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RECALIBRATION OF
SMALL CUTTHROAT TFLUMES

FOR USE IN PAKISTAN
ABSTRACT

The Master Planning Division of the Water and Power
Development Authority (WAPDA), Government of Pakistan has been
conducting watercourse surveys throughout Pakistan in the last
few years. A basic data component of this sample survey is the
use of Cutthroat flumes for measuring flows and water losses in
each of the 61 watercourses included in the survey. The three
Cutthroat [lumc sizes are 8" x 18", 8" x 36", and 12" x 36",
where the first dimension is the throat width and the last
dimension 1is the flume length. The recalibration work performed
in the laboratory for these flumes, along with refinement of
the data analyses, would indicate that the free flow ratings
for the 8" x 18" Cutthroat flume would be reduced 3 percent, the
free flow rating for the 8" x 36" Cutthroat flume would be re-
duced 1.3 percent, and the free flow rating for the 12" x 36"
Cutthroat flume would be reduced 2 percent.

Laboratory studics have shown that the §" x 18" Cutthroat
flume is affected by entrance conditions. Consequently, the
use of three piezometer taps at both ha and hb’ compared with
using a single tap connected to each stilling well, has a sig-
nificant impact upon the free flow and submerged flow rating.
“EY WORDS: Cutthroat flumes, Discharge measurement; Flow mea-

surement; Hydrometry; Irrigation water; Open channel

flow; Water management (applied).



FOREWORD

The effort reported herein was undertaken in response to
some serious questions being raised in Pakistan about the
Cutthroat flumes commonly being used; namely, 8" x 18", 8" x
36" and 12" x 36", where the first dimension is the throat
width and the last dimension is the rlume length., Although I
have never recommended the use of 18-inch length Cutthroat
flumes for use in Pakistan, they have been extensively used.
Consequently, a need arose to provide accurate calibrations
for the 8" x 18" Cutthroat flume.

The report has been an attempt to respond to various
criticisms made about the Cutthroat flume. TFor this reason,
I have listed myself as senior author, while listing those
individuals who have provided significant assistance to this
report as junior authors. This was done only because I felt
it was my responsibility to face the brunt of these criticisms,

as well as anv criticisms that might be made of this report.

Gaylord V. Skogerboe

Project Co-director

Water Managemcnt Rescarch Project
Colorado State University

Fort Collins, Colorado 80523
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in Lahore, Pakistan to recalibrate the threec flume sizes
being used in the Master Pianning wateorcourse surveys,
Their results, along with additional Laboratory and data
analysis undartaken by Colorado State University (C8U),

are reported herein.  In addition, the writer has attempted
to respond later in this revort to some criticisms of

Cutthroat flumes.






Experimental Design

Five Cutthroat flumes of length 1.5 ft and throat widths
of 1, 2, 4, ¢ and 8 inches were used in this study. Figure 1
shows the dimcnzions of the flumes used. All nf the flumes
had a wall height of 12 inches.

The tests were run in a wooden flow channel with a recir-
culating pump in the Engineering Research Centor. The flow
channel setup had an orifice for measuring the flow rate, but
that was inaccurate for the range of flows involved in this
study. Thercfore, another Cutihroat flume with proven accu-
racy was usced to measure the flow rate. Figure 2 shows the
experimental setup. The flow neasuring flume was installed
so that it would alwavs operate under free flow conditions,
to insure proper accuracy.

The expervimental flume had a seat, so one flume could be
removed. and the next flume installed casily, while still main-
taining a level flume floor. A slujce gate installed at the
downstrcam ond of the experimental flume was used to control
the downstream depth of water, thereby allowina the desired
level of submergence to be produced. The two flumes were far
enough apart so that the turbulence in the approaching water
was minimizoed.

Water depths were measured using stilling wells (piezom-
eters) . Depths of water in the stilling wells were read off
a graduated steel tape, glued to the transparent side of each
stilling well. Depths were measured At 51 different posi-

tions along the experimental flume (IFigure 3). The
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Fig. 1. The dimensions of the 18-inch length Cutthroat
flumes used in the study.
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Fig. 2. The experimental setup for rating l8-inch length
Cutthroat flumes.
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Fig. 3. Positions on the 18-inch length Cutthroat flume at
which depth readings were taken.




where Q 1is the flow rate; C is the constant for each flume

depending only on the flume width; h1 is the upstream head;

<

and ny is the free flow exponent. TIf Q is plotted against ha
on logarithmic paper, a straivht line should result with its
slope acs ny and its intercept as €. Filgure 4 shows the free
flow plots. Cn Figure 4, the information about the best fit
line is given below o2vevry plot, but the drawn line is one
with the slope of 2.0. AaAll the free flow plots show that

o .

