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FOREWORD

The Netherlands Government has provided funding to IIMI-Pakistan for a
research program on “Managing Irrigation for Environmentally Sustainable Agriculture
in Pakistan”. Under the Operational Management Component, there are two
subcomponents on Decision Support Systems (DSS) that can be defined as a “set of tools
and procedures that if properly used by the management of a canal command area would
enhance the quality of decision-making processes in that system”.

DSS activities are underway both in the Punjab and Sindh provinces, focused on
Eastern Sidigia Canal and Jamrao Canal, respectively. Many canal discharge regulating
structures have been calibrated for discharge measurements in these two canal command
areas. In addition, discharge ratings for canal structures in the Lower Swat Canal (North
West Frontier Province) developed by the International Sedimentation Research Institute,
Pakistan (ISRIP) have been used in this report.

The Provincial Irrigation Departments (PIDs) have used, for many decades, a
vertical gauge located downstream from a canal discharge regulating structure, that is
placed in the irmigation channel or along a bank. This downstream gauge is then
calibrated so that a gate operator, knowing the required discharge rate and corresponding
downstream gauge reading, can adjust the gate(s) until the water level in the irrigation
channel is at the required gauge reading. The so-called KD-formula is used in developing
these downstream gauge ratings.

The findings of this research disclose that the KD-formula can be employed in
developing highly accurate downstream gauge ratings. However, in earthen canals, these
ratings can significantly change in only two months. Thus, there is a need to frequently
conduct current meter measurements in order to periodically adjust each downstream
gauge rating. But, this is rarely down. As a consequence, discharge readings from these
downstream gauges are frequently in error by 15-25 percent, and sometimes more. For
such large canals, this is a tremendous amount of water that is not being managed.

Fortunately, the technology for downstream gauge ratings is standard operatiné
procedure in the PIDs. Many of the experienced staff are quite familiar with this
technology. However, most young field staff have not been exposed, nor are they

equipped, to properly implement downstream gauge ratings. Certainly, implementation of -

this technology is not too difficult. The major requirement is a will to “make it happen™!

Gaylord V. Skogerboe, Director
Pakistan National Program
International Irrigation Management Institute



1. USE OF DOWNSTREAM GAUGE RATINGS

1.1. BACKGROUND

The correct observation and recording of gauges and discharges of the supplics
available in the rivers and those withdrawn by the various canals is of great importance,
as this data forms the basis for the distribution of water among the provinces, allocation
to each canal head regulator, discharge regulation along canals, and for the continual
enhancement of agricultural productivity from the irrigation systems.

There are many ways and various practices of taking discharge measurements and
then developing a discharge rating so that observing the water level on a gauge will yield
the corresponding discharge from a rating table. These techniques and procedures all aim
at being correct and meeting the system requirements for precision. The most commonly
used methods of discharge observation are either based on calibrating the canal discharge
regulating structure or the downstream channel by developing a stage-discharge
relationship. Both methods have advantages and disadvantages and certain limitations.

The controlling factors for deciding about the method of discharge observations
are the type of flow control structure, level of knowledge about hydraulics, and the
required degree of precision. The trade-off is between accuracy and simplification. The
comparison of the two commonly used methods for developing a discharge rating is
given in Table 1.1.

Table 1.1. Comparison of advantages and disadvantages of Structure Calibration and
Channel Stage-Discharge Rating methods for observing discharge.

Structure Calibration Channel Stage-Discharge Rating

> Data intensive approach requiring » Only one gauge reading is required
gate opening plus one or two gauges

» Long-term stability of discharge > Will likely need adjustment afier every
rating season

» Knowledge about flow conditions » Independent of the structure flow
through structure is required condition

» Accurate only for rigid boundary » Depends only on the cross-section, not
structures not irreguiar wooden type of structure, but affected by
planks backwater, as well as sediment

deposition and removal

» Four-six discharge measurements » Four discharge observations are required

are required for one flow condition for preparing a reliable rating curve

to develop an accurate rating




1.2 STRUCTURE CALIBRATION

Canal discharge rating structures commonly consist of regulating gates. There are
two flow conditions; namely, free orifice flow that requires observing a gauge upstream
of the structure and submerged orifice flow that requires reading both an upstream gauge
and a downstream gauge. Both flows conditions are presented more fully in Section 8.

The structure calibration basically involves measuring the actual discharge over
the widest possible range of flows. Each discharge measurement will correspond with a

different gate opening. A coefficient of discharge, Cg, is calculated for each set of -

measurements consisting of discharge (usually measured with a current meter), gate
opening, and gauge reading(s). Then, a graph is prepared on rectangular coordinates with
gate opening, G, plotted on the ordinate and C, along the abscissa.

For designing these gates structures, an appropriate coefficient is selected from
the available literature. Often, the theoretical value of 0.61 is used for purposes of design,
while the literature contains values usually ranging from 0.5 — 0.7 depending on gate
geometry. However, many factors affect the coefficient of discharge, with the most
prominent being the fabrication geometry of the gate(s) and the gate frame(s). Also, the
geometry of the structure containing the gate(s) will influence Cy.

Based on experiences in field calibration of gate structures, the variation of the
actual discharge rating from the design discharge equation is usually 10 -30 percent,
while on rare occasions this difference will be within five percent. Unfortunately, the
majority of gate structures are operated using the design discharge equation as the rating.

There are two primary advantages in undertaking a structure calibration. First of
all, the actual discharge rate can be obtained at anytime, usually within an accuracy of
five percent, that allows fairly precise canal operations. Secondly, the calibration should
remain stable for a number of years, but can slowly change with time due to a lack of
maintenance (e.g. if the leakage through a closed gate increases over time, the discharge
calibration will be affected). Although changing downstream backwater conditions will
alter the discharge rate passing through a gate structure, the discharge calibration will not
change, so that the actual discharge passing through the canal regulating structure would
be measured and recorded. This would be the situation for submerged orifice flow, where
the structure calibration would only become altered if there are some physical changes
occurring between the upstream and downstream gauges that affect the hydraulics
between these gauges. For free orifice flow, downstream backwater effects have no
influence on the discharge passing through the gate structure, so that the structure
calibration does not change unless there are physical changes between the upstream
gauge and the gate(s), including the gate(s), that would alter the hydraulics between these
two points.



13. CHANNEL STAGE-DISCHARGE RATING

13.1. Stage-Discharge Relationship

A stage-discharge relationship is basically an empirical relationship. According to
the relationship, the discharge passing through the section is directly proportional to the
flow depth, D, but expressed exponentially as D" , where n is an exponent which
primarily depends upon the geometric shape of the cross section.

A stage-discharge relationship can be expressed mathematically as

Q =1f (D) (1.1)

The commonly used form is

Q = KD (1.2)

which is often referred to as “the KD formula™. A gauge is installed, usually along the
channel bank, but sometimes in the center of the channel. The flow depth, D, is obtained
by reading the gauge, G, but applying a gauge correction, AG, which can be expressed as

D = G-AG (1.3)

Usually, the zero gauge reading will be below the channel bed as illustrated in Figure
L.1a. For this case, the gauge correction, AG, will correspond with a positive gauge
reading representing the channel bed. Thus, when reading the water level on the gauge,
G, then the gauge correction, AG, must be subtracted from G to obtain the depth of flow,
D, as indicated in Equation 1.3.

Figure 1.1b illustrates the case where the zero gauge reading is located above the
channel bed. In this case, the vertical elevation difference between the zero gauge reading
and the representative channel bed would be the gauge correction, AG, which would be a
negative number. Thus, using Equation 1.3,

D = G - (-AG) = G+4G (1.4)

The form of the KD formula that can be used for establishing a channel stage-
discharge rating is obtained by substituting Equation 1.3 into Equation 1.2, so that

Q = K (G-AG)" (1.5)



—L —— Zero Gauge Reading

(a) Gauge embedded in channel bed.

Zero Gauge Reading

(b) Gauge installed above channel bed.

Figure 1.1.  Possible cases for applying a gauge correction.



where

K = Coefficient;

D = Depth of Flow;

G = Gauge Reading;

AG = Gauge Correction; and
n = Exponent.

1.3.2. Disadvantage of Channel Stage-Discharge Rating

The stage-discharge relationship depends on: (I) the depth of flow, D, which
requires 2 defining of the zero depth of flow; (2) an exponent, n, that is largely dependent
on the geometric shape of the cross-section; and (3) a coefficient, K, that is mostly
dependent on the cross-sectional area that is influenced by backwater from downstream
regulating structures, as well as to some extent, downstream vegetative growth, sediment
deposition, and in the case of earthen channels, scouring,

Most irrigation channels are strongly influenced by backwater from downstream
regulating structures. These backwater effects extend upstream from 1 - 40 kilometers
(km) or 0.6 - 25 miles, depending upon hydraulic conditions, with the larger values
corresponding with large discharges and large structures, say greater than 1,000 cubic feet
per second (cusecs) or 30 cubic meters per second (cumecs).

