10) and (11.11) into Eq. (4.15) gives the equation of average flow 

velocity for a channel with upstream inflow: 
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For a channel with zero upstream inflow (Qu = 0), Eq. (11.18) reduces to:  
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11.5. KINEMATIC WAVE CELERITY 
 
Substituting Eqs. (11.10) and (11.11) into Eq. (4.29) gives the equation of wave celerity 

along the equilibrium profile for a channel with upstream inflow: 
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For a channel with zero upstream inflow (Qu = 0), Eq. (11.20) reduces to: 
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11.6. AVERAGE WAVE CELERITY 
 
Substituting Eqs. (11.10) and (11.11) into Eq. (4.32) gives the equation of wave celerity 

for a channel with upstream inflow: 
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For a channel with zero upstream inflow (Qu = 0), Eq. (11.22) reduces to: 
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11.7. TIME OF TRAVEL 
 
Substituting Eqs. (11.10) and (11.11)) into Eq. (4.35) gives the equation of time of travel 

for a channel with upstream inflow: 
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For a channel with zero upstream inflow (Qu = 0), Eq. (11.24) reduces to: 
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11.8. HYDROGRAPH – RISING PHASE 
 
Substituting Eqs. (11.10) and (11.11) into Eq. (4.45) gives the equation for the rising 

phase of the hydrograph for a channel with upstream inflow: 
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For a channel with zero upstream inflow (Qu = 0), Eq. (11.26) reduces to: 
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Equations (11.26) and (11.27) are valid for t ≤ tt. 
 
 

11.9. FORWARD CHARACTERISTIC - RISING PHASE 
 
Substituting Eqs. (11.10) and (11.11) into Eq. (4.47) gives the equation for the forward 

characteristic of the rising phase for a channel with upstream inflow: 
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For a channel with zero upstream inflow (Qu = 0), Eq. (11.28) reduces to: 
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11.10. WATER SURFACE PROFILE – RISING PHASE 
 
Substituting Eqs. (11.10) and (11.11) into Eq. (4.49) gives the equation for the rising 

phase of the flow area profile for a channel with upstream inflow, which is valid for 0 ≤ xc 
≤ Lp: 
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Substituting Eq. (11.1) into Eq. (11.28), and solving it gives the equation for the rising phase 
of the water surface profile for a channel with upstream inflow, which is valid for 0 ≤  xc ≤ Lp: 
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Substituting Eqs. (11.10) and (11.11) into Eq. (4.50) gives the equation for the rising phase of 
the flow area profile for a channel with upstream inflow, which is valid for Lp ≤  xc ≤  Lc: 
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Substituting Ac = Ap, and yc = yp into Eq. (11.1), and then substituting it into Eq. (11.32), and 
solving it gives the equation for the rising phase of the water surface profile for a channel 
with upstream inflow, which is valid for Lp ≤  xc ≤  Lc: 
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from Eq. (4.51), the distance Lp is: 
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For a channel with zero upstream inflow (Qu = 0), Eqs. (11.30)-(11.34) reduce to: 
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which are valid for 0 ≤  xc ≤ Lp,  
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⎛
++−

=    (11.38) 

 
which are valid for Lp ≤  xc ≤  Lc, and 

 

L

p
p q

Q
L =          (11.39) 
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11.11. DURATION OF PARTIAL 
EQUILIBRIUM DISCHARGE 

 
Substituting Eqs. (11.10) and (11.11) into Eq. (4.63) gives the equation for the duration 

of partial equilibrium discharge for a channel with upstream inflow: 
 

36007350

21

05260

05260

21

36017350

21

05260

05260

21

6029525426

6029523230

.

qL

.

c

u
.

c
.

c

Lc

.

qL

.

c

u
.

c
.

c

c
uLc

d

tq
S

QWn.
Wn

qS.

tq
S

QWn.
Wn
S.QqL

t

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+

=  (11.40) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (11.38) reduces to: 
 

( ) 3600
05260

21

36013600
05260

21

1115

6284

.
qL.

c

c

.
q

.
L.

c

c
c

d

tq
Wn
S.

tq
Wn
S.L

t

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

=      (11.41) 

 
 

11.12. HYDROGRAPH - EQUILIBRIUM PHASE 
 
As shown in figures 4.2 and 4.3, the hydrograph may reach partial equilibrium or 

equilibrium depending on the duration of lateral inflow tq. If tq < tt, the hydrograph reaches 
partial equilibrium with a constant discharge Qp. If tq ≥ tt, the hydrograph reaches equilibrium 
with a constant discharge Qe. 

 
 

11.12.1. Partial Equilibrium Discharge 
 
Substituting Eqs. (11.10) and (11.11) into Eq. (4.66) gives the equation for the partial 

equilibrium discharge for a channel with upstream inflow: 
 

36017350

21

05260

05260

21

6029523230

.

qL

.

c

u
.

c
.

c

c
p tq

S
QWn

.
Wn
S

.Q
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=   (11.42) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (11.42) reduces to:  
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( ) 3601
05260

21

6284 .
qL.

c

c
p tq

Wn
S

.Q ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=       (11.43) 

 
Equations (11.42) and (11.43) are valid for tq ≤ t ≤ (tq + td). 
 
 

11.12.2. Equilibrium Discharge 
 
From Eq. (4.69), the equation for the equilibrium discharge for a channel with upstream 

inflow is: 
 

cLue LqQQ +=         (11.44) 
 
For a channel with zero upstream inflow (Qu = 0), Eq. (11.44) reduces to:  
 

cLe LqQ =          (11.45) 
 
Equations (11.44) and (11.45) are valid for tt ≤ t ≤ tq. 
 
