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Abstract An increase in developmental activities such as
afforestation, paved surfaces and construction of buildings
and other structures leads to an increase in surface runoff
and peak discharge from the watershed. These all cause a
decrease in detention storage and surface depression and
thus diminish the concentration time that flow will take and
distributes flow to the adjoining stream quickly rather than
that would have taken before development or urbanization.
Despite the importance of time of concentration, planners
and engineers are often puzzled by different profiles of the
channels and their equation available in the literature
without knowing the accuracy of each formula. In this
paper, kinematic wave theory integrated with the Man-
ning’s equation has been applied for the comparative
assessment of the performance of the various cross-sec-
tional channels. The result of different channel profiles
toward travel time of flow has been matched for nine
channel profiles. Of the nine channel profiles, it was found
that the deep rectangular cross-sectional channel possesses
the highest time of travel. Therefore, the use of deep
rectangular channel yields lesser watershed runoff. The
parabolic channel with more depth yields the lesser time of
travel; therefore, the use of parabolic channel profile yields
larger watershed runoff.
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Introduction

Water is one of the most vital elements for human survival
as well as it is needed for agricultural, municipal, industrial
and power sectors. To fulfill the demand for water from
various end users, it needs to be conveyed from one loca-
tion to another location. Leakage and losses through the
evaporation are the utmost serious forms of water loss in an
irrigation canal network. This necessity has impelled the
creativity of human to dig a channel, for transporting water
as according to their place of wishes and requirements. A
channel includes irrigation channels, roadside channels and
drainage ditches that are either man-made with regular
geometric cross sections or unlined or lined with artificial
or natural material to protect against erosion. These chan-
nels and small section of parabolic cannels can be built by
earthmovers and other types of earth-moving equipment
[1]. The most generally utilized channel areas are rectan-
gular, circular, triangular and trapezoidal. In a hilly
watershed which involves a system of overland planes and
open channels, the travel time of flow in channels upsets
the surface flow attributes of the watershed. Travel time is
characterized as the “normal time required for water to go
from the highest point of the hillslope by means of the
subsurface hillslope to the watershed outlet”. In channels
having extended travel time and detention storage, the
watershed disturbed would have an extended time of con-
centration. These types of the watershed have small rainfall
intensity duration frequency curves; therefore, the runoff
generated from watershed will be lesser. Conversely, in
channels having less travel time and lesser detention stor-
age, the runoff generated from watershed will be enor-
mous. Thus, the profile of the channels must have a
consequence on the travel time and the detention storage of
basin as suggested by Wong [2]. Henceforth, the channel
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profile can be utilized as a way to deal with the runoff from
a watershed. This is, be that as it may, not honed which
might be because of no distributed outcome on the impact
of channel profile on the season of travel. This absence of
result might be because of the troubles in playing out an
exploratory or a numerical review. Then again, with an
insignificant cost and in a moderately brief time, the impact
of channel profile on the season of travel can be contem-
plated hypothetically.

Time of concentration (Tc) of the stream is an essential
parameter in numerous hydrologic configuration forms.
Time of concentration study started with Henderson and
Wooding [3] equation for a solitary plane. However, this
theory could not be effortlessly connected in practice
because of the fact that it included parameters which were
not identified with the physical qualities of an overland. Tc
is an essential parameter in seepage framework plan of a
watershed. In the method for the kinematic wave hypoth-
esis (KWH)), it is conceivable to get a scientific travel time
equation for certain exaggerated channel conditions. In
case of fluid mass flows through the channels, kinematic
wave hypothesis plays a key role to understand the ele-
mentary features of the associated wave phenomena. In
these hypotheses, mass and momentum equations are
combined to yield a kinematic wave (KW) equation.
Depending upon the kinematic wave, it is governed by a
simple partial differential equation (PDE) with a single
unknown function (e.g., the flow or wave height, h) in
terms of the two independent variables, namely the time
and the space with some coefficients which contains
information about the flow characteristics. Wong [4] built
up a condition, which can be connected to different planes
having distinctive lengths, slopes, roughnesses, stream
regimes, soil sorts and infiltration degrees with various net
precipitation Intensities. Further, in light of the KWH, a
summed up travel time for an alternate profiled channels
was created that is pertinent to the general channels subject
to a uniform sidelong inflow and a steady upstream inflow.