For irrigation channels transporting clear water, vegetative growth becomes more
and more of a problem as the irrigation season progresses. This is often the case for lined
channels, as well, because of sediment deposition that allows roots to be established. The
degree of backwater increases as the vegetation continues to grow.

For irrigation channels transporting water heavily laden with sediment, there are
usually no problems with vegetative growth, but there are significant difficulties
associated with sediment deposition. As more and more sediment is deposited in a
channel reach, the water level increases in the reach with associated backwater effects
extending upstream. Likewise, when these sediment deposits are removed from a
channel, then the water levels will fall if the same discharge rate is being conveyed.

Thus, the primary disadvantage of a channel stage-discharge rating is that this
rating is not hydraulically stable. Instead, this rating is usually changing over time. As a
minimum, this rating should be adjusted after every irrigation season. An argument could
be made that the rating should be checked every month during operating, then the rating
adjusted if necessary. After a few irrigation seasons of using a particular channel stage-
discharge ratings, the frequency required for checking the ratings would be known.

1.3.3. Advantages of Channel Stage-Discharge Rating

The stage-discharge relationship has some advantages over the structure
calibration because of its versatility and flexibility as it is dependent only on the depth of



flow and the shape of the channel cross-section. In some countries (e.g. Pakistan and
India) where the structures are operated by using the karries (wooden battens or planks)
with varying crest levels, as well as not being well formed so there is considerable
leakage of water through the karries, so that using a structure calibration would be
extremely cumbersome. Also, recognizing that the karries top behaves as a crest, which
keeps on changing every time that the karries are reinserted in the structure, would
discourage the development of a structure calibration, not only because soc many physical
conditions would have to be calibrated, but their accuracy would also suffer.

When the objective is simplification in the method of observing the discharge,
then the stage-discharge relationship is the best choice as only the gauge at the cross-
section is required. For the structure calibration, the flow condition has to be identified
and the gate opening(s) measured as well as the upstream, or upstream and downstream,

gauge(s).

However, the principal advantage in using the Channel Stage-Discharge Rating
Method for developing a downstream gauge rating below a canal discharge regulating
structure is ease of operation. The gate operator, knowing the required downstream
discharge and the corresponding downstream gauge reading, can open or close the gate(s)
until the required downstream water level is achieved.

1.4. COMBINED STRUCTURE CALIBRATION AND DOWNSTREAM GAUGE RATING

For a canal discharge regulating structure using metal gates, an accurate structure
calibration can be accomplished. This is usually done by establishing a gauge upstream of
the gates if free orifice flow is the flow condition through the gate(s), or gauges both
upstream and downstream of the gate(s) for submerged orifice flow. The zero reading for
these gauges is established using a Surveyor’s level with reference to the crest level for
the gate(s). The gate openings are also measured with reference to this same crest level.
Then, the gate opening is set, the flow is allowed to stabilize so that steady-state flow
conditions exist, then a current meter measurement can be undertaken and the gauge(s)
read. The gate opening is changed and the procedure repeated until four to six sets of
measurements have been completed. Now, the structure calibration can be calculated.

When a gauge is installed in the channel downstream from a regulating structure,
then the procedure is to take a series of current meter measurements when the channel is
experiencing different water levels. Then Equation 1.5 is used to develop a discharge
rating.

When compared with doing a structure calibration, the only added work in
developing a downstream gauge rating is reading this downstream gauge each time a
current meter measurement is made, plus the time to calculate the downstream gauge
rating. This combination has two benefits. First of all, the downstream gauge rating
facilitates the gate operators in their work. But more importantly, the structure calibration




can be readily used to periodically adjust the downstream gauge rating every month or
season without having to make a current meter measurement to accomplish this task.

15 ORGANIZATION OF THE REPORT

The purpose of this report is to analyze various approaches for developing
downstream gauge ratings, along with providing some sensitivity about the degree of
accuracy associated with the different approaches. Following this report, a manual will be
prepared to provide guidelines for irrigation field managers.

The next section in this report relates the KD-formula to the Manning—Strickler
equations. The analytical part of this report begins with three parts (Sections 3, 4, and 5)
where different approaches have been used to establish the Channel Stage-Discharge
Rating by analyzing the degree of accuracy achieved by the different approaches. For this
purpose, examples from the provinces of North West Frontier (NWFP), Sindh and Punjab
in Pakistan have been used. In the first part (Section 3), out of the three factors used in
Equation 1.5, only K has been taken as a variable, while the value of n is fixed as 5/3 and
two approaches for finding the depth of flow are also evaluated; the resulting values of K
are first averaged for developing the stage-discharge curve, which is followed by a
technique employing a graphical relationship between gauge reading on the ordinate and
K along the abscissa. In the second part (Section 4), D has been calculated by using the
Hydraulic Mean Depth, while n and K are considered variables, which are calculated
using regression analysis; then the analysis is repeated by treating n as a constant of 5/3,
while K and D are variables. In the third part (Section 5), referred to as the three variables
approach, all of the three factors -- K, D and n -- are assumed to be variables, which are
calculated by the method of least squares. The above discussion is summarized in Table
1.2. In all cases, D is calculated using Equation 1.3, where the gauge reading has been
measured, so the problem is determining the gauge correction.

Table 1.2. Approaches used for evaluating Channel Cross-Section Ratings.

Approach Factors: K n | D

One Variable Approach Variable Constant Constant

Two Variables Approaches Variable Variable Constant
Variable Constant Variable

Three Variables Approach Variable Variable Variable

Following the analysis of the three approaches, some lessons will be derived
regarding gauge corrections and discharge accuracy. Then, a procedure and example will
be presented in Section 7 on using periodic current meter measurements to adjust a
Downstream Gauge Rating, either monthly or during the start of each irrigation season.



This will be followed by Section 8 on combining a Structure Calibration with a
Downstream Gauge Rating (see Section 1.4 above).

For undertaking the analyses described above, flow control structures located in
three major canal commands of the Indus Basin Irrigation System have been selected,
with each canal command located in a different province as shown in Figure 1.2. Some of
the general characteristics of these canal command areas are listed in Table 1.3.

Table 1.3. General characteristics of canal commands in Pakistan for analyzing
downstream gauge ratings at selected discharge regulating structures.

Province Name of Canal Gross Culturable  Discharge at
Command Command Command Head,
Area, acres  Area, acres cusecs
North West Lower Swat Canal 182,000 134,500 1940
Frontier
Sindh Jamrao Canal 943,422 888,354 3400

Punjab Eastern Sadigia Canal 1,166,300 972,700 4900
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2. BACKGROUND OF THE KD-FORMULA

2.1. DERIVING KD-FORMULA FROM MANNING-STRICKLER EQUATION

In the previous section, the advantages and disadvantages of using the KD-
formula were highlighted. In this section, the background of the KD-formula is discussed.
This will show the way to obtain insights on whether or not collected discharge
measurements are suitable for making a downstream gauge rating,

The KD-formula is derived from the equation of Manning-Strickler. This equation
describes steady and uniform flow in a canal. This means that, in principle, it is only
applicable when the flow in a canal is constant both in place along its length and in time.
The Manning-Strickler equation is written as:

Q = k AR Q.1
k,=1/n (2.2)
where

Q = Discharge (m’/s);

ks = Strickler’s roughness coefficient (mm/s);

N = Manning’s roughness coefficient (s/m'”);

A = Cross section area (m?);

i = Bed and water surface gradient (-); and

R = Hydraulic radius (m).

If all variables are expressed in English units and the Strickler and Manning coefficients
remain in SI-units, the formula changes to:

Q= 1.49ksAi%R% (2.3)
and

k. =1/n, (2.2)

in which 1.49 is derived from the conversion of m"?/s into ft'*s. Thus, it has the
dimension ft'"*/m'>. So,

Q = Discharge (ft*/s);

ks = Strickler’s roughness coefficient (m" 3/s});
N, = Manning’s roughness coefficient (s/m'”);
A = Cross-section area (ft%);

1 = Bed and water surface gradient (-); and
R = Hydraulic radius (ft).
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The hydraulic radius R of a canal at a certain discharge can be obtained by dividing the
cross-sectional area A by the wetted perimeter P:

R=A/P (2.4a)
where P is the wetted perimeter (ft).
Thus, area, A, is a product of the wetted perimeter P and the hydraulic radius, R:

A=PR (2.4b)

If this last equation is incorporated in the Strickler-Manning formula, the result is as
follows:

Q = 1.49k i/sPR% (2.5)
For a specific canal reach, the value of the Strickler coefficient and the gradient of the
bed are constant. Additionally, for the case of wide canals, it can be assumed for different
discharges that the wetted perimeter does not change very much in comparison with the

hydraulic radius. Thus, the discharge Q can be written as a product of a constant
coefficient, K, and the hydraulic radius, R. First of all, K can be written as:

K = 1.49k i/*P (2.6)
Then, Equation 2.6 can be substituted into Equation 2.5, so that:
Q=xr% Q.7

This last equation can be seen as the basis for the KD-formula. When using the KD
formula, a relation is developed between the depth, D, and the discharge, Q:

Q=KD" (1.2)
where
Coefficient related to constant bed parameters (ft*/s)

Depth parameter related to the cross-section (feet)

K
D
n Exponent

nn

If the hydraulic radius, R, is chosen as the depth related parameter and K is the constant
product of 1.49k.i'”P, then the exponent, n, will be equal to 5/3.