 

11.13. WATER SURFACE PROFILE - EQUILIBRIUM PHASE 
 
Substituting Eqs. (11.10) and (11.11) into Eq. (4.71) gives the equation for the 

equilibrium flow area profile for a channel with upstream inflow between –Lu ≤  xc ≤  Lp. 
 

( )
7350

21

05260

2952
.

ucL
c

.
c

c Qxq
S

Wn.A ⎥
⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=      (11.46) 

 
Substituting Eq. (11.1) into Eq. (11.46), and solving it gives the equation for the rising phase 
of the water surface profile for a channel with upstream inflow, which is valid for –Lu ≤  xc 
≤  Lp: 

 

( )

z

S
QxqWnz.WW

y

.

c

ucL
.

c

c

217350

21

05260
2 5924

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎥
⎦

⎤
⎢
⎣

⎡ +
++−

=    (11.47) 

 
For a channel with zero upstream inflow (Qu = 0), Eqs. (11.46) and (11.47) reduce to: 
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7350

21

05260

2952
.

c

cL
.

c
c S

xqWn.A ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=       (11.48) 

 

z

S
xqWnz.WW

y

.

c

cL
.

c

c

217350

21

05260
2 5924

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++−

=     (11.49) 

 
which are valid for 0 ≤  xc ≤ Lc. 

 
 

11.14. EQUILIBRIUM DETENTION STORAGE 
 
Substituting Eqs. (11.10) and (11.11) into Eq. (4.78) gives the equilibrium detention 

storage for a channel with upstream inflow: 
 

( )
⎥
⎦

⎤
⎢
⎣

⎡ −+
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

.
u

.
cLu

.

c

.
c

ec q
QLqQ

S
Wn.D

735173517350

21

05260

3221    (11.50) 

 
For a channel with zero upstream inflow (i.e. Qu = 0), Eq. (11.50) reduces to: 
 

7351
7350

21

05260

3221 .
c

.

c

L
.

c
ec L

S
qWn.D ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=      (11.51) 

 
 

11.15. WATER SURFACE PROFILE – FALLING PHASE 
 
Substituting Eqs. (11.10) and (11.11) into Eq. (4.91) gives the equation for the falling 

phase of the water surface profile for a channel with upstream inflow, which is valid for Lf ≤  
xc ≤ Lc. 

 

( )

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛

+−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

u.
c

.
cc

q.
c

.
cc

c q

Q
Wn

AS
.

tt
Wn

AS
.x

05260

360121

05260

360021
3230

3626   (11.52) 

 
Substituting Eq. (11.1) into Eq. (11.52) gives the equation for the falling phase of the water 
surface profile for a channel with upstream inflow, which is valid for Lf ≤  xc ≤ Lc: 
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( ) ( )

( )

⎪
⎪
⎪

⎭

⎪⎪
⎪

⎬

⎫

⎪
⎪
⎪

⎩

⎪⎪
⎪

⎨

⎧
−

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ +

+−
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ +
=

L

u.
c

.
ccc

q.
c

.
ccc

c q

Q
Wn

Wyzy.S
.

tt
Wn

Wyzy.S
.x

05260

3601221

05260

3600221

50
3230

50
3626 (11.53) 

 
From Eq. (4.92), the equation for the flow area profile between 0 ≤  xc ≤ Lf is: 

 
7350

21

05260

2952
.

c

u
.

c
c S

QWn
.A ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=       (11.54) 

 
Substituting Eq. (11.1) into Eq. (11.54) gives the equation for the falling phase of the water 
surface profile for a channel with upstream inflow, which is valid for 0 ≤  xc ≤ Lf: 

 

z

S
QWn

z.WW

y

.

c

u
.

c

c

217350

21

05260
2 5924

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++−

=     (11.55) 

 
Substituting Eqs. (11.10) and (11.11) into Eq. (4.94) gives the equation for the distance Lf for 
a channel with upstream inflow, which is valid for t ≥ tq: 

 

( )q
.

u

.

.
c

c
f ttQ

Wn
S.L −⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= 2650

7350

05260

21

5635      (11.56) 

 
For a channel with zero upstream inflow (Qu = 0), Eqs. (11.52) and (11.53) reduce to: 
 

( )

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

.
c

.
cc

q.
c

.
cc

c q
Wn

AS
.

tt
Wn

AS
.x

05260

360121

05260

360021
3230

35726    (11.57) 

 

( ) ( )

( )

⎪
⎪
⎪

⎭

⎪⎪
⎪

⎬

⎫

⎪
⎪
⎪

⎩

⎪⎪
⎪

⎨

⎧

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ +

+−
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ +
=

L

.
c

.
ccc

q.
c

.
ccc

c q

Wn
Wyzy.S

.

tt
Wn

Wyzy.S
.x

05260

3601221

05260

3600221

50
3230

50
35726 (11.58)  
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which are valid for 0 ≤ xc ≤ Lc. 
 
 

11.16. HYDROGRAPH - FALLING PHASE 
 
Substituting Eqs. (11.10) and (11.11) into Eq. (4.101) gives the equation for the falling 

phase of a hydrograph for a channel with upstream inflow: 
 

q
L

uc
c

.

c

.
c

.
c

t
q

QQL
S

Wn
Q
.t +⎥

⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

7350

21

05260

2650

02810
    (11.59) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (11.59) reduces to: 
 

q
L

c
c

.

c

.
c

.
c

t
q
Q

L
S

Wn
Q
.t +⎥

⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

7350

21

05260

2650

02810
    (11.60) 
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Chapter 12 
 
 
 

12. WORKING FORMULAS FOR FLOW  
IN TRIANGULAR CHANNEL 

 
 
In this Chapter, based on the Manning’s equation, the kinematic wave parameters for 

flow in a triangular channel are derived. By applying these parameters to the general formulas 
in Chapter 4, working formulas for the flow depth; flow velocity; average flow velocity; wave 
celerity; average wave celerity; time of travel; rising, equilibrium and falling phases of 
hydrograph; forward characteristic; rising, equilibrium and falling phases of water surface 
profiles; duration of partial equilibrium discharge; and equilibrium detention storage are also 
derived. 