Chow [5] gave different properties of ideal segments
and communicated the relations between the segment
factors of the most powerfully effective segments for var-
ious channel profiles. His review reflected the conveyance
of a given flow rate with the least flow area. The limitation
of this model was only the condition of uniform discharge.
The after effects of his review are still being used for
comparing different channel types. The relations obtained
for the ideal channel section variables were adjusted by
considering distinctive parameters for overland streams.
Kinematic wave conditions can be connected to most
overland stream circumstances, and it determines its
quality by having the possibility of getting physically based
procedures without the requirement for any experimenta-
tion and they combined the kinematic wave (kw) Tc
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equation with Manning’s condition and inferred the Tc
equation [2 and 5]. A correlation of conditions is proposed
by Woolhiser, and Liggett and USDA [6 and 7] demon-
strated that the rearrangements should be possible by
changing precipitation intensity in technique USDA [7].
USDA [7] proposed an adjusted kw Tc equation, which
was additionally identified with a steady precipitation.
Chen and Wong [8] inferred the condition by coupling the
kw Tc with the Darcy—Weisbach equation. Swamee with
another co-author [9] proposed unequivocal conditions for
channel section factors considering rectangular, trape-
zoidal, circular and triangular waterway geometries. The
authors have considered the minimization of waterway cost
as the target of the work.

Wong [10] evaluated the significance of overland Tc on
the design flow rate and analyzed the execution nine pro-
cedures published somewhere around 1946 and 1993,
which are planned for overland flow just that is subjected to
uniform precipitation. The evaluation contrasts the
assessments from the methods and experimental values that
are determined under similar conditions for two surfaces, in
particular, cement and grass. The evaluation demonstrates
that equation that doesn’t represent the rainfall intensity is
substantial for a restricted scope of rainfall intensity. The
equation that records for the rainfall intensity, for the most
part, shows better concurrence with the experimental
information. At last, the appraisal gives two rankings of the
equations for the two different surfaces in agreement to
their precision when contrasted with the experimental
information. Chahar [11] exhibited ideal outline conditions
for a parabolic channel/trench. The framework conditions
for the lowest earthwork cost and least lined cost segment
were in the unequivocal frame and result in ideal mea-
surements of a waterway in single stride calculations. The
condition was obtained in the wake of applying the Fibo-
nacci look strategy on a nonlinear unconstrained
improvement issue. Easa [12] demonstrated channel cross
area with illustrative sides and even base to more practical
(give lesser development cost per unit length) than the
trapezoidal cross segment. Munier [13] processed precisely
the reaction time of an open channel which is of extraor-
dinary significance for administration operations on
waterway systems, for example, encouraging forward
control issues. Chow [14] enumerates the values of “n” for
different channels.

The above literature reveals that a significant amount of
work was carried out to determine the optimal dimensions
of a channel for given site conditions. Several optimization
techniques were also used to either minimize the con-
struction cost of a channel or to enhance their conveyance
capability. In fact, the conveyance capacity of a channel
affects the time of concentration and detention storage
characteristics. Therefore, the profiles of channel or
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tributaries of a given watershed area play a vital role in
deciding watershed response to the overland flow, flood
management practices and irrigation pattern of the pro-
posed reach. Kinematic wave theory was employed to
understand the conveyance characteristics of the overland
flow, wherein a modified form of Manning’s equation is
used. In the present study, nine standard different channel
profiles of open channel [deep rectangular (D); wide rect-
angular (W); square (S); triangular (T); parabolic (P);
vertical curb (V); circular (C); trapezoidal with equal side
slopes (E); and trapezoidal with one side vertical (O)] for
given discharge, uniform lateral discharge and an endless
upstream discharge are equated in terms of travel time.