With a set of discharge measurements and their accompanying cross-sectional

parameters, an evaluation can be made to determine if the calculated K is really constant

(Table 2.1).
Table 2.1. Discharge measurements at the head of Hakra Branch Canal offtaking
from the tail of Eastern Sadigia Canal.

Date: 10/21/96 10/22/96 12/29/96]
Q: cusecs 2296 1957 1065
A: feet’ 950.5 849.5 658.0|
P: feet 151.2 149.2 145.0|
R=A/P: feet 6.29 5.69 4.54
K: feet™ /s 107.3 107.8 85.6|
K /P: feet'"Vs 0.709 0.723 0.590}

Although the discharges vary, the value of K for the first two discharge
measurements is reasonably constant. The K for the third discharge measurement varies
significantly from the other two values. If K is divided by the wetted perimeter, P, the
same trend is maintained. The reason for the discrepancy may be explained by the
different dates of the discharge measurements. The first two dates are in QOctober of 1996,
while the last measurement was taken in December 1996. The bed level and / or the
roughness coefficient of the canal might have changed with time and season. A likewise
observation can be made when analyzing discharge measurements taken at the head of
Malik Branch Canal (Tabie 2.2).

Table 2.2. Discharge measurements at the head of Malik Branch Canal offtaking
from the tail of Eastern Sadigia Canal.

Date: 10/10/96 12/26/96 12/24/96
Q: cusecs 1979 1096 767
A: feet’ 790.9 634.2 505.5
P: feet 1i1.1 106.7 104.0).
R=A/P: feet 7.12 5.94 4.86
K: feet* Vs 75.08 56.21 54.96
K /P: feet! /s 0.676 0.527 0.529|

For the last two discharge measurement taken during December, the values for K

are similar. However, the first discharge measurement made in October has a different
value for K. Dividing K by the wetted perimeter, P, does not change this situation (Table
2.2).

Even within a small period of time between the discharge measurements, the K
values may vary. This is especially true for the canals with lower design discharges, such
as Table 2.3, where the columns are arranged in descending order from the highest
discharge rate to the lowest.
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Table 2.3. Discharge measurements at head of Hakra 6-R Distributary offtaking from
Hakra Branch Canal.
Date: 10/13/96 10/28/96 10/24/96 10/21/96]
Q: cusecs 742 676 437 106]
A: feet’ 206.7 205.3 156.3 77.6
P: feet 490 48.0 44.2 38.1
R=A/P: feet 4.22 4.27 3.53 2.04
K: feet"/s 67.456 60.035 53.315 32.427
K/P: feet'")/s 1.376 1.250 1.206 0.851

Although the discharge measurements are all taken in October of 1996, the K
values are decreasing with the amount of discharge. As this section of the Hakra 6-R
Distributary is lined, the bed level gradient and the roughness coefficient can hardly
change. This implies that the surface level gradient is changing with regard to the bed
level gradient. Actually, this would mean that, in essence, that the Manning-Strickler
equation is no longer applicable, as strictly speaking, there is no longer uniform flow in
the canal. The discharges used in this analysis are a little different from the discharges
used for this structure in the rest of the report. The reason is that the discharges used here
are not the same as the discharges at the site of the gauge. There are two outlets located
between the measurement site and the site of the gauge. In the rest of this report, for the
actual downstream gauge rating, these outlets have been taken into consideration

A very good way to illustrate the above observations is the use of double-log
graphs. As previously shown, the KD-formula, in its most general form, is:

Q=KD" (1.2)

This relation becomes linear (a straight line) when the logarithm is taken from
both sides of the equation:

logQ =logK +nlogD (2.8)

If this is plotted on double-log paper with the depth, D, on the abscissa and the discharge,
Q, on the ordinate, the resulting straight line will have a slope n and will intercept the
ordinate at the value of K when D=1.

. In case of the hydraulic radius, R, and its exponent, n=5/3, this relation can be
written as:

logQ = logK + % logR (2.9)

In Figures 2.1-2.3, straight lines have been plotted for the previously discussed
measurement data for the example canal locations. If K is really constant for all data
points per site, all points would be lying on a single straight line. As the actual values of
K sometimes vary for the obtained data points, so the points where the straight lines cross
the ordinate also vary. The result is a group of parallel lines with slope n=5/3. To avoid
plotting lines for each data point individually, only the upper and lower boundary straight
lines have been plotted.
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The method of plotting measured data points on double-log paper is very good for
evaluating any discrepancies or trends in the collected data. If data points are going to be
used in developing a KD-relation, it is very helpful if they have been evaluated on the
basis of the KD-frormula’s origin in the equation of Manning-Strickler. Together with
specific information on the channel and site, where the data was collected, and the
different measurement dates, this leads to a choice as to what data to use in the
preparation of a downstream gauge rating.

2.2, USE OF DIFFERENT PARAMETERS FOR DEPTH D

2.2.1. Use of Hydraulic Depth

Sometimes, for reasons of more easily available data, there is a preference to
change from the use of the hydraulic radius, R, to the use of the hydraulic depth, Dy,.
The hydraulic depth, Dyy, is derived by dividing the area, A, with the top surface width of
the channel, Wr, instead of by the wetted perimeter, P, which is used in the case of the
hydraulic radius, R. '

D, =A/W, (2.10)
where
D = Hydraulic depth (ft); and
Wr = Top surface width of the channel (ft).

As the wetted perimeter, P, is always larger than the top surface width, W, the
hydraulic radius, R, will always be smaller than the hydraulic depth, Dyy.

From the Manning-Strickler formula, a relation can be obtained between the
discharge, Q, and the hydraulic depth, Dy,

Q=1.49,i* W;Dy," @.11)

The exponent, n, in this relation is no longer constant, nor equal to 5/3. Instead, it
is dependent on the relation between the hydraulic depth, Dy, and the hydraulic radius,
R, or the relation between the top surface width, Wr, and the wetted perimeter, P. The
exponent, n, can be written as follows:

w/+/:gD J

For all distributaries and canals, values for Dy, can be expected to be larger than
1. In this case, n will be smaller than 5/3. Although n varies for different channels
between 1.60 and 1.66, the values are nearly constant for the different discharges (and
hydraulic depths) at a specific cross-section of a channel (Table 2.4).

forD,, =1 (2.12)
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Table 2.4. Values of the exponent, n, for discharge measurements at the head of
Hakra 6-R Distributary using the hydraulic depth, Dy,.
Date: 10/13/96 10/28/96 10/24/96 10/21/96]
Q: cusecs 742 676 437 106
P: feet 49.04 48.03 44,22 38.12
W: feet 45.5 44.5 41.5 36.5
Dhy: feet 4,54 4.61 3.77 2.13
K: feet" /s 62.59 55.62 50.03 31.05
n: 1.634 1.633 1.635 1.628

In Table 2.4, K is almost similar to the K used in the analysis with the hydraulic
radius, R, except for the fact that the wetted perimeter, P, has been replaced with the top
surface width, Wr. As was the case with the same example, while relating it to the
hydraulic radius, R, the K value at this site is not constant for the different discharge
measurements.

K =1.49K iAW, (2.13)
Q=KD, 2.14)

Table 2.4 shows that the value of n has a variation of less than 0.5% for the
different discharge measurements. Although the value of n should be calculated for the
different discharge measurements separately, which are used in the downstream gauge
rating, the exponent, n, will mostly be constant. This is illustrated by Figure 2.4, where
the value of the exponent, n, has been plotted for different hydraulic depths, Dyy. In this
case, the value of the relation between top surface width, Wr, and wetted perimeter, P,
has been put at a constant of 0.9 for all cross-sections / discharges. Clearly, the relation
between Dy, and n is dominated by the influence of two crossing infinites; one at a value
of Dy,=1 and the other at a value of n=5/3 (or 1.67). At Dn,=1, it does not make any
difference what the value of n is in the KD-formula, the result of (1)" will always be
equal to 1. For Dyy>1, the relation quickly moves towards the value of 5/3 (1.67), but 1t
does not reach this value exactly and always remains a little less.