 
 

12.1. KINEMATIC WAVE PARAMETERS 
 
For flow in a triangular channel as shown in figure 12.1, the flow area Ac, and the wetted 

perimeter P, are related to the flow depth, yc and the reciprocal of channel side slope, z as 
follows: 

 
2
cc zyA =          (12.1) 

 

( ) 21212 zyP c +=         (12.2) 
 

Substituting Eqs. (12.1) and (12.2) and A = Ac into Eq. (3.2) gives: 
 

( ) 21212 z

zy
R c

+
=         (12.3) 

 
Substituting Eq. (12.1) into Eq. (12.3) gives: 
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z

1

 

Figure 12.1. Cross-section of Triangular Channel. 

 
21

212
1

⎟
⎠
⎞

⎜
⎝
⎛

+
=

z
zA

R c         (12.4) 

 
Substituting Eq. (12.4) and Q = Q c , S =S c, A = Ac, n = nc into Eq. (3.1) gives: 

 

34
31

2

21

1
630.0 c

c

c
c A

z
z

n
S

Q ⎟
⎠
⎞

⎜
⎝
⎛

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=       (12.5) 

 
A comparison of Eq. (12.5) with Eq. (4.7) gives the kinematic wave parameters (Wong 
2008b): 

 
31

2

21

1
630.0 ⎟

⎠
⎞

⎜
⎝
⎛

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

z
z

n
S

c

c
cα       (12.6) 

 

3
4

=cβ          (12.7) 

 
 

12.2. FLOW DEPTH 
 
Substituting Eq. (12.1) into Eq. (12.5) gives: 
 

38
31

2

521

1
630.0 c

c

c
c y

z
z

n
S

Q ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=       (12.8) 

 
Rearranging Eq. (12.8) gives the equation for the flow depth for a channel with and without 
upstream inflow: 
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81

5

283

21

11901 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

z
z

S
Qn.y
c

cc
c       (12.9) 

 
 

12.3. FLOW VELOCITY 
 
Substituting Eqs. (12.6) and (12.7) into Eq. (4.12) gives the equation of flow velocity 

along the equilibrium profile for a channel with upstream inflow: 
 

( ) 41

2

4321

1
707.0 ⎥⎦

⎤
⎢⎣
⎡

+
+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

z
xqQz

n
S

v cLu

c

c      (12.10) 

 
For a channel with zero upstream inflow zero upstream inflow (Qu = 0), Eq. (12.10) 

reduces to: 
 

41

2

4321

1
7070 ⎟

⎠
⎞

⎜
⎝
⎛

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

z
xzq

n
S.v cL

c

c       (12.11) 

 
 

12.4. AVERAGE FLOW VELOCITY 
 
Substituting Eqs. (12.6) and (12.7) into Eq. (4.15) gives the equation of average flow 

velocity for a channel with upstream inflow: 
 

( ) 4343

41

2

4321

1
5300

ucLu

cL
c

c

av QLqQ

Lq
z

z
n
S.

v
−+

⎟
⎠
⎞

⎜
⎝
⎛

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

=      (12.12) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (12.12) reduces to:  
 

41

2

4321

1
5300 ⎟

⎠
⎞

⎜
⎝
⎛

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

z
Lzq

n
S.v cL

c

c
av       (12.13) 

 
 

12.5. KINEMATIC WAVE CELERITY 
 
Substituting Eqs. (12.6) and (12.7) into Eq. (4.29) gives the equation of wave celerity 

along the equilibrium profile for a channel with upstream inflow: 
 



Tommy S.W. Wong 

 

154 

( ) 41

2

4321

1
943.0 ⎥⎦

⎤
⎢⎣
⎡

+
+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

z
xqQz

n
S

c cLu

c

c
k      (12.14) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (12.14) reduces to: 
 

41

2

4321

1
9430 ⎥⎦

⎤
⎢⎣
⎡

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

z
xzq

n
S

.c cL

c

c
k       (12.15) 

 
 

12.6. AVERAGE WAVE CELERITY 
 
Substituting Eqs. (12.6) and (12.7) into Eq. (4.32) gives the equation of wave celerity for 

a channel with upstream inflow: 
 
 

( ) 4343

41

2

4321

1
7070

ucLu

cL
c

c

av QLqQ

Lq
z

z
n

S.
c

−+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛

=      (12.16) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (12.16) reduces to: 
 

41

2

4321

1
7070 ⎟

⎠
⎞

⎜
⎝
⎛

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

z
Lzq

n
S.c cL

c

c
av       (12.17) 

 
 

12.7. TIME OF TRAVEL 
 
Substituting Eqs. (12.6) and (12.7) into Eq. (4.35) gives the equation of time of travel for 

a channel with upstream inflow: 
 

( )
⎥
⎦

⎤
⎢
⎣

⎡ −+
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

ucLu

c

c
t q

QLqQ
z
z

S
n.t

434341243

21

102360    (12.18) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (12.18) reduces to: 
 

41243

21

102360 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

Lc

cc
t zq

z
S

Ln.t       (12.19) 
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12.8. HYDROGRAPH – RISING PHASE 

 
Substituting Eqs. (12.6) and (12.7) into Eq. (4.45) gives the equation for the rising phase 

of the hydrograph for a channel with upstream inflow: 
 

3441243

21

31

2

21

6014141
1

6300
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ +
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= tq

z
z

S
Qn.

z
z

n
S.Q L

c

uc

c

c
c  (12.20) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (12.20) reduces to: 
 

( ) 34
31

2

21

1
0.148 tq

z
z

n
S

Q L
c

c
c ⎟

⎠
⎞

⎜
⎝
⎛

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=      (12.21) 

 
Equations (12.20) and (12.21) are valid for t ≤ tt. 
 