= 2.0 if rounded to one digit arter the decimal. This is

Ny
a very permissible modification since, as Fiaure 4 shows, the

lines havine a slope of 2.0 it cvery set of data very accu-
rately, and very little inaccuracy can be detected by eye.
Two 1mportant conclusions are drawn here.

(1) The upstream head, measured at the conventional posi-

tion (h J, 1s as vood as that measured at the other

<

experimental positions.

rh

(2) The value of the frec flow exponent is 2.0. This is
in contrast to the previous study by Bennett (1972),
where ny was repovted to be 2.15.
Based on these two conclusions, it was decided that for sub-
mercged flow, that ha and hb will be used for analysis since
they seem to bhe satisfactory, and at the same time the results
will be consistent with the previous reports.
The plot of the free flow coefficients vs the throat
width, W, is shown irn Figure 5. Information about the hest

fit line for the peints is given in Pigurc 5. However, in

this case, since the previous reports on Cutthroat flumes
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have used an exponent for W as 1.025, the line fit to the
points in Piqure 5 has been drawn with a slopc of 1.025.
Since the line of best fit has a slope of 0.983, there is a
question as to whether or not the relation between the free
flow coefficient, C, and the throat width, W, is linear (a
slope of 1.00).

In the case of tha free flow discharge coefficient C,
althouah the plot presented in Figure 5 represents the points
moderately well, there seems to be a curvilincar reletionship
among the points. This may suggest that the actual relation
18 C = K(W ¢ b)1.025‘ However, this formula indicates that
1f W= 0, there could still be a flow rate, which i1s absurd.
Therefore, the other alternarive nay be that the relation
between C and W should plot curvilinear on a logarithmic
scale. This point will be discussed in a separate report to

be published later.

sSummary
Five 1.5 ft long Cutthroat flumes were tested for the
purpose of determining an accurate calibration of the 1.5 ft
long flumes. The results obtained were:
Free flow: Q = Ch 2.
where O - the flow rate, n cofs;

h_ = is the head, measured at 2 inches from

a
the beginning of the flume in ft;
C = 6.4wh-022
and W = the throat width, in ft.
or Q = 6.4wl-025, 2.0 e e e .o (3)

a



Submerged flow:

where

Q

hb

he)]

il

1

]

11

the head, measured at 2 inches from
the end of the flume, in ft;

the ratio of hb to ha;

3.75wl- 025,

2.0

1.025 .
3.75W (,=hy) L (4)

(-log §) 1.6

and other terms are as defined proeviously.

The transition submorgence was found to be roughly 50 percent.

This information was vrovided to the CSU Field Party in

Pakistan and the Harza Bnaginecring Company in Lahore during

November, 1977..
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6) The variation in predicted flow between the newly
derived and original equations is significant.

7) The reasons ‘or this variation could not be determined.
Trout (1972 presented the following recomuendations:

1) Cutthroat flumes can be used to measure f{low.

2) The 8" x 18" [lume zhould not be used.

3) For higher flows (above 4 csc) longer flumes
(I.e. 54") will increase accuracy.

4) The original flume development [developer 71
should carry oui. a recalibration ol the flumes
to explain the differences between the two sets
of data.

Analysis by Paskett and Owens

The laboratery data collected by Paskett and Owens (1978)
was provided to the writer, along with some of their analysis
and conclusions. The rosults of their analysis are summarized
in Table 2. Tor the 8" x 18" Cutthroat flume, Skog 1 m2ans
the use of Equation 1 for free flow, while Skoo 2 utilizes
Equations 3 and 4. One of the major difficulties in Paskett
and Owens accepting the recalibration ratings for the 8" x 18"
Cutthroat flume (Equations 3 and 4) was that there was an even
greater discrepancy with their laboratory data as compared with
the original rating (FHguation 1).

Some of the written comments by “askett and Owens (1978)
are tuoted below bec use they provide some valuable insight:

Skoq ratinags estimated water at mogha about 9%
low f{(with 12" x 36" flumes).

Skog ratings ontimated downstream water from 29
low to 192 high depending on flume used.

This indicates the following errors for the flumes
normally used for the field measurements.
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Fiqure 15. Comparison of volumetric data with Francis
formula for rectangular suppressed weir.
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Based upon this review of the data reported by Haorza

Enginecering Company and the analysis repcrted by Tom Trout,

+he writer made the following recommendations prior to his

departure from Pakistan during late May of 1978.