The assumption made in Figure 2.4 is that the value of the relation between top
surface width, Wr, and wetted perimeter, P, for different hydraulic depths is constant,
which is not entirely correct. In fact, this value decreases for larger hydraulic depths,
when the top surface width, Wr, remains nearly the same, but the wetted perimeter, P,
increases. In other words, there is a direct influence of the hydraulic depth Dy, on the
wetted perimeter, which changes the behaviour of the exponent, n.

The influence of the wetted perimeter, P, is such that the exponent, n, will move
slowly to n=5/3 as the hydraulic depth approaches infinity, but lies below n=5/3. This
depends on the kind of relation between the wetted perimeter and the hydraulic depth.
Practically, it means that for most channels and its different discharges that n is nearly
constant at a value between n=1.60 and n=1.67.
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2.2.2. Use of Other Depth Parameters

In the KD-formula, the depth parameter to be used for the depth, D, is not
specified, which can be any chosen depth parameter. Mostly, the person making the
downstream gauge rating will choose a depth parameter, which relates to the gauge. In a
later section, this will be extensively discussed. However, it is important to know that any
depth, D, can be related to the original equation of Manning-Strickler.

In this section, a general relation between the exponent, n, and the depth
parameter, D, is given, similar to the one derived for the hydraulic depth, Dyy. For any
depth parameter, D, the Manning-Strickler equation can be written in a similar way as
already done with the hydraulic radius, R, and the hydraulic depth, Dyy.

Q=149 % Apr (2.15)
D
In this it is assumed that the constant part of the equation is given by:
K = 1.49k,i%% (2.16)

After relating this to the original equation of Ma.nmng—Stnckler, the result for

exponent, n, becomes:
/ log( )
/ s \PDJ 2.17)
logD

This result is obviously similar to the one derived for the hydraulic depth, Dy,.

If the constant K given for this general derivation is not constant, but for instance
the quotient A/D is still dependent on D, the relation for exponent, n, should be written
differently, such as:

Q = 1.49k i2D" (2.18)
where
K =149 i’ (2.19)

K is again assumed constant. Then, the result for the exponent, n, will be:

/log[l:;) , log(g)

= /+
logD logD

(2.20)

If this last result is compared with the previous result for the exponent, n, it can be
concluded that n has been increased as a result of the last term.
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3. ONE VARIABLE APPROACH TAKING K AS VARIABLE

3.1 INTRODUCTION

The KD formula is the most widely used formula for discharge observations in
the subcontinent. One of the reasons for its adoptation on such a large scale is the
versatility and the simplicity for using the formula and developing the rating. One of the
important points that needs to be considered while using the formula is the updating of
the rating from time-to-time. The Irrigation Managers, while revising the rating table,
have an attitude to revise the rating table based on a single discharge observation by
fixing the value of n=5/3 and calculating the value of K, then applying the same K value
for the whole discharge range. This section has been dedicated to leaming and explaining
the effect of this practice regarding accuracy and variation of the value of K, along with
the representativeness of the calculated discharges.

3.2. CALCULATION STEPS

For developing the rating table, the data for different sizes of canals located in
different areas were used. The discharges were observed over a range from low flow to
full supply level and the corresponding gauge readings were recorded . Later, the
hydraulic depth of flow was calculated for each discharge observation and the gauge
readings were transformed into the depth of flow by using the hydraulic depth. The value
of K was calculated for each discharge observation by fixing the value of the exponent at
5/3. The average value of K was calculated and used for the calculation of the discharges
and developing the rating table.

The above procedure can be explained graphically in that it was assumed that the
slope of the Log D-Log Q curve is always 5/3, and represents all of the discharges for the
corresponding depths of flow. Also, the hydraulic depth of flow was considered equal to
the average depth of flow. In one way, this method is the simplest form for using the KD
formula as the calculations involved are very simple and without involvement of any
graphical or iterative method.

3.3 VARIATION OF K

The approach of using one discharge observation for developing the rating table
was intentionally not adopted in the detailed analysis, so that the reader can get a better
picture of the K variation over a range of the discharges from low to high flows.

Table 3.1 shows the variation of calculated K values for canals from Punjab,
NWEFP and Sindh provinces. From Table 3.1, one thing is clear, that the value of K is not
constant over a range of discharges. Fither it increases or decreases with the discharge.
- This table reveals that the variation of the K value is quite significant. Like in the case of
Hakra 6-R Distributary, the K value varies from 31.06 to 49.55, which results in an
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Table 3.1. Variation of K with changing discharge and discharge rating accuracy.
|0ne Variable Approach
Hakra 6-R Distributary, Hakea Branch Canal
G Q Hyd Depth |Delta G D n K Kavg Q cal Q-Q cal % Diif
2.7 108 2.16 0.54 2.11 1.67 31.06 43.17 150 =42 -39.04
4.54 440 4.0] 0.53 3.95 1.67 44.62 43.17 426 14 3.2]
5.46 664 4.86 0.6 4.87 1.67 47.46 43.17 604 60 9.0}
5.67 744 4.98 0.69 5.08 1.67 49.55 43.17 648 26 12.9
Head Hakra Branch Canal, Eastern Sadigia Canasl
G Q Hyd Depth |Delta G D n K K avpg Q cal }-0Q cal % Diff
5.91 1065 4.7 1.21 4.43 1.67 89.26 93.48 1115 -50 -4.7
7.62 1957 5.94 1.68 6.14 1.67 95.13 93.4%8 1922 34 1.7
8.2 2296 6.64 1.56 6.72 1.67 96.04 93148 2235 61 2.7
|Head Malik Braach Canal, Eastern Sadigia Canal
G Q Hyd Depth |Delta G D N K Kavg Q) cal Q-0 cal % Diff
4.85 767 5.16 -3t 5.26 1.67 48.24 55.69 886 -119 -15.5
5.67 1096 6.25 -0.58 6.08 1.67 54.16 55.69 1127 =1 2.8
1.38 1979 7.72 -0.34 7.79 1.67 64.69 55.69 1704 275 13.9
Geodi Minor, Lower Swat Canat
G Q Hyd Depth | Delta G D n K K avg Q cal Q-Q cal % Diff
0.52 2 0.45 0.07 0.43 1.67 9.24 12.36 ] -1 -33.7
0.52 3 0.43 0.09 0.43 1.67 10.44 12.36 3 0 -18.4
0.86 8 0.76 0.1 0.77 1.67 12.06 12.36 B [ =25
0.86 8 0.76 0.1 0.77 1.67 11,95 12.36 8 0 -3.4
1.08 12 0.99 0.09 0.99 1.67 12.66 12.36 12 1] 2.4
1.08 12 1.11 -0.03 .99 1.67 12.44 12.36 12 4] 0.7
1.25 17 1.15 0.1 1.16 1.67 13.1 12.36 16 1 5.7
1.28 §7 1.15 .13 1.19 1.67 12.99 12.36 16 1 4.9
1.62 27 1.46 0.16 1.53 1.67 13.53 12.36 25 2 8.6
1.62 27 1.46 0.16 1.53 1.67 13.27 12.36 25 2 6.8
2.1 43 2 0.1 2.01 1.67 13.34 12.36 40 3 7.4
2.1 42 2.07 0.03 2.01 1.67 13,28 12,36 40 3 7.0
Khan Mahi Branch, Lower Swat Canal
G Q Hyd Depth | Delta G D n K Kavg Q cal Q-Q cal Ya DIff
1.78 & 0.87 0.91 061 1.67 13.59 §5.73 7 -1 -15.7
1.78 [ 0.9 0.88 0.61 1.67 14.14 15.73 7 -1 -11.2
2.38 21 1.38 1 1.21 1.67 15.44 15.73 22 0 -1.9
238 22 1.4 0.98 1.2] 1.67 15.74 15.73 2 0 0.1
2.7 33 i.6 1.1 1.53 1.67 16.35 15.73 12 1 38
2.72 34 1.62 1.1 1.55 1.67 16.58 15.73 33 2 5.1
__3.05 43 1.86 1.19 1.88 1,67 15.16 15.73 45 -2 -3.8
3.05 45 1.9 1.15 1.88 1.67 15.64 15.73 45 0 -0.6
3.73 81 2.36 1.37 2.56 1.67 16.9 15.73 75 [ 7.0
in -] 2.4 1.3 2.56 1.67 16.9 15.73 75 & 7.0
4.44 118 292 1.52 3.27 1.67 16.34 15.73 113 4 3.7
4.44 115 2.92 1.52 3.27 1.67 15.96 15.73 113 2 1.4
Lower Swat Canal
G Q Hyd Depth |Delta G D n K K avg Q eal Q-Q eal % DIt
3.01 302 2.12 0.89 2.04 1.67 92.52 88.77 290 12 4.1
3.01 302 .13 0.88 2.04 1.67 92,46 88.77 290 12 4.0
3.54 443 2.6 0.94 2.57 1.67 92.11 88.77 427 16 3.6
4.49 738 3.55 0.94 3.52 1.67 90.76 88.77 121 16 2.2
4.96 B56 395 1.1 3.99 1.57 85.49 R5.77 839 (X -3.8
5.46 1073 4.48 0.98 4.49 1.67 87.98 88.77 1083 -10 -0.9
5.49 1083 4.5 0.99 4.52 1.67 §7.81 88.77 1095 -12 -1.1
6.16 1259 4.99 1.17 5.1% 1.67 81.04 88,77 1379 -120 9.5
Mirpur Distributary, Jamrao Canal
G Q Hyd Depih |Delta G D n K K avg Q cal Q-Q cal % Diff
1.938 64 1.58 0.36 1.95 1.67 21.i8 19,87 60 4 6.2
2.113 71 2.39 -0,28 2.12 1.67 20.33 19.87 70 2 13
2.183 84 2.34 0.04 2.39 1.67 19.61 19.87 85 -1 -1.3
2.633 93 2.8 -0.17 2.64 1.67 18.36 19.87 100 -8 -8.2
Daulatpur Minor, Jamrao Canal
G Q Hyd Depth |Delta G D n K K avg Q cal Q-Q cal % DIff
2.08 33 [.58 0.36 i.69 1.67 13.68 13.18 31 1 3.2
2.09 32 2.39 -0.28 1.7 1.67 13.43 13.18 32 1 1.9
2.35 40 2.34 0.04 1.86 1.67 13.02 13.18 40 0 ~1.1
2.73 52 2.8 -0.17 2.34 1.67 12.56 13.18 54 -3 -4.9
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inaccuracy of 39% in the low flow range and 13% in the high flow range. The same
figures for the Khan Mahi Branch Canal is 15.7% and 1.4%, while for Daulatpur Minor it
is 4% and 3%, respectively. As the method involves first calculating the K values and
then averaging them, this results in the rating table being more accurate in the middle
range of flows and more inaccurate for the extremes (i.e. full and low supply ranges).