Methodology

The construction cost of different channels in any of the
hydro/irrigation work is a main cost item, and maximum
low cost is accomplished through the economical channel
design by considering suitable section shape and dimen-
sion. In light of the kwh, Wong [15] demonstrated that, for
discharge in a channel with an inconsequential backwater
impact, the celerity (c) of the wave going downward to the
channel is assumed to be represented by
c:%:aﬁxﬁlef(lﬁ) (1)
dr

where t = duration, x = lateral distance of channel toward
flow direction and o and f§ are factors associated to flow
rate Q and flow area A with relation.

0 = oA’ (2)

The validity of Eq. (1) is true only in case of & and /3 are
constants.

Considering a waterway or channel with a steady
upstream discharge Q, and a lateral discharge (g) that is
consistently appropriated along the channel, then flow rate
in the channel (Q) follows Eq. (3)

0=0,+ qx (3)

On substituting Eq. (3) in Eq. (4) and integrating from 0
to t, for time (#) and O to L. for distance (x), the following
equation is obtained

1 « (Q +g X% Lc);i_(Qu)};|

7 (4)

If the upstream flow is zero, thenQ, = 0, and thus,

1
1, = (L x quﬁ))ﬁ (5)

From the law of continuity, the downstream discharge of
a channel segment during equilibrium (Q,) is related to

constant upstream discharge (Q,) and uniform lateral
discharge (q); therefore, Eqs. (3 and 4) take the following
form:

Qd = Qu + qLc (6)
Le [(Qa)—(Qu)
= w—@] 7

Equation (7) can be written as
1
L B 1 1
= [ [ -0 "

where 1 is discharge ratio that relates upstream discharge to
lateral discharge as follows:

— Qll
: gxL

So as to think about the travel time for the nine different
channel profiles (D, W, S, T, P, V, C, E, O) on a combined
basis, S-type channel profile has been selected as a
reference, because of the fewer parameters involved with
it. While comparing, the different channels (D, W, S, T, P,
V, C, E, O), assume same lateral discharge and the
upstream  discharge together with other channel
characteristics excluding the profile of channel and size.
The ratio of the travel time equations for the (D, W, S, T, P,
V, C, E, O) channel profiles by the travel time of the square
channel is summarized in Table 1, and their notation along
with figure is described in “Appendix 1.

Result and Discussion

The results drawn from the present work are presented in
Figs. 1, 2 and 3, which show the comparison and variation
of time of travel ratio for different cross section geometries
of channels with flow depth and slope. Figure la, b rep-
resents the variation of travel time ratio with ‘i’ for D- and
W-type channel, which shows as the flow depth increases,
the travel time ratio increases for D-type channel while it
decreases for W-type channel. Figure 1c, d represents the
variation of travel time ratio with ‘z’ for T and V types of
channel, which shows that as the channel side slope
decreases the time travel ratio first decreases to a certain
value and then increases with steep side slope to mild side
slope, while Fig. le shows that time travel ratio for the
parabolic channel with and without upstream inflow con-
tinuously decreasing with an increase in depth of flow. It
means that it produces large watershed runoff. Figure 1f, g
represents the variation of time of travel ratio with ‘z’ for
T-type channel. E type of channel having travel time ratio
decreases continuously with an increase in side slope,
while this ratio goes decreasing up to certain minimum
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Table 1 Ratio of the travel time for different channels with respect to square channel
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Fig. 1 a Variation of D channel, b W channel, ¢ T channel, d V channel, e P channel, f E channel, g O channel with respect to travel time
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Fig. 3 Variation of W, D, S and P channels with respect to travel
time

value and then starts increasing for the O-type channel.
Figures 2 and 3 show the comparative behavior which is
discussed in a later section.