 

12.9. FORWARD CHARACTERISTIC - RISING PHASE 
 
Substituting Eqs. (12.6) and (12.7) into Eq. (4.47) gives the equation for the forward 

characteristic of the rising phase for a channel with upstream inflow: 
 

( )
⎥
⎦

⎤
⎢
⎣

⎡ −+
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

L

ucLu

c

c

q
QxqQ

z
z

S
n.t

434341243

21

102360    (12.22) 

 
For a channel with zero upstream inflow (Qu = 0), Eq. (12.22) reduces to: 
 

41243

21

102360 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

Lc

cc

zq
z

S
xn

.t       (12.23) 

 
 

12.10. WATER SURFACE PROFILE – RISING PHASE 
 
Substituting Eqs. (12.6) and (12.7) into Eq. (4.49) gives the equation for the rising phase 

of the flow area profile for a channel with upstream inflow, which is valid for 0 ≤  xc ≤ Lp: 
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Substituting Eq. (12.1) into Eq. (12.24) gives the equation for the rising phase of the water 
surface profile for a channel with upstream inflow, which is valid for 0 ≤  xc ≤ Lp: 
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Substituting Eqs. (12.6) and (12.7) into Eq. (4.50) gives the equation for the rising phase of 
the flow area profile for a channel with upstream inflow, which is valid for Lp ≤  xc ≤  Lc: 
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Substituting Ac = Ap, and yc = yp into Eq. (12.1) and then substituting it into Eq. (12.26) gives 
the equation for the rising phase of the water surface profile for a channel with upstream 
inflow, which is valid for Lp ≤  xc ≤  Lc: 
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From Eq. (4.51), the distance Lp is: 
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For a channel with zero upstream inflow (Qu = 0), Eqs. (12.24)-(12.28) reduce to: 
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which are valid for 0 ≤  xc ≤ Lp, 
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which are valid for Lp ≤  xc ≤  Lc, and 
 

L

p
p q
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12.11. DURATION OF PARTIAL  
EQUILIBRIUM DISCHARGE 

 
Substituting Eqs. (12.6) and (12.7) into Eq. (4.63) gives the equation for the duration of 

partial equilibrium discharge for a channel with upstream inflow: 
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For a channel with zero upstream inflow (Qu = 0), Eq. (12.34) reduces to: 
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12.12. HYDROGRAPH - EQUILIBRIUM PHASE 
 
As shown in figures 4.2 and 4.3, the hydrograph may reach partial equilibrium or 

equilibrium depending on the duration of lateral inflow tq. If tq < tt, the hydrograph reaches 
partial equilibrium with a constant discharge Qp. If tq ≥ tt, the hydrograph reaches equilibrium 
with a constant discharge Qe. 
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12.12.1. Partial Equilibrium Discharge 
 
Substituting Eqs. (12.6) and (12.7) into Eq. (4.66) gives the equation for the partial 

equilibrium discharge for a channel with upstream inflow: 
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For a channel with zero upstream inflow (Qu = 0), Eq. (12.36) reduces to:  
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Equations (12.36) and (12.37) are valid for tq ≤ t ≤ (tq + td). 
 
 

12.12.2. Equilibrium Discharge 
 
From Eq. (4.69), the equation for the equilibrium discharge for a channel with upstream 

inflow is: 
 

cLue LqQQ +=         (12.38) 
 
For a channel with zero upstream inflow (Qu = 0), Eq. (12.38) reduces to:  
 

cLe LqQ =          (12.39) 
 
Equations (12.38) and (12.39) are valid for tt ≤ t ≤ tq. 
 
 

12.13. WATER SURFACE PROFILE - EQUILIBRIUM PHASE 
 
Substituting Eqs. (12.6) and (12.7) into Eq. (4.71) gives the equation for the equilibrium 

flow area profile for a channel with upstream inflow between –Lu ≤  xc ≤  Lp. 
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Substituting Eq. (12.1) into Eq. (12.40) gives the equation for the equilibrium water surface 
profile for a channel with upstream inflow, which is valid for –Lu ≤  xc ≤  Lp: 
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For a channel with zero upstream inflow (Qu = 0), Eqs. (12.40) and (12.41) reduce to: 
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which are valid for 0 ≤  xc ≤ Lc. 