34. EVALUATION OF A DISCHARGE RATING BASED ON SINGLE DISCHARGE
OBSERVATION

The same phenomenon can be explained by considering the example of Hakra 6-
R Distributary. If the discharge was observed only at a gauge reading of 5.67 feet, which
was 743.9 cusecs, so that assuming n=1.67, the K value will be 49.55. Using these
values, the calculated and observed discharges will be as shown in Table 3.2.

Table 3.2. Accuracy Variation in Case of Rating Table Based on One Discharge
Observation at Head of Hakra 6-R Distributary.

Gauge Depth of Observed | Calculated |Difference in Yage
Flow Discharge Discharge Discharge Error
Feet Feet Cusecs Cusecs Cusecs
2.7 2.11 108 172 64 59.5
4.54 3.95 440 489 49 11.1
5.46 487 664 693 29 44
5.67 5.08 744 744 0 0.0

So, if the discharge table is developed based on one discharge observation (in this
case, at the peak flow range), that rating will only be accurate for this discharge range and
the rating for other flow ranges will likely be highly inaccurate. So, developing the
discharge table by using only one discharge observation could be highly inaccurate.

As shown in Figure 3.1, the rating for the head of Hakra 6-R Distributary is quite
accurate for the peak flows and the gap between the two curves is increasing with a
decrease in gauge reading or discharge. Likewise, the response of the rating developed by
using a discharge observation in the low flow range will result in a difference of
discharges, or gap, between the two curves, which will increase with the increasing gauge
or discharge value.

Table 3.1 shows the variation of K values and the accuracy variation over a range
of discharges for the selected canals. The overall results have been summarized in Table
3.3.

Next >>
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Table 3.3. Summarized Results of One Variable Approach.

One variable Approach
Canal Name Authorized K variable, n=5/3 & AG from Hyd; Depth
Discharge K AG Average % Error

{Cusecs) Difference | [(Qm-Qcal}/Qm]*100

(Ft) (Cusecs) |Maximum |Minimum
Geodi Minor 35 12.36 0.09 1 33.7 0.7
Daulatpur Minor 49 13.18 0.4 1 49 1.1
Mirpur Distributary 64 18.36 -0.01 4 8.2 1.3
Khan Mahi Branch 103 15.73 1.17 2 15.7 0.1
6-R Hakra Disty 459 43.17 0.59 53 39.0 3.2
Malik Branch 1538 48.24 -0.41 141 15.5 2.8
Lower Swat Canal 1940 88.77 0.98 29 9.5 0.9
Hakra Branch 2785 93.48 1.48 49 4.7 1.7

The above results reveal that the value of K increases with the discharge. This
statement is true for all of the canals except Khan Mahi, which deviates a little bit from
the statement. Looking at the average difference, it can also be perceived from the above
table that the rating produced by this technique is more accurate for the smaller channels.
The reason could be that, in the case of smaller channels, the variation of bed level in a
section is less, so the representativeness of K increases, while for larger canals with more
bed variation, the formula is more inaccurate.

3.5, DEVELOPMENT OF K - G RELATIONSHIP

As seen in Table 3.1, the use of an average value for K affects the accuracy in the
extreme flow ranges (i.e. in the high and low flow ranges). This makes the total rating
inaccurate. So it is better to seek a relationship between the K and G parameters and use
the K values corresponding to the G values from that relationship. This can be seen as
accepting the fact that the value of K varies with the discharge. This approach will
improve the accuracy over a discharge range.

For obtaining the values of instantaneous K, it was assumed that K is a function of
G" which mathematically can be written as

K=f(G)*

The easiest way of obtaining the K value corresponding to G is from a graph
between G and K . So, a graph between K and G was drawn and the values of K for the
corresponding G were read from the graph. This can be very easily done on the computer
by drawing a power function trend line through the points and determining the
relationship between G and K . By using that relationship, the values of K corresponding
to G can be easily calculated.
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To illustrate the procedure, the data for Hakra 6-R Distributary is used. The
average depth was taken as the depth parameter. The gauge correction was found and the
gauge was corrected to obtain the value of D. Then, the value of K was calculated for the
individual discharge observations by assuming that Q=f (D )*® . The graph between K

and G was drawn as shown in Figure 3.2.

Then the values of K were read against the downstream (D/S) gauge reading and
used for the calculation of the discharge. The results of the above exercise are presented

below in Table 3.4.
Table 3.4. Comparison of varying K to average K approach for three sites.
lOne Variable Approach
[Hakra 6-R Head, Hakra Branch Canal
Using K From D~K Curve Using Average K
Ic Qm D K Qcal Qm-Qc %Diff  |Q cal ]% Diff
Ft Cusecs |Ft Cusecs Cusecs Cusecs
27 108 2.16 31.63 1.67 114 -6 -5.9 150 -39.0
4.54 440 4,01 43.74 1.67 444 -4 0.9 426 32
5.46 664 4.86 48.41 1.67 679 -15 -2.3 604 9.01
5.67 744 4.98 49.04 1.67 N7 27 36 648 12.9
Mirpur Distributary, Jamrao Canal
Using K From D~K Curve Using Average K
IG Qm D K Qcal Qm-Qc %Diff Q) cal % DIff
Fit Cusecs |Ft Cusecs Cusecs Cusecs
1.94 64 1.95 2]1.22 1.67 65 0 04 60 6.2
2.1 71 212 2042 1.67 72 0 0.7 70 23
238 84 2.39 19.36 1.67 83 1 1.0 85 -1.3
2.63 93 2.64 18.52 1.67 94 -1 -1.2 100 -8.2
Geodi Minor, Lower Swat Canal
Using K From D~K Curve Using Average K
Ic Qm D K Qeal Qm-Qc %DIff [Qcal [% Diff
Ft Cusecs |Ft Cusecs Cusecs Cusecs
(.52 2 0.43 10.3 1.67 3 0 -1 3 -33.7
0.52 k] 0.43 103 1.67 3 0 1.6 3 -184
0.86 8 0.77 11.59 1.67 7 0 4.0 8 -25
0.86 8 0.77 11.59 1.67 7 0 il 8 -3.4
1.08 i2 0.99 12.19 1.67 12 0f 37 12 24
1.08 12 0.99 12.19 1.67 i2 0 2.0 12 0.7
1.25 17 L16 12.59 1.67 i6 1 19 16 5.7
1.28 17 1.19 12.66 1.67 17 0 2.5 16 49
1.62 27 1.53 13.32 1.67 27 0 1.4 25 8.6
1.62 27 1.53 13.32 1.67 27 0 0.5 25 6.8
2.1 43 2.0 14.07 1.67 45 -2 -5.7 40 7.4
2.1 42 201 14.07 1.67 45 -3 -6.2 40 7.0
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Table 3.4 shows significant improvement in the accuracy. In case of the Hakra 6-
R Distributary, the results are on the average more than four times as accurate. In the
cases of Mirpur Distributary and Geodi Minor, the accuracy improves on average by
more than six and more than three times, respectively.