1.

Cutthroat flumes having a lenagth of 18 inches arve
affected by entrance conditions, so they should only
be used for small discharges (less than one cusec).
The earlier CSU manuals stated that ha should not
exceed 0.6 feet for flume lengths of 18 inches. The
writer has continually advocated the use of 36-inch
flume lengths (or longer) in Pakistan.

The data collected by Owens and Paskett does not
warrant changing the Cutthroat f[lume calibrations
reported by CSU.

The general discharge equation that should be used

for Cutthroat flumes having a length of 18 inches is:

o 2
0 = 6. 40wt 0250 200

where W is the throat width in feet and hy is the
flow depth in feot measured in the flume inlet (hg
should not exceed 0.6 feet).

In order to utilize the data collected by Owens and
Paskett to guantify various entrance effects upon
18-irch flume lengths, the rectangular suppressed
weir must be accurately calibrated; the volumetric
measurcments reported herein serve to show that the
Francis formula does not accurately describe the

weir rating. A more elaborate hydraulic setup is
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4r /
N ® Volumetric Data
m 8" x 18" Weighing Tank Data
4 8" x 36" Weighing Tank Data
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Figure 16. Comparison of volumetric and weighing tank
data with the Francis formula for the
rectanqular suppressed weir.






rable 6. Calibration of 2.533' sharp crested weir installed on 2.5' wide glass sided flume.

<au Disch 1Initzial finul  Time Depth Total Disch, sec Theore- Discharge % Difference

in Gauge W. L. «. L. Min-Sec in £t. Volune (Obs=zrved) tical Francis Rehbock from Francis

ft. in Zs. Renhbock Formula Formula Formula
rating Formula

welli cit.

.067 1.745 3.600 5.660 30-25 2.000 287.912 15776 2.1551 C.1de2 +1.67 +7.900
.082 1.760 1.200 3.800 30-9.3 2.60G0 374.2856 .2068 0.2066 0.1980 +0.096 +4 .440
L1177 1.795 1.100 4.600 24-3.5 3.500 503.846 .3490 C.3452 0.3375 +1.100 +3.400
.177 1.855 5.1G0C 10.317 19-36 5.217 751.018 .56386 0.6332 0.6279 +0.741 +1.700
.256 1.934 1.200~ 4.380 7-00 3.130 457.780 1.08995 1.0964 1.0912% -0.592 -0.120
.317 1.995 2.900 7.400 7-9.5 4.500 647.802 1.5083 1.5094 1.5036 -0.072 +0.313
.346 2.024 1.800 6.800 7-30 5.000 719.780 1.7C16 1.7214 1.7147 ~1.150 -0.770
.429 2.107 3.000 3.200 5-19 5.200 748.5712 2.34662 2.37958 2.36729 -1.380 ~-0.870
.461 2.13¢ 2.900 ©.120 €-34.75 7.220 1039.362 2.6329% 2.£528 2.6394 -0.748 -0.243
Average diameter of rating tank = 13.538°' i) Renbock Formula: ¢ = %—/EE- BH3/2(O.605 + 32éﬁ_3 + O.gSH
Area of rating tank = 143.956 sg. ft. ii)Francis Formula: © = 3.33 BH3/2

0p
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Section 5

ADDITIONAL CSU LABORATORY ANALYSIS

As stated earlier, the 12" x 36" Cutthroat flume had
never been calibrated in the laboratory by the writer. In-
stead, the rating for this flume had been interpolated from
the laboratory calibrations for the 8" = 36" and 16" % 6"
Cutthraat flumes. Consequently, it was deemed desirable to
construct a 12" % 36" Cubtthroat flume and develop a lahnratory
calibration. At the same time, it was felt that the discharge
rating for the 8" x 36" Cutthroat flume should be checked.

The additional laboratory work performed in 1977 for the

8" % 18" Cutthroat flume was considered sufficient.