 
 

12.14. EQUILIBRIUM DETENTION STORAGE 
 
Substituting Eqs. (12.6) and (12.7) into Eq. (4.78) gives the equilibrium detention storage 

for a channel with upstream inflow: 
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For a channel with zero upstream inflow (i.e. Qu = 0), Eq. (12.44) reduces to: 
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12.15. WATER SURFACE PROFILE – FALLING PHASE 
 
Substituting Eqs. (12.6) and (12.7) into Eq. (4.91) gives the equation for the falling phase 

of the flow area profile for a channel with upstream inflow, which is valid for Lf ≤ xc ≤ Lc: 
 



Tommy S.W. Wong 

 

160 

( )
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛

+−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

L

u
c

c

c

q
c

c

c
c q

Q
z

zA
n

S.
tt

z
zA

n
S.x

31

2

421

31

2

21 1
6300

1
4050  (12.46) 

 
Substituting Eq. (12.1) into Eq. (12.46) gives the equation for the falling phase of the water 
surface profile for a channel with upstream inflow, which is valid for Lf ≤ xc ≤ Lc: 
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From Eq. (4.92), the equation for the flow area profile between 0 ≤  xc ≤ Lf is: 

 
41243

21

14141 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

z
z

S
Qn

.A
c

uc
c       (12.48) 

 
Substituting Eq. (12.1) into Eq. (12.48) gives the equation for the falling phase of the water 
surface profile for a channel with upstream inflow, which is valid for 0 ≤ xc ≤ Lf: 

 
81

5

283

21

11901 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

z
z

S
Qn

.y
c

uc
c       (12.49) 

 
Substituting Eqs. (12.6) and (12.7) into Eq. (4.94) gives the equation for the distance Lf for a 
channel with upstream inflow, which is valid for t ≥ tq: 
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For a channel with zero upstream inflow (Qu = 0), Eqs. (12.46) and (12.47) reduce to: 
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which are valid for 0 ≤ xc ≤ Lc. 

 
 

12.16. HYDROGRAPH - FALLING PHASE 
 
Substituting Eqs. (12.6) and (12.7) into Eq. (4.101) gives the equation for the falling 

phase of a hydrograph for a channel with upstream inflow: 
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For a channel with zero upstream inflow (Qu = 0), Eq. (12.53) reduces to: 
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Chapter 13 
 
 
 

13. WORKING FORMULAS FOR FLOW  
IN VERTICAL CURB CHANNEL 

 
 
In this Chapter, based on the Manning’s equation, the kinematic wave parameters for 

flow in a vertical curb channel are derived. By applying these parameters to the general 
formulas in Chapter 4, working formulas for the flow depth; flow velocity; average flow 
velocity; wave celerity; average wave celerity; time of travel; rising, equilibrium and falling 
phases of hydrograph; forward characteristic; rising, equilibrium and falling phases of water 
surface profiles; duration of partial equilibrium discharge; and equilibrium detention storage 
are also derived. 

 
 

13.1. KINEMATIC WAVE PARAMETERS 
 
For flow in a vertical curb channel as shown in figure 13.1, the flow area Ac, and the 

wetted perimeter P, are related to the flow depth, yc and the reciprocal of channel side slope, z 
as follows: 

 
250 cc zy.A =         (13.1) 

 

( )[ ]21211 zyP c ++=        (13.2) 
 

Substituting Eqs. (13.1) and (13.2) and A = Ac into Eq. (3.2) gives: 
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z
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Substituting Eq. (13.1) into Eq. (13.3) gives: 
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Figure 13.1. Cross-section of Vertical Curb Channel. 
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Substituting Eq. (13.3) and Q = Q c , S =S c, A = Ac, n = nc into Eq. (3.1) gives: 
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A comparison of Eq. (13.5) with Eq. (4.7), gives the kinematic wave parameters (Wong 
2008b): 
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13.2. FLOW DEPTH 
 
Substituting Eqs. (13.1) into Eq. (13.5) gives: 
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Rearranging Eq. (13.8) gives the equation for the flow depth for a channel with and without 
upstream inflow: 
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13.3. FLOW VELOCITY 
 
Substituting Eqs. (13.6) and (13.7) into Eq. (4.12) gives the equation of flow velocity 

along the equilibrium profile for a channel with upstream inflow: 
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For a channel with zero upstream inflow zero upstream inflow (Qu = 0), Eq. (13.10) 
reduces to: 
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13.4. AVERAGE FLOW VELOCITY 
 
Substituting Eqs. (13.6) and (13.7) into Eq. (4.15) gives the equation of average flow 

velocity for a channel with upstream inflow: 
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For a channel with zero upstream inflow (Qu = 0), Eq. (13.12) reduces to:  
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13.5. KINEMATIC WAVE CELERITY 
 
Substituting Eqs. (13.6) and (13.7) into Eq. (4.29) gives the equation of wave celerity 

along the equilibrium profile for a channel with upstream inflow: 
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For a channel with zero upstream inflow (Qu = 0), Eq. (13.14) reduces to: 
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13.6. AVERAGE WAVE CELERITY 
 
Substituting Eqs. (13.6) and (13.7) into Eq. (4.32) gives the equation of wave celerity for 

a channel with upstream inflow: 
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For a channel with zero upstream inflow (Qu = 0), Eq. (13.16) reduces to: 
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13.7. TIME OF TRAVEL 
 
Substituting Eqs. (13.6) and (13.7) into Eq. (4.35) gives the equation of time of travel for 

a channel with upstream inflow: 
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For a channel with zero upstream inflow (Qu = 0), Eq. (13.18) reduces to: 
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13.8. HYDROGRAPH – RISING PHASE 
 
Substituting Eqs. (13.6) and (13.7) into Eq. (4.45) gives the equation for the rising phase 

of the hydrograph for a channel with upstream inflow: 
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For a channel with zero upstream inflow (Qu = 0), Eq. (13.20) reduces to: 
 

( )[ ] ( ) 34

31

2212

21

11
5.186 tq

z

z
n

S
Q L

c

c
c

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

++
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=     (13.21) 

 
Equations (13.20) and (13.21) are valid for t ≤ tt. 
 