So, this section can be concluded with the comment that by assuming the value of
n equal to 5/3, it is still possible to get the required accuracy by following the procedure
described under Section 3.5. The rating based on a single discharge observation or the
use of single (average) K value leads to inaccuracies beyond a tolerable limit.

The value of K either increases or decreases with an increase or decrease in the
gauge reading, or the depth of flow, as shown earlier in this report. Also, the averaging of
the K value makes the rating inaccurate in the extreme flow ranges. One solution to the
problem, as discussed before, is by establishing a relationship between the G and K
values and by extending the curve. Finding the value of K corresponding to a particular
value of G becomes a singular unique value of K. Then, this unique value of K can be
used for calculating the discharge. As shown in Table 3.4, the results of this approach,
using unique values of K, are quite encouraging,

The next thought which may come to mind is why the value of K varies with the
discharge? And is there any method for arriving at one single value of K or a set of K
values with the varying depth having a minimum standard deviation? The following
section will deal with a methodology leading to an almost constant value of K for the
discharge range.

3.6. K ~ G RELATIONSHIPS

The curve refating K and G always shows a trend. The values of K either increase
or decrease with an increase or decrease in the values of the gauge reading. As mentioned
before, this relationship will be the main issue in developing an approach for arriving at a
constant value of K that will provide a good discharge rating. For developing this
approach, two canals -- Hakra 6-R and Mirpur distributaries — have been selected. The
Hakra 6-R Distributary has a positive relationship between K and G, whereas the same
relationship for Mirpur Distributary is negative as shown in Figures 3.3 and 3.4. The
curves are comparable with the curves relating the coefficient of discharge (C4) and gate
opening (G,). The introduction of a correction in the reference elevation for a zero gate
opening results in a constant value of Cy over the flow range and takes care of the errors
in establishing the reference level or leakage through the gates. So, on the same pattern, a
correction factor was introduced for the gauge reading to make it representative of the
depth, instead of using the hydraulic depth, or any other factor. The procedure adopted
was to vary the gauge correction (AG) values and the one yielding a nearly constant value
of K was used for calculating the discharges. For developing a graphical solution, the
above statement can be restated that the AG value yielding the best straight vertical line
in the (G-AG)~K relationship becomes both the targeted gauge cormrection value and K
value as schematically shown in Figure 3.5.
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Hakra 6-R Distributary

5.5

4.5

7

2.5 .
25 30 35 40 45 50 55

Figure 3.3.  Variation of the K coefficient with the gauge reading for Hakra 6-R
Distributary.
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Mirpur Distributary
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Figure 3.4.

Variation of the K coefficient with the gauge reading for Mirpur

Distributary.
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(AG)i > (AG); > (AG) > (AG) = (AG)s

Gauge - AG

(AGh  (AG), aG)y  (AGu  (AG)

K

Figure3.5.  Schematic of variation in relationships between K and G — AG by
introducing different gauge corrections.

Figures 3.3 and 3.4 show the graphical relationships between K and G without
introducing any gauge correction factor. The trend in variation of each curve can be
easily seen from these graphs; one important point worth mentioning here is that the
curve can be either negatively or positively sloped. As the Hakra 6-R and Mirpur
distributaries are inversely sloped, so these two canals were selected for developing a
general technique. Different gauge corrections were employed for both of the canals and
for each AG value, a G-AG and K curve was drawn. The gauge correction (AG), yielding
the best straight vertical line was selected for identifying the values of both AG and K for
use in the KD formula (Equation 1.5). The results of the exercise are presented in Table
3.5 and the variation of the curves by the introduction of different gauge corrections are
shown as Figures 3.6 and 3.7.

The following conclusions can be drawn by looking at the results:

¢ The results of the approach using unique values of K from the G~K curve are
comparable with the AG and K variable approach; and

» The negative or positive slope of a G~K curve indicates the sign of the gauge
correction (i.e. for a negatively sloped G~K curve, the gauge correction is
negative thus resulting in the D value being higher than value of G, and vice
versa for a positively sloped G~K curve).

If all of the three approaches are compared using n=5/3, the following statements
can be made:

» that K varies with the variation of the discharge and the hydraulic depth
doesn’t give a good estimate of AG for use with n=5/3.

> As the relationship of G with the depth is still unknown, so the idea of finding
AG by trial and error is good and yields an accurate discharge rating.

» The only drawback in the technique is that it involves a lot of calculations and

graphs.
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Mirpur Distributary
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Figure 3.6.  Curve variations by introducing different gauge corrections for

Distributary. Mirpur
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Figure 3.7.  Curve variations by introducing different gauage cormrections for Hakra 6-R
Distributary.



4, DOWNSTREAM GAUGE RATING USING TWO VARIABLES

In this section, the two variables approach will be evaluated. The approach will be
used in two different ways by making two different choices for the set of two variables in
the formula Q=K(G+AG)" . In one set, the variables K and n will be used, while AG is
established by using the hydraulic depth. In the second case, the two variables will be K
and AG, with the value of n being fixed as 5/3. The results will then be compared for
accuracy and for any trend, or possible correlation, between the different variables. The

APPROACH

two approaches can be explained by the table below.

Table 4.1. Two approaches for evaluating two variables for downstream gauge
ratings.
n K AG
K&n Variable Variable Constant=Average AG, from
Variable Discharge Observation
K & AG Constant=5/3 | Variable Variable
Variable

4.1. APPROACH WITHK & n AS VARIABLES

4.1.1. Introduction

The two variables approach in this form is most popular and is taken as a standard
procedure for developing the discharge tables in the Irrigation and Drainage Authorities

of Pakistan. The procedure as listed in the Manual of Irrigation Practice is:

The General method employed is that a series of discharges are to be observed
at round about steady full, three quarters, half and one quarter full supply. For
each series of ‘observations, orie mean value of “Q”, the gauge reading “G” and
the area of waterway is to be observed . Any obvious erroneous observation
should be rejected. “D” the mean water depth is then worked out by dividing the
area by mean width, and from the four values of “Q” and “D” thus arrived at,
the vatues of K and n in the equation Q=KD" is determined by the method of

least squares.

4.1.2. Calculation Steps

The data required for the two variables (K & n) approach is discharge, gauge
readings, area of waterway and top surface width for each discharge measurement. The

calculation procedure is:
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a) By dividing the area of waterway by the top surface width, the Hydraulic
Mean Depth can be calculated, which corresponds with the average depth of
flow;

b} The Hydraulic Mean Depth was subtracted from the Gauge Reading to
determine the gauge correction, AG, which is illustrated in Figure 4.1;

c¢) AG was calculated for all of the discharge measurements and then averaged to
arrive at a single value of gauge correction; and

d) By subtracting the average AG from each gauge reading, G, the depth of flow
“D” can be calculated for each discharge measurement,

As the equation format is Q=KD™ , the unknowns “n” & “K” can be calculated by
regression or determined using a graphical method.

6_
< Top Water Surface Width —- 5__ —
_ 4
| =
Area Of Waterway — Hydraulic Mean Depth

: 4
1-
\ // 0__ eauge Correction

Figure 4.1.  Illustration of using the hydraulic mean depth to derive the gauge
correction.

4.1.2.1. Regression Analysis (Ordinary Least Squares)

Once the value of D is calculated , as explained above, the values of the variables
n & K can be found by the method of least squares. For this, some mathematics are
applied for reaching a solution.

The equation is

Q=KD" (1.2)



37

The equation can be rewritten after applying logarithms as

Log Q=LogK+nLogD (2.8)
which is a straight line equation, with a slope n and the Y intercept at log K. For the
solution of these types of equations, 2 data set of two or more observations is required. A
larger number of observations will more likely result in a more accurate solution.

Let number of observations =T

The solution for n is

n=2
Sxx (4.1)
where
i [Z(Logﬂ « 1ogg) - 22N LogQ)J
(4.2)
and
Swx=| 3 (LogD)’ - —“——(Z L:.gD)
(4.3)

Once the value of “n” is calculated, the value of “K * can be found by placing the value
of n in Equation 4.4.

Log K = Average Log Q - n x Average LogD (4.4)

4.1.2.2. Graphical Solution

The solution for the stage discharge relationship can also be determined through
graphical means. Equation 2.8, Log Q = Log K +nLog D, is a general form of a straight
line equation with the slope “n” and the Y intercept on the ordinate corresponding with

log D=0 (D =1)is “Log K” as shown in Figure 4.2.