Comparative Assessments of Travel Time for T, E,
O and V Channels

The travel time in the T and O types of channel is identical
for a channel with “z” and “1/z”. Figure 2 displays the
travel time ratio curves “f./t,, t/ti and t»/t”, for
7z = 0.1-5. A lesser value of “z” characterizes a channel by
sharp side slope (SSS), whereas the large value of “z”
characterizes a channel by the mild side slope (MSS). On
the evaluation of Fig. 2, for T type of channel having more
travel time, #,/f,; varies from 0.970 to 1.232, for V type of
channel, t./t, varies from 1.034 to 1.456, and for O
channel #,,,/t;; ranges from 1.167 to 1.750. Therefore, one
can say that the travel time for V- and O-type channels is

nearby. Further, figures also indicate that all the curves
have a decreasing trend with increasing the value of “z”,
reach the lowest and then escalate with increasing value of
o

Figure 2 additionally demonstrates that for channels
with SSS (low value of z), the travel time for the V channel
is longer and bigger than those for the T channel, which is
compared to more prominent stream resistance in the V
channel. On the other hand, for channels with MSS (more
value of z), the figures demonstrate that the travel time for
the T channel is longer and bigger than those for the V
channel, which is compared to more prominent stream

resistance in the T channel.

Comparative Assessments of Travel Time
for Rectangular and Parabolic Channels

Figure 3 shows that ratio of the travel time of D, W and P
channel with respect to S channel #/t;s, tia/tss, tis/tis and #,/
t,, for the value of 2 =0 and 1 and u = 0.01-1000. A low
value of “u” describes a rectangular or parabolic channel
with little flow depth, and large value of “u” describes a
rectangular or parabolic channel with huge flow depth. The
estimations of the value of 4 for 0 and 1 express channels
without and with upstream discharge. For the W channel,
the ratio of travel time t,,/t,, diminishes with expanding
value of p and A, which relates to diminishing flow resis-
tance with expanding flow depth and upstream discharge,
when contrasted with that of the square channel. On the
other hand, for the D channel, the ratio #,4/t,; increases with
expanding p and A, which is related to increasing flow
resistance with increasing flow depth and upstream dis-
charge, when contrasted with that of the square channel.
Further, as the flow resistance for the W channel is con-
tributed from the base of the channel (i.e., like one side of
the D channel), and for the D channel, it is from two sides
of the channel, the estimation of #,4/¢,; for g = 100 is around
twice that for #,,/t,; for u = 0.01. For the P channel, ../t
diminishes with expanding p and A, which is related to
diminishing flow resistance with expanding flow depth and
upstream discharge, when contrasted with that of the
square channel. For channels with little flow depth, the
flow conditions in the W channel and P channel are com-
parative. Without a doubt, the figures demonstrate that for
little value of “u”, the ratios t,,/t;; and t,,/t,; are near to
each other.

Table 2 demonstrates that the alteration in the travel
time proportions between A =1 and 100 is little. The
impact of the upstream discharge on the travel time ratio is
low. The value corresponds to A = 100 demonstrating that
the travel time among different channel profiles could be as
much as sixfolds; accordingly, it proves that travel time has
a significant role. Among the nine channel profiles [deep
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Table 2 Comparison of nine channel profiles on travel time