 

13.9. FORWARD CHARACTERISTIC - RISING PHASE 
 
Substituting Eqs. (13.6) and (13.7) into Eq.(4.47) gives the equation for the forward 

characteristic of the rising phase for a channel with upstream inflow: 
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For a channel with zero upstream inflow (Qu = 0), Eq. (13.22) reduces to: 
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13.10. WATER SURFACE PROFILE – RISING PHASE 
 
Substituting Eqs. (13.6) and (13.7) into Eq. (4.49) gives the equation for the rising phase 

of the flow area profile for a channel with upstream inflow, which is valid for 0 ≤  xc ≤ Lp: 
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Substituting Eq. (13.1) into Eq. (13.24) gives the equation for the rising phase of the water 
surface profile for a channel with upstream inflow, which is valid for 0 ≤  xc ≤ Lp: 
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Substituting Eqs. (13.6) and (13.7) into Eq. (4.50) gives the equation for the rising phase of 
the flow area profile for a channel with upstream inflow, which is valid for Lp ≤ xc ≤ Lc: 
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Substituting Ac = Ap, and yc = yp into Eq. (13.1) and then substituting it into Eq. (13.26) gives 
the equation for the rising phase of the water surface profile for a channel with upstream 
inflow, which is valid for Lp ≤  xc ≤  Lc: 
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From Eq. (4.51), the distance Lp is: 

 

L
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p q

QQ
L

−
=         (13.28) 

 
For a channel with zero upstream inflow (Qu = 0), Eqs. (13.24)-(13.28) reduce to: 
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which are valid for 0 ≤  xc ≤ Lp,  
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which are valid for Lp ≤ xc ≤ Lc, and 
 

L

p
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Q
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13.11. DURATION OF PARTIAL EQUILIBRIUM DISCHARGE 
 
Substituting Eqs. (13.6) and (13.7) into Eq. (4.63) gives the equation for the duration of 

partial equilibrium discharge for a channel with upstream inflow: 
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For a channel with zero upstream inflow (Qu = 0), Eq. (13.34) reduces to: 
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13.12. HYDROGRAPH - EQUILIBRIUM PHASE 
 
As shown in figures 4.2 and 4.3, the hydrograph may reach partial equilibrium or 

equilibrium depending on the duration of lateral inflow tq. If tq < tt, the hydrograph reaches 
partial equilibrium with a constant discharge Qp. If tq ≥ tt, the hydrograph reaches equilibrium 
with a constant discharge Qe. 

 
 
 

13.12.1. Partial Equilibrium Discharge 
 
Substituting Eqs. (13.6) and (13.7) into Eq. (4.66) gives the equation for the partial 

equilibrium discharge for a channel with upstream inflow: 
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For a channel with zero upstream inflow (Qu = 0), Eq. (13.36) reduces to:  
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Equations (13.36) and (13.37) are valid for tq ≤ t ≤ (tq + td). 
 
 

13.12.2. Equilibrium Discharge 
 
From Eq. (4.69), the equation for the equilibrium discharge for a channel with upstream 

inflow is: 
 

cLue LqQQ +=         (13.38) 
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For a channel with zero upstream inflow (Qu = 0), Eq. (13.38) reduces to:  
 

cLe LqQ =          (13.39) 
 
Equations (13.38) and (13.39) are valid for tt ≤ t ≤ tq. 
 
 

13.13. WATER SURFACE PROFILE - EQUILIBRIUM PHASE 
 
Substituting Eqs. (13.6) and (13.7) into Eq. (4.71) gives the equation for the equilibrium 

water surface profile for a channel with upstream inflow between –Lu ≤  xc ≤  Lp. 
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Substituting Eq. (13.1) into Eq. (13.40) gives the equation for the equilibrium water surface 
profile for a channel with upstream inflow, which is valid for –Lu ≤  xc ≤  Lp: 
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For a channel with zero upstream inflow (Qu = 0), Eqs. (13.40) and (13.41) reduce to: 
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which are valid for 0 ≤  xc ≤ Lc. 
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13.14. EQUILIBRIUM DETENTION STORAGE 
 
Substituting Eqs. (13.6) and (13.7) into Eq. (4.78) gives the equilibrium detention storage 

for a channel with upstream inflow: 
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For a channel with zero upstream inflow (i.e. Qu = 0), Eq. (13.44) reduces to: 
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13.15. WATER SURFACE PROFILE – FALLING PHASE 
 
Substituting Eqs. (13.6) and (13.7) into Eq. (4.91) gives the equation for the falling phase 

of the water surface profile for a channel with upstream inflow, which is valid for Lf ≤ xc 
≤ Lc. 
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Substituting Eq. (13.1) into Eq. (13.46) gives the equation for the falling phase of the water 
surface profile for a channel with upstream inflow, which is valid for Lf ≤ xc ≤ Lc: 
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From Eq. (4.92), the equation for the flow area profile between 0 ≤ xc ≤ Lf is: 
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Substituting Eq. (13.1) into Eq. (13.48) gives the equation for the falling phase of the water 
surface profile for a channel with upstream inflow, which is valid for 0 ≤ xc ≤ Lf: 
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Substituting Eqs. (13.6) and (13.7) into Eq. (4.94) gives the equation for the distance Lf for a 
channel with upstream inflow, which is valid for t ≥ tq: 
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For a channel with zero upstream inflow (Qu = 0), Eqs. (13.46) and (13.47) reduce to: 
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which are valid for 0 ≤ xc ≤ Lc. 
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13.16. HYDROGRAPH - FALLING PHASE 
 
Substituting Eqs. (13.6) and (13.7) into Eq. (4.101) gives the equation for the falling 

phase of a hydrograph for a channel with upstream inflow: 
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For a channel with zero upstream inflow (Qu = 0), Eq. (13.53) reduces to: 
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APPENDICES 
 
 