So, by plotting, Log Q on the Y axis and log D on the X axis, the values of n and
K can be calculated from the graph as n is the slope of the line and K is the anti-log of
the Y Intercept (10%™™)atD =1 (log D =0).
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LogQ

TLog K

Figure 4.2,  Illustration of graphical solution for the two variables K & n.

Log D

4.2. APPROACH WITH K & AG AS VARIABLES

In the second of the two variable approaches, the idea is to keep the n- slope of
the Log D and Log Q line equal to 5/3 and vary AG so that the K values are determined
with 2 minimum standard deviation, resulting in the rating curve which will best fit the
measured discharge values. Although, for this approach, AG can be solved by taking any
of two discharge observations as there are two unknowns, so only two equations are
required. But it is not necessary that the considered points will lie on the mean curve line;
so, for obtaining a more accurate solution, all of the discharge observations (excluding
the obviously wrong discharge observations) were considered and AG was calculated by
using an iterative least squares method.

4.3. COMPARISON OF APPROACHES

In the second approach used for arriving at a stage-discharge relationship, in
which only K and AG are taken as the variables, the value of n is fixed at a value of 5/3.
The idea behind the approach is, on the one hand, to standardize the values of the
exponent and, on the other hand, to maintain the accuracy within reasonable limits. The
approach is then compared with the standard procedures used in the Imrigation
Departments (i.e. the first approach in which a series of the discharge measurements were
used to arrive at the values of n & K).

As shown in Figure 4.3, the first approach (K & AG variable), fixes the slope of
the line to be “n”, but in actuality, i, ii & iii are the points representing the actual
observations in the field .The first approach line will necessarily be at a slope n, whereas
the average line, achieved by the second two variables approach, could be at any other
slope n. The controlling factors in opting for one of the approaches would be the
accuracy and simplicity in the procedures.
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Figure 4.3.  Graphical illustration of K & AG as variables with n = 5/3.

3

In the K & n as variable approach, and the K & AG as variable approach, the
resulting AG values differ. The value in the first case is calculated by using the mean
hydraulic depth, which represents the actual physical situation (more or less) in the field,
whereas in the other case, AG is considered as a variable for achieving a best fit line. So,
the value of the gauge correction sometimes deviates significantly between the two
approaches, which needs to be investigated.

Table 4.2. Comparison of gauge corrections from the two variables approaches using
some example irrigation channels.

Two Variables Approaches

Authorized n & K variable and K & AG variable and

Canal Name Discharge AG from hyd depth n=5/3
(Cusecs) AG AG
(FY) (F)

1Geodi Minor 35 0.09 0.18
Daulatpur Minor 49 1.17 0.07
Mirpur Distributary 64 0.59 -0.84
Khan Mahi Branch 103 -0.41 1.24
6-R Hakra Disty 459 0.98 1.32
Malik Branch 1538 1.48 1.70
Lower Sawat Canal 1940 040 0.77
Hakra Branch 2785 -0.01 1.69
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The values of the gauge correction resulting from considering AG as variable are
lower as compared to the values resulting from considering the hydraulic depth for
calculating the gauge correction for the same canal.

Looking at Table 4.2, the values of gauge correction are quite in concurrence
with each other except in the case of Daulatpur Minor, where the difference in gauge
correction values is quite significant as compared to the size of canal. Although the
difference in gauge correction is even more for the case of Hakra Branch Canal, but from
a physical acceptability point of view, this difference is not much for a 150 feet wide
canal.

The variation of n values is also very interesting. A comparison of the KD
formula and discharge formula through triangular and rectangular notches, with the
assumption that the channel shape varies from triangular to rectangular, then the value of
n should vary between 3/2 to 5/2 depending on the shape of the cross section at the site.
In one of the two variables approaches, the value of n was fixed at 5/3 {i.e. 1.67), which
is most of the time considered as best suiting the canal shapes in regime. In the other
case, the value of n was a variable to best describe the flow in the canal at different gauge
readings. The results show that the average value of n for the considered canals is 1.79,
while two values of 1.43 for Daulatpur Minor and 1.22 for the Mirpur Disty are below
1.5. But, it is very difficult to establish any relationship between the value of n and the
size or shape of the channel, which strengthens the idea that the gauge correction factor
has influence over the value of n. The results are shown in the table below (Table 4.3).

Table 4.3. Comparison of exponents from the two variables approaches using some
example irrigation channels.
Two Variables Approaches
Authorized n & K variable and K & AG variable and
|Canal Name Discharge AG from hyd Depth n=5/3
{Cusecs) n n

Geodi Minor 35 1.87 1.67
Daulatpur Minor 49 1.43 1.67

Mirpur Distributary 64 1.22 1.67

Khan Mahi Branch 103 1.76 1.67

6-R Hakra Disty 459 2.19 1.67

Malik Branch 1538 241 1.67

Lower Swat Canal 1940 1.56 1.67

Hakra Branch 2785 1.85 1.67

As referred in the above discussion , the factors important for developing a good
canal rating using the KD formula are that the formula should be serviceable (i.e. the
gauge correction and n values should be in concurrence with the physical situation of the
canal); secondly, the rating should be accurate enough; and thirdly, the method for
developing the rating should not be complex.
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Table 4.4. Comparison of discharge rating accuracy from the two variables
approaches using some example irrigation channels.
Two Variables Approaches
n & K variable and K & AG variable and
Canal Name Discharge AG from hyd Depth n=5/3
{Cusecs) Average % Error Aversage % Error
Difference {Qecal-Qm)/Qm]*100 Difference [{(Qeal-QmyQmj*100
(Cusecs) Maximum Minimum (Cusecs) Maximum | Minimum
Geodi Minor 35 0.66 - 11.41 0.37 0.29 7.43 0.05
Daulatpur Minor 49 0.2 0.94 0.18 0.16 0.9 0
Mirpur Distributary 64 0.56 1.32 0.16 0.63 1.49 0.24
Khan Mahi Branch 103 1.83 5.72 (.06 1.48 6.13 0.91
6-R. Hakra Disty 459 6.68 2.68 0.04 6.13 1.6 0.19
Malik Branch 1538 3.81 0.49 0.18 54.04 6.44 0.24
Lower Swat Canal 1940 18.91 4.49 0.99 20.36 0.05 0.01
Hakra Branch 2785 5.09 0.38 0.08 56.29 1.54 1.76

The above table (Table 4.4.) reveals the results from the second approach, that is,
considering K and n as variables, which are more accurate as compared with the
approach considering K & AG as variables. This difference in accuracy is quite
significant in the case of Malik and Hakra head regulators, where the average difference
in actual and calculated discharges is even more than 10 times the difference in the case
of using K and n as variables, but for the rest of the canals, the accuracy is not much
different.

As much as the simplicity of the method is considered, the K and n variable
approach can be adopted by involving the regression formulae, whereas the K & AG
variable approach is iterative so that more work is involved with the calculations.
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5. DOWNSTREAM GAUGE RATING USING THREE VARIABLES
APPROACH

5.1. INTRODUCTION

All of the previous approaches were more or less based on hydraulic principals
for justification — one variable was linked with Maning’s equation, which can be reduced
to the form Q=KD", as explained in section two of this report; likewise, one of the two
variables approaches was also linked to the same principle and the second was with the
assumption that the hydraulic depth is equal to the average depth of flow. But in the three
variables approach, the hydraulic principles have been set aside and regression means
(curve fitting) have been used to arrive at an accurate rating curve. All of the three factors
(i.e. K, D and n) have been assumed as varying; by trying different values of AG, the
values of n and K have been determined for an accurate rating.

5.2. CALCULATION STEPS

For arriving at the best ratings, the method of least squares have been adopted.
The value of Gauge Correction (AG) was varied and values of n and K were calculated by
regression for each value of AG. The discharge was calculated for each value of AG or D
and the difference of calculated and measured discharges was calculated and squared.
The values of AG, K and n giving the least value of (chasucd—Qcalcumd)z were used as
discharge rating parameters. The same variation of (Qmmcd—Qcalcu;md)z can be explained
from Figure 5.1, which shows that with an increase in AG, the value of (Qmeasued—
Qca[cma.ed)z decreases and after reaching a minimum value, (Qmasued—Qcalculmd)z starts
increasing with an increase in the value of AG. The lowest point on the curve shows that
the values of the three variables are in the best combination for fitting the mean observed
discharge line on the rating curve.

(Qm-Qcy’

Minimum Value Point

AG
e

Figure 5.1.  Graphical illustration of determining the gauge correction that will
minimize the inaccuracy of the discharge rating.
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5.3. DOWNSTREAM GAUGE RATING PARAMETERS

In order to reach a sound conclusion, field discharge observations have covered a
wide range of measurements depending upon the size of the channel i.e. from less than 3
cusecs (Geodi Minor) to 2296 cusecs (Hakra Branch Canal).

Table 5.1. Variation of Downstream Gauge Rating Parameters.