A=0 A=1 A =100
Channel profile tdts Channel profile tdts Channel profile tdlt
D (u = 100) 2.581 D (u = 100) 3.184 D (u = 100) 3.437
E@= 001,z=5) 1.911 E (y=0.01,z= 5) 1.911 E (Y= 001,z=5) 1.911
E(=001,z=1) 1.850 E (Y= 001, z=1) 1.850 E (y=001,z=1) 1.850
O (y=001,z=1) 1.846 O (y=001,z=1) 1.846 O@W= 001,z=1) 1.846
E@W = 00l,z= 02) 1.843 E@ = 001,z= 02) 1.843 E@ = 001,z= 02) 1.843
W (u = 0.01) 1.828 W (n=0.01) 1.534 W (n=0.01) 1.489
P (u = 0.01) 1.613 P (u=0.01) 1.516 P (u=0.01) 1.464
Vi(z= 0.2) 1.456 Vi(z= 0.2) 1.456 Vi(z= 0.2) 1.456
O (= 100,z= 0.2) 1.360 O (= 100,z= 0.2) 1.360 O (Y =100,z =0.2) 1.360
E@= 100,z= 5) 1.232 E (y = 100, z=5) 1.232 E (y=100,z= 5) 1.232
T(z= 0.2 and 5) 1.232 T(z= 0.2 and 5) 1.232 T(z= 0.2 and 5) 1.232
E@= 100,z= 02) 1.180 E@= 100,z= 02) 1.180 E (Y= 100, z=02) 1.180
O @ = 100,z= 5) 1.131 O W= 100,z= 5) 1.131 O W= 100,z= 5) 1.131
V=5 1.131 V=5 1.131 V=5 1.131
V=1 1.064 V=1 1.064 V=1 1.064
O@W=100,z= 1) 1.044 O@W=100,z= 1) 1.044 O@W=100,z= 1) 1.044
- - C 1.009
S(u=1 1.000 S(u=1 1.000 Su=1) 1.000
- C 0.993
TE= 1) 0.970 Te=1) 0.970 Te=1) 0.970
E (y=100,z=1) 0.964 E@= 100,z= 1) 0.964 E@= 100,z= 1) 0.964
C 0.946 - -
P(u=1) 0.912 P(u=1) 0.857 P(u=1) 0.842
O (Y= 0.01,z=15) 0.590 O (Y= 0.01,z=15) 0.590 O (y=0.01,z=5) 0.590
P (u = 100) 0.543 P (u = 100) 0.511 P (u = 100) 0.502
rectangular (D); wide rectangular (W); square (S); trian- Conclusions

gular (T); parabolic (P); vertical curb (V); circular (C);
trapezoidal with equal side slopes (E); and trapezoidal with
one side vertical (O)], the one that delivers the longest
travel time is the D (¢ = 100). Henceforth, the utilization
of this channel produces littler watershed runoff. The
channel that creates the most limited time of travel is the P
channel with extensive stream depth (u = 100). Hence-
forth, the utilization of this channel creates a bigger
watershed runoff.

In case of heavy rainfall, inappropriate design of chan-
nel may lead to cause of flooding in developing nations
where channel is either not properly designed or if
designed not sustain the flow of water, which hinder the
free flow of excess storms when they occur. Therefore,
practically this study revealed that the best channel in
extreme rainfall too hole maximum flood by increasing the
travel time of the flow increases the lag time and thus save
the likely causes of major disaster as well as flow vari-
ability among the different channels.

@ Springer

On coupling, the Manning’s equation with kinematic wave
parameters (o and f§) has been used to find the best suited
channels for smaller watershed runoff which can add to
flood management tools. The estimation of wave parame-
ters (o and f3) for different channels is efficient in decision
support tools in mitigating climate induced hazards such as
flood and drought. A new approach for the design of
channel network on the basis of the time of travel has been
envisaged in the present work using the integration of
kinematic wave theory with the Manning’s equations. On
the basis of its verification and by means of the derived
formulas, the effect of channel profile on the time of travel
for nine channel profiles has been compared on a unified
basis and the following conclusions were drawn:

1. It also shows that channel profile can cause a sixfold
increase in time of travel.

2. Of the nine channel profiles, the one that produces the
longest time of travel is the deep rectangular channel.
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Hence, the use of this channel produces smaller slopes, wide rectangular, square, triangular, circular
watershed runoff. and parabolic.

3. The channel that produces the shortest time of travel is
the parabolic channel with large flow depth. Hence, the
use of this channel produces relatively larger water-
shed runoff.

4. The order of selecting a channel that produces the

Appendix I

. . . See Table 3.
longest time of travel to least time of travel is as deep
rectangular, a trapezoidal channel with equal side
Table 3 Schematic sketch of different channels
Type of Channel Profile of channel
. 2
1. Wide rectangular T :E,
)} w |
™= 1
_\vI_ - ﬁk
2. Deep rectangular ¥
||
~
-
3. Square >

4. Triangular
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Table 3 continued
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6. Circular (y < ) o
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h 4
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