APPENDIX A. APPLICABILITY  
OF KINEMATIC WAVE THEORY 

 
 

A.1. Flow on Overland Plane 
 
The applicability of the kinematic wave theory to overland flow situations with sufficient 

accuracy as compared to the solution from the Saint Venant equations have been investigated 
by several researchers (Woolhiser and Liggett 1967, Ponce et al. 1978, Morris and Woolhiser 
1980). For overland flow, the applicability of the theory can be defined by the Morris and 
Woolhiser (1980) criterion: 

 
52 ≥eKF          (A.1) 

 
where K = kinematic flow number, and Fe = Froude number at the end of the plane at 
equilibrium. The parameter KFe can be related to the physical characteristics of an overland 
plane and the rainfall intensity as follows (Wong 2005b): 
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where So = slope of the overland plane, Lo = length of the overland plane, and no = Manning’s 
roughness coefficient of the overland surface, Cr = runoff coefficient, and i = rainfall 
intensity. Substituting Equation (A.2) into Equation (A.1) gives: 
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In general, the theory is applicable to overland flow situations where the backwater effect 

is not significant (Overton and Meadows 1976). 
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A.2. Flow in Open Channel 
 
The applicability of the kinematic wave theory to open channel flow situations with 

sufficient accuracy as compared to the solution from the diffusive wave equations can be 
defined by the Ponce et al. (1978) criterion: 

 

3831.
y

vST

s

scw >=τ        (A.4) 

 
where τ = dimensionless wave period. Tw = wave period that can be taken as twice the time-
of-rise of the flood wave (Ponce 1991), Sc = channel bed slope, vs = steady-state, uniform, 
mean flow velocity in the channel, and ys = steady-state, uniform, flow depth in the channel.  

As a rule of thumb, the American Society of Civil Engineers (1996, 1997) simplified the 
criterion to: 

 
0020.Sc >         (A.5) 

 
In general, the theory is applicable to most open channel flow situations where backwater 

effect is not significant (Overton and Meadows 1976). 
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APPENDIX B. GENERAL FORMULAS  
FOR FLOW ON OVERLAND PLANE 

 
 

B.1. Flow Depth 
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B.7. Design Discharge 
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B.8. Hydrograph – Rising Phase 
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B.9. Forward Characteristic – Rising Phase 
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B.10. Water Surface Profile – Rising Phase 
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B.11. Duration of Partial Equilibrium Discharge 
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B.12. Hydrograph – Equilibrium Phase 
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B.12.1. Equilibrium Discharge 
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B.13. Water Surface Profile – Equilibrium Phase 
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B.14. Equilibrium Detention Storage 
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B.15. Water Surface Profile – Falling Phase 
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B.16. Hydrograph – Falling Phase 
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APPENDIX C. GENERAL FORMULAS  
FOR FLOW IN OPEN CHANNEL 

 
 

C.1. Flow Area 
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C.4. Kinematic Wave Celerity 
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C.7. Hydrograph – Rising Phase 
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C.8. Forward Characteristic – Rising Phase 
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C.9. Flow Area Profile – Rising Phase 
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C.10. Duration of Partial Equilibrium Discharge 
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C.11. Hydrograph – Equilibrium Phase 
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C.13. Equilibrium Detention Storage 
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C.14. Flow Area Profile – Falling Phase 
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C.15. Hydrograph – Falling Phase 
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APPENDIX D. KINEMATIC WAVE PARAMETERS 
 
 

D.1. Overland Plane 
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D.4. Rectangular (Deep) Channel 
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D.5. Rectangular (Square) Channel 
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D.6. Rectangular (Wide) Channel 
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D.7. Trapezoidal Channel with Equal Side Slopes 
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D.9. Triangular Channel 
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APPENDIX E. WORKING FORMULAS FOR FLOW DEPTH 
 
 

E.1. Overland Plane 
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E.3. Parabolic Channel 
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E.4. Rectangular (Deep) Channel 
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E.5. Rectangular (Square) Channel 
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E.6. Rectangular (Wide) Channel 
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E.7. Trapezoidal Channel with Equal Side Slopes 
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E.8. Trapezoidal Channel with One Side Vertical 
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E.9. Triangular Channel 
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APPENDIX F. WORKING FORMULAS FOR FLOW VELOCITY 
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F.4. Rectangular (Deep) Channel 
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F.7. Trapezoidal Channel with Equal Side Slopes 
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F.8. Trapezoidal Channel with One Side Vertical 
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APPENDIX G. WORKING FORMULAS  
FOR AVERAGE FLOW VELOCITY 
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G.6. Rectangular (Wide) Channel 
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G.8. Trapezoidal Channel with One Side Vertical 
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APPENDIX H. WORKING FORMULAS FOR  
KINEMATIC WAVE CELERITY 

 
 

H.1. Overland Plane 
 

( ) 526
5321

1063003970 oru
o

o
k ixCq.

n
S.c +×⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=  

 
 

H.2. Circular Channel 
 

( ) 51
546121

7190 cLu
c

c
k xqQ

n
DS.c +⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=  

 
 

H.3. Parabolic Channel 
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H.7. Trapezoidal Channel with Equal Side Slopes 
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H.8. Trapezoidal Channel with One Side Vertical 
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H.9. Triangular Channel 
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APPENDIX I. WORKING FORMULAS FOR AVERAGE WAVE CELERITY 
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I.4. Rectangular (Deep) Channel 
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I.6. Rectangular (Wide) Channel 
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I.7. Trapezoidal Channel with Equal Side Slopes 
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APPENDIX J. WORKING FORMULAS FOR TIME OF  
CONCENTRATION AND TIME OF TRAVEL 