Three Variables Approach Two Variables Approach

Authorized K, n & AG Variables From Hydrauli
Canal Name Discharge Approach mDegmrau ¢
{Cusecs) K AG AG

. (Ft) (Ft) "
Geodi Minor 35 1.57 15.79 0.22 0.09 1.87
Daulatpur Minor 49 2.08 4.52 0.5 0.4 1.43
Mirpur Distributary 64 0.63 70.13 1.07 -0.01 1.22
Khan Mahi Branch 103 1.59 18.82 1.29 117 1.76
Hakra 6-R Disty 459 1.83 45.7 1.1 0.59 2.19}
Maiik Branch 1538 2.07 36.67 0.5 -0.41 241
Lower Swat Canal 1940 1.16 229.79 1.75 0.98 1.56
Hakra Branch 2785 1.47 180.65 2.57 1.48 1.85

By looking through the final values of n, K & AG in the order of increasing
discharge, it is very difficult to conclude anything. The other point worth mentioning is
that the value of n (i.e. the exponent in the KD formula) is usually assumed to range from
1.5 to 2.5 is also not very valid in this case. The variation of the n value in this case is
from 0.63 to 2.08. The same way of looking at values of K resulting from the adoption of
the approach gives a weak increasing trend of K values with the increasing discharge.
These unusual values can easily be associated with the fact that this approach is clearly
looking for a precise or accurate solution without considering any physical requiremnernts
from the field or hydraulics. The errors or inaccuracies of the discharge observations are
incorporated in the approach at the cost of the norms for the values of rating parameters.

Looking at the gauge correction (AG) values for the three variables approach
(which as mentioned before, is part of the best combination of the rating parameters), the
values calculated for the same canal by using the hydraulic depth are different. The
minimum difference between corresponding AG values is 0.12 in the case of Khan Mahi
Branch Canal and the maximum value for this difference is 1.09, which is quite large and
may make the method less trustworthy.

54. DISCHARGE ACCURACY VARIATION OF THREE VARIABLES APROACH

The strongest point for the three variables approach is that its objective is to
derive the most accurate rating, which can be well seen in Tables 5.2 and 5.3. The
maximum average difference is 14.25 cusecs in the case of Lower Swat Canal, which is
less than 1% of the authorized discharge for this canal. Looking at the % error in
calculated and measure discharges, although 6.61 looks quite high, but actually this
difference is in the low flow range which can be seen from Table 5.2. Apparently, there is
no trend or correlation between the discharge or size of canal and the accuracy. And even
for the same canal, the same is the trend.



Table 5.2.

discharges for the example irrigation channels.

4

Discharge accuracy variation for three variables approach over a range of

Three Varlables Approach

Hakra 6-R Disiributa

Hakra Branch Canasl

G Q D Log D Log QOm Pred Q (Qm-Qp)2 Ya Diff
2.70 107.84 1.60 0.20 2.03 108.01 0.03 -0.16
4.54 440.41 3.44 0.54 2.64 438.15 4.26 0.47
5.46 664.04 4.36 0.64 2.82 676.36 151.73 -i1.85
5.67 743.91 4.57 0.66 2.87 737.16 45,54 0.91
Head Hakra Branch Canal, Eastern Sadigla Canal
G Q D Log D Log Qm Pred Q {Qm-Qp)2 % Dift
8.20 2296.06 5.63 0.75 3.36 2295.98 0.01 0.00
7.62 1956.52 5.05 0.70 3.29 1956.61 0.01 0.00
5.91 1065.04 3.34 0.52 3.03 1065.03 0.00 0.00
Head Malik Branch Canal, Esstern Sadiqia Canal
G Q D Log D Log Qm Pred Q) {Qm-Qp)2 % Difrr
4.85 766.95 4.35 0.64 2.88 767.02 0.00 -0.01
5.67 1096.42 5.17 .71 3.04 1096.27 0.02 0.01
7.38 1979.44 6.88 0.84 3.30 1979.54 0.01 -0.01
G ¢odi Minor Canal, Lower Swat Canat
G Q D Log D Log Qm Pred Q (Qm-Qpj2 % Difr
0.52 2.25 0.30 -0.52 0.35 2.37 0.01 -5.42
Jo.s2 2.54 0.30 -0.52 0.40 237 0.03 6.61
0.86 1.37 0.64 -0.1%9 0.89 7.82 0.00 -0.67
0.86 7.70 0.64 -0.19 0.89 7.82 0.01 -1.58
1.08 1241 0.86 -0.07 1.09 12.46 0.0 -0.37
1.08 12.20 0.86 -0.07 1.09 12.46 0.07 -2.10
1.25 16.74 1.03 0.01 1.22 16.535 0.04 1.15
1.28 17.32 1.06 0.03 1.24 17.31 0.00 0.04
1.62 27.43 1.40 0.15 1.44 26.83 0.36 2.18
1.62 26.90 1.40 0.15 1.43 26.83 0.00 0.26
2.10 42.66 1.88 0.27 1.63 42.68 0.00 -0.05
2.10 42.47 1.88 0.27 1.63 42.68 0.05 -0.50
Khan Mahi Branch Canal, Lower Swat Canal
G Q D Log D Log Qm Pred Q {Qm-Qp)2 % Diff
£.78 595 0.49 -0.31 0.77 6.04 .01 -1.49
1.78 &.19 0.49 -0.31 0.79 6.04 0.02 2.44
2.38 21.19 1.09 0.4 1.33 21.50 0.16 -1.91
2.18 21.60 1.09 0.04 1.33 21.60 0.00 0.02
2.70 33.19 1.41 0.15 1.52 32.58 0.41 1.93
2.72 34.39 1.43 0.16 1.54 33.29 1.22 3.21
3.05 43.37 1.76 0.25 1.64 46.34 8.85 -6.86
3.08 44.76 1.76 0.25 1.55 46.34 2.51 -3.54
3.73 B0.94 2.44 0.39 1.91 78.00 8.62 3.63
3.73 80.94 2.44 0.39 1.91 78.00 8.62 3.61
4.44 117.63 3.15 0.50 2.07 117.19 0.19 0.37
4.44 114.90 3.15 0.50 2.06 117.19 5.26 -2.00
Lower Swat Canal
G Q D Log D Log Qm Pred Q {Qm-Qp)2 % Diff
3.01 302.34 1.26 0.10 2.48 300.18 4.67 0.72
3.01 302.15 1.26 0.10 2.48 300.18 3.89 0.65
3.54 442.72 1.79 0.25 2.65 450.47 60.14 -1.75
4.49 737.53 2.74 0.44 287 736.95 0.4 0.08
4.96 856.28 3.21 0.51 2.93 384.97 82113 -3.35
5.46 1073.12 3.71 0.57 .03 1046.20 724.77 2.51
5.49 1083.03 3.74 0.57 3.03 1055.99 731.42 2.50
5.16 1258.74 4.41 0.64 Alo 1277.61 356.21 =1.50
Mirpur Distributary, Jamraso Canal
G Q D Log b Log Qm Pred Q (Qm-Qp)2 % Dift
1.94 64,38 0.87 -0.06 F.81 64.11 0.07 0.42
2.11 71.34 1.04 0.02 1.85 72.02 0.46 -0.95
2.38 83.99 1.3 0.12 1.92 83.33 0.43 0.78
2,63 92.82 1.56 0.19 1.97 93.06 0.06 -0.26
Daulatpur Minor, Jamrao Canal
G Q D Log D Log Qm Pred Q (Qm-Qp)2 Y Diff
2.08 32.64 2.58 0.41 1.51 3238 0.07 .81
2.09 32.36 2.59 0.41 1.51 32.64 .08 -0.86
2.35 39.83 2.85 0.45 1.60 39.81 0.00 0.05
2.73 51.62 3.23 .59 1.71 51.62 0.00 -0.01




Table 5.3. Discharge accuracy variation of the Three Variables Approach.
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Three Variables Approach
Canal Name Authorised n, K & AG Variables
Discharge n K AG Average % Error

{Cusecs) Difference | [(Qcal-Qm)/Qm]*100

(Ft) (Cusecs) Maximum Minimum
|Geodi Minor 35 1.57 15.79 0.22 0.16 6.61 0.04
Daulatpur Minor 49 2.08 4.52 -0.5 0.14 0.86 0.01
|Mirpur Distributary 64 0.63 70.13 1.07 0.46 0.95 0.26
Khan Mahi Branch 103 1.59 18.82 1.29 1.3 6.86 0.02
Hakra 6-R. Disty 459 1.83 45.7 1.1 5.32 1.85 0.16
Malik Branch 1538 2.07 36.67 0.5 0.11 0.01 0.01
Lower Swat Canal 1940 1.16 229.79 1.75 14.25 3.35 0.08
Hakra Branch 2785 1.47 180.65 2.57 0.06 0.00 0.00