Experimental Procedurc

The flume calibration tests were conducted in the
Hydraulics Rescarch lLaboratory of the Engineering Research
Center at Colorado State University. The tests were vun in a
flow channel two feet wide and 60 feet long. The channel had
a recirculating pump and was equipped with a segmental orifice
plate for flow measurement. However, the oritice was not con-
sidered to be accurate enough for flow measurement and rhere-
fore an 8" x 36" Cutthroat flume was installed in the channel

for tiis purpose. It was found later ithat the orifice was

3

accurace for flow rates above one cfs but not accurate enough
for smaller flow rates. The channel was capable of carrying
9 cfs. The flow chammel had a slope which heiped prevent any

interference between the primary flow measurement flume and
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the test flume. The stceep slope was also advantageous in
attaining rapid establishment of steady flow in the channel.
The Cutthroat flumes were set absolutely level in the
channel. They were surveyed with a surveyor's level and a rod
araduated to 17100 of an inch. The zero points on the hook
gages were also ostabllshod using the same surveying equipment.
Depths ¢f water in the Tlumes were measured in stilling wells
4 inches 1n diametor. Hook aages aqraduated to 171000 of a

of water in the stilling

on

foot were used to measure derth
wells. At least 15 minutes were allowed betweon every two
a8 |

stabliszhment of steady flow

readinas of data to assurc the
n the channel, althouch 1t had been found that within less
than 10 minutes steady flow was established in the hvdraulic
channel.

The entrance cond:tions of the flumes vere an abrupt con-
traction of flow from the channcl into the flume. The flow
measuring flume was set sixz incheas above the channel bed to
assure froe flow throuch it and hence accurate Flow measure-=
ment. [Por the test fiume, £0 obtain thoe desired level of sub=
mergence, a fingor gato wWis installed at the cdownstream end
of the channel. Accurate control of water level downstream of
the teet flume was rosasible using the finger gate.

During data collection carcful observation was made to
detect any fluctuationg or suraes in the flow, which proved
to be non-uxistent. [Buvery time onc set of data were recorded,
the test flume as well as the measuring [lume and the orifice

manometer readings were recorded to make sure any possible



changes in flow rate were measured. This proved to be useful
since at higher levels of submergence the flow rate did de-
crease slightly due to a drop in the sump water level.

For frece flow analysis, nine flow rates werce tested,
covering practically all the range of possible flow rates
through ecach {lume. For submerged {low analvsis, the down-
stream depth oF water was gradually increased until a rise in
the upstream depth reading was noticed.  From that point on,
the downstream depth was increcased at small increments, and an
entire range of submerged flow data were collected, covering
up to 99% submergence.

In the case of the 8" x 18" flume, additional free flow
data were collectd using two special approach conditions. In
the "hand approach" one hand was placed in the water, Fflush
with the converging flume side where the piczometer tap was

located. 1In the "board" approach, two boards of 3% inches
width were placed in water flush with the converging sides of

the flume.

Laboratory Results

A basic assumption is that the weighing tank data
collected by Bennett (1972) is correct. The writer went to
great lengths in checking the calibration of the two weiching
tanks to insure a high degree of accuracy. The calibration
for one of the weighing tanks showed an accuracy of one-fourth
of one percent, while the other weighing tank had an accuracy

of one~half of one percent.
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~ 12" x 36" Cutthroat Flume
5 Free Flow Rating
Q= 4.41h}84

Q in cfs
1

0.5

0.2

hq in feet

Figure 21. Free flow rating for 12" x 36"
Cutthroat f{lume.
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Figure 22. Recalibration of §
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Table 7. Summary of free flow analysis for selected Cutthroat
flumes.

7 ”mw_'“ﬁ;ee_ﬁ}ow Coefficient
Cutthroat Flume Size 1 Parcent
Original Revisad Adifference

8" x 18" 4.226 4.10 -3.0

8" » 36" 2.97 2.973 -1.3
12" = 36" 4.50 4.41 ~-2.0

Note: The free flow exponents, Ny, were not changed.

revised so that the discharge wil! be reduced. The greatest
difference in free flow ratings is for the 8" x 18" Cutthroat
flume, where the discharge readings would bhe reduced by 3 per-
cent. The reductions in discharge ratings for the 36-inch
flume lengths are roughly 1-2 percent.

In the atandard mothod of measuring ha, flow enters the
flume with an abrupt contractlion from the sides and the bottom.
In the "2-bourd" method of measuring h,, two boards of 3%
inches wide were placed beside the 8" x 18" Culthreat f£lume
at the entrance in such a way that the boards were flush with
the converdging sides of the flume. At a constant flow rate,
the 2-board reading of ha is higher than the standard reading,
the reason being that as the flow contracts into the flume,
it forms a depression close to the hy piezometer tap. Placing
the board removes this effect, causine higher readinas of hg.
As expecred, this offoctcis very small at small flow rates
(less than about 0.6 c¢fs) as shown by the plotted data points
in Fiqure ¢4. The increase in h, due to the two boards 1is

from 3 percent at smaller flow rates to 10 percent at higher
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flume using three piezowetoer



h  stilling wei

b

change in

interest is

number or

at h,
b

6l

L odepth 1s not affected as much as h.1 by the

(Figure 25). Of parvticular

plezometer taps

is affected in the opposite divection of

ho.o Whereas the h readings were too high when three piezo-
ol (%}
Pl Labs woero cmployed, the Boreadings were too low.,  The

jo]