 
 

J.1. Overland Plane 
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J.4. Rectangular (Deep) Channel 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= 322102650

WS
Ln.t

c

cc
t  

 
 

J.5. Rectangular (Square) Channel 
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J.7. Trapezoidal Channel with Equal Side Slopes 
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J.8. Trapezoidal Channel with One Side Vertical 
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APPENDIX K. WORKING FORMULAS FOR  
HYDROGRAPH – RISING PHASE 

 
 

K.1. Overland Plane 
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K.2. Circular Channel 
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K.5. Rectangular (Square) Channel 
 

3443

21

21

6073114810
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= tq

S
Qn.

n
S.Q L

c

uc

c

c
c  

 
for t ≤ tt 

 
 

K.6. Rectangular (Wide) Channel 
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K.7. Trapezoidal Channel with Equal Side Slopes 
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K.8. Trapezoidal Channel with One Side Vertical 
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K.9. Triangular Channel 
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K.10. Vertical Curb Channel 
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APPENDIX L. WORKING FORMULA FOR FORWARD  
CHARACTERISTIC – RISING PHASE 

 
 

L.1. Overland Plane 
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L.2. Circular Channel 
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L.3. Parabolic Channel 
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L.4. Rectangular (Deep) Channel 
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L.5. Rectangular (Square) Channel 
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L.6. Rectangular (Wide) Channel 
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L.7. Trapezoidal Channel with Equal Side Slopes 
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L.8. Trapezoidal Channel with One Side Vertical 
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L.10. Vertical Curb Channel 
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APPENDIX M. WORKING FORMULAS FOR WATER  
SURFACE PROFILE – RISING PHASE 

 
 

M.1. Overland Plane 
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M.2. Circular Channel 
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M.3. Parabolic Channel 
 

( )
136

21217210
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= cLu

c

c
c xqQ

HS
n

.y  

 
for 0 ≤ xc ≤ Lp 

 

( )
136

21217210
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= pLu

c

c
c LqQ

HS
n

.y  

 
for Lp ≤ xc ≤ Lc 

 

L

up
p q

QQ
L

−
=  

 
 

M.4. Rectangular (Deep) Channel 
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M.5. Rectangular (Square) Channel 
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M.6. Rectangular (Wide) Channel 
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M.7. Trapezoidal Channel with Equal Side Slopes 
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M.8. Trapezoidal Channel with One Side Vertical 
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M.9. Triangular Channel 
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M.10. Vertical Curb Channel 
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APPENDIX N. WORKING FORMULAS FOR DURATION OF 
PARTIAL EQUILIBRIUM DISCHARGE 

 
 

N.1. Overland Plane 
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N.2. Circular Channel 
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N.3. Parabolic Channel 
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N.4. Rectangular (Deep) Channel 
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N.5. Rectangular (Square) Channel 
 

3143

21

21

3443

21

21

6073114838

6073114810

/

qL
c

uc

c

Lc

qL
c

uc

c

c
uLc

d

tq
S

Qn.
n

qS.

tq
S

Qn.
n

S.QqL

t

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+

=  

 
 

N.6. Rectangular (Wide) Channel 
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N.7. Trapezoidal Channel with Equal Side Slopes 
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N.8. Trapezoidal Channel with One Side Vertical 
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N.9. Triangular Channel 
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N.10. Vertical Curb Channel 
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APPENDIX O. WORKING FORMULAS FOR  
HYDROGRAPH – EQUILIBRIUM PHASE 
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O.3. Parabolic Channel 
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O.5. Rectangular (Square) Channel 
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O.7. Trapezoidal Channel with Equal Side Slopes 
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O.9. Triangular Channel 
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APPENDIX P. WORKING FORMULAS FOR WATER  
SURFACE PROFILE – EQUILIBRIUM PHASE 
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P.5. Rectangular (Square) Channel 
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P.7. Trapezoidal Channel with Equal Side Slopes 
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P.9. Triangular Channel 
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APPENDIX Q. WORKING FORMULAS FOR EQUILIBRIUM  
DETENTION STORAGE 

 
 

Q.1. Overland Plane 
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Q.2. Circular Channel 
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Q.4. Rectangular (Deep) Channel 
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Q.5. Rectangular (Square) Channel 
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Q.6. Rectangular (Wide) Channel 
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Q.7. Trapezoidal Channel with Equal Side Slopes 
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Q.8. Trapezoidal Channel with One Side Vertical 
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Q.9. Triangular Channel 
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Q.10. Vertical Curb Channel 
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APPENDIX R. WORKING FORMULA FOR WATER SURFACE  
PROFILE – FALLING PHASE 

 
 

R.1. Overland Plane 
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R.2. Circular Channel 
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R.4. Rectangular (Deep) Channel 
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R.5. Rectangular (Square) Channel 
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R.6. Rectangular (Wide) Channel 
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R.7. Trapezoidal Channel with Equal Side Slopes 
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R.8. Trapezoidal Channel with One Side Vertical 
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R.9. Triangular Channel 
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R.10. Vertical Curb Channel 
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APPENDIX S. WORKING FORMULA FOR  
HYDROGRAPH – FALLING PHASE 

 
 

S.1. Overland Plane 
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S.2. Circular Channel 
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S.3. Parabolic Channel 
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S.4. Rectangular (Deep) Channel 
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S.5. Rectangular (Square) Channel 
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S.6. Rectangular (Wide) Channel 
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S.7. Trapezoidal Channel with Equal Side Slopes 
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S.8. Trapezoidal Channel with One Side Vertical 
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S.9. Triangular Channel 
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S.10. Vertical Curb Channel 
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