Ty rrow o ischarcae measurcments using three picaomneter
s are plorced in Plgure 26, where o comparison with the
caoinad oand sroe Tlow ratings for the 8" x 14" Cutthroat

U S how nat chose Dour measurements fall between the two

nearly cor

OV

responsing with the

YL
Low, wWith o three plevometar taps, thero are

Lhrce scwavst.e (roc Dlow ratinos correstondine with cach
Ccombinaticn ol LiCIomener tap The @Sone situar ion would
. lor o Mborpia Tiow vatings. Jonscuuoentlt, 1t be-
OIS MOYE GaniUal e o O Lothe hooand ink readings so
B 7

Lhat nhe COl Dowithothe single plenometer tap moeasure-
wnts, and bin oeniploy i correct racvings.  Consequently, the
WIlted yesommondsd the following corrections to theo hél and hb
roalangs S Lhe gt L™ Cuttnroat flume having threo piczo-
meter taps:

For 0.2% Ft ha .29 ft, reduce ha by 0.01 ft. . (17)

For h7 .59 fu, roeduce hj hy 0.02 ft. o o . . . . (18)

: -

The lmpac

18 are 1llustra

the original

frec flow rating using

0.40 ©t, 1ncreasc hb by 0.00 feo o0 0 0. (19)

Lt ol adjusting ha according to kEquations 17 and

1

bed in Table & which includes a comparison of

the three piezometer ha
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hb, this certainly does not alter the validity of the head-
discharge relations at ha and hb and the subsequent use of the
Cutthroat flume as an accurate flow measurina device.,

The sccond lssue of complex hydraulic behavior is only
true in the scense that it does not conform to simple theory.
In most flumes, there oxists a throat scection havinag parallel
walls, wherein the flow streamlines become parallel before
leaving the throat section. Having parallel streamlines in
the throat scction allows many of the simplifving assumptions
used in developina theoretical discharge cquations for open
channel constructions to be valid. Inm a Cutthroat flume, the
streawlines passing throngh the throat section are curvilincar.
The real advantage of curvilinear streamlines is that the flow
passing throuali the outlet section will diverge more rapidly
without flow separation occurring as compared with mcre tradi-
tional flow measuring flumes. ‘The most serious disadvantage
of having curvilinear flow is the difficulty in deelopina
generalized discharge relations that would predict the dis-
charge rating for any set of Cutthroat flume dimensions. To
cvercome this difficulty, the writer developed an experimental
design utiliving flume lenaths from 1.5-9 feet and throat
widths from l1-inch to 6-feet. By developing discharas rela-
tions or many sizes of Cut throat flumes, it was possible to
deovelop generalized discharge relations (Skogerboe, Bennett
and Walker, 1972) that would allow the interpolation of dis-
charge ratings for intermediate sizes. In other words, the

weiter did not eoxtrapolate these discharge relations to predict
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for measuring ha will be in a zone of flow separation." This
is certainly true for the 18-inch length Cutthroat flumes,
where as this is not the case for 3-foot lengths and longer.
This does not preclude the development of a unicque head-
discharge (h” - ) relation for the 19-inch Cutthroat flumes.
What it docs mean is thae the 18-inch iength flumes are in-
fluenced by entrance conditions, so that the use of those
flumes in the field has to correspond with the geometric setup
used in the laboratory for developing the discharve ratings.
Thus, for 18-inch rlume lenaths, piezometer taps located one-
half inch above the flume floor (rather than multiple piezom-
cter taps along the wall) and connected to stilling wells for
readinq hj and hh must be used rather than staff gages if
accurate discharge measurements are to be obtained. In addi-

tion, the no (kaccha) entrance condition as shown in Figure 27

should e used.

Mogha Discharge Ratings

The writer has frequently been confronted while in
Pakistan with the statement .... "there is something wrong with
the Cutthroat flume because the discharge does not correspond
with the authorized discharge for the mogha." This stoooment
fits the fragquent sitnation where a Cutthroat Tlume 15 installed
in tl > watercourse at oa Short distance downstream from the mogha
inlet to the watercourse. There are many reasons for this dis-
crepancy, which will be discussed below. In fact, the prob-

ability of these two discharges being nearly equal (say within

) ois very low.
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