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RECALIBRATION OF
 

SMALL CUTTHROAT FLUMES
 

FOR USE IN PAKISTAN
 

ABSTRACT
 

The Master Planning Division of the Water and Power
 

Development Authority (WAPDA), Government of Pakistan has been
 

conducting watercDLurse 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 6.1 watercourses included in the survey. The three
 

Cutthroat flume sizes are 8" x 18", 8" x 36", and 12" x 36", 

where the first dimension is the throat width and the last 

dimension is the flume length. The recalibration work performed 

in the laborator, fo2: 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 studies have shown that the 8" x 18" Cutthroat 

flume is affucted by entrance conditions. Consequently, the 

use of thr-ee piezometer taps at both and hb' compared withha 

using a sin.gle tap connected to each stilling well, has a sig

nificant impact upon the free flow and submerged flow rating. 

KEY WORDS: Cutthroat flumes, Discharge measurement; Flow mea

surement; Hydrometry; Irrigation water; Open channel 

flow; Water management (applied) 
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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" -,,18", 8" x 

36" and 12" x 36", where the first dimension is the throa Ii 

width and the last dimension is the flume 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. For 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 any criticisms that might be made of this report.
 

Gaylord V. Skogerboe
 
Project Co-director
 
Water Management Research Project
 
Colorado State University
 
Fort Collins, Colorado 80523
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Section 1
 

ft INTRODUCTION
 

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. One of the Cutthroat flume sizes being used
 

has a threat width of eight inches and a flume length of
 

eiahteen inches, which would be called an 8" x 18"Y Cutthroat
 

flume.
 

The writer has always advocated the use of longer flume
 

lengths for measuring discharge in the typical watercourses
 

encountered in Pakistan. However, since the 18" flume length
 

is being used, there is a necessity to have accurate discharge
 

ratings for such flume lengths.
 

There are two other sizes of Cutthroat flumes being used 

in the watercourse surveys; namely, 8" x 36" and 12" x 36". 

The 12" x 36" Cutthroat flume has never been calibrated in 

the laboratory by the writer. Instead, the free flow and 

submerged flow ratings for the 12" x 36" tJUtthroat flume were 

interpolated from the laboratory ratings for 8" x 36" and 

16" x 36" Cutthroat flumes. 

This particular report has been prompted by hydraulic
 

laboratory studies undertaken by Harza Engineering Company
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in Lahore, Pakistan to recalibrate the three flume 
sizes 

being used in the Master Pianninq watercourse surveys. 

Thei r results, along w ih additional 1-1 ,hratory and data 

analysis undo rtaken by Colorado State University (CSU), 

are roporte(.d hoero in. Tn add it ion, the writer has attempted
 

to respond 1ater in this report 
to some criticisms of
 

Cutthroat flumes. 



Section 2 

CSU RECAIIBRATION OF 18whI 

LENGTH CUTTHROAT FLUME'S 

The original calibration of Cutthroat flumes having a
 

length of 18 inches,.was ac omplisled by Bennett (1972) as
 

part of his' tSh hesis in Agricultural Engineering at
 

Colorado State University (CSU):. This research wa~s done under
 

the supervision of the writer. The experimental facilities
 

were excellent for measuring discharge very,accurately using
 

weighing tanks. However, a major drawback was the difficulty
 

in having discharges less than one cusec (cfs). The result
 

was that the discharge range was very limited for the shorter ,K
 

lengths (18-inches) and narrower throat widths of Cutthroat
 

flumes.o Because of this limitation, the discharge ratings
 

for 18-inch flume lengths were not published in our users manual
 

(Skogerboe, Bennett and Walker, 1973); however, general Zed
 

discharge relations for flume lengths between 1.5-9 feet and
 
/1
 

throat widths froml-inch to 6-feet were reported by
 

Skogerboe, Bennett and Walker (1972). The generalized free
 

flow discharge equation for 18-inch flume lengths was reported
 

as,
 

1.02 5h 2.15
 
h 2 " 1 56.10 WI a . .. . . .. (1) 

Mr. Abbas Ali Fiuzat, who is pursuing a Ph.D. degree in
 

Agricultural Engineering at CSU, undertook some additional
 

laboratory research to better define the discharge ratings
 

-
for 18-inch length Cutthroat flumes. The results of this , , 

research are reported below. . . .. L 

~~~~~, . > " i.? i 

: 

[' , :L c]: ' •{i , :.- j? :5 D - - " , -. , . ". : "- , I"), ] f- ; " J, 

. r~tt ':'.7'i7 = ,:s,,x,. .......... ,,,.. ,.: ,;<;I.,'-:£ ='i 4W
_________________________.____-_________________________________________;7 ~r:;:.D !,i]?Ji~li' !D;.7 ~i~i{i *,,jo<,.,., .. , ... ,- , T.:%.i:-. . .; .=4. J:'lir;;... 
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Experim ntal Des qn 

Five Cutthroat Flumes of length 1.5 ft and thrnat widths 

of 1, 2, 4, 6 and 8 inches were used in this study. Figure 1 

shows the d im'nsions of the flumes used. All] of the flumes
 

had a wal. h.iqht of 12 inches.
 

The tests were run in 
 a wooden flow channel with a recir

culating pumo in the Engineerinq Research Center. 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. Therefore, another Cut throat flume provenwith accu

racy was usodl me,- su1re the
to flow rate. Figure 2 shows the
 

experimental setup. flow
The Neasuring flume was installed 

so that it would always opCorat.o under free flow conditions,
 

to insure proper accuracy..
 

The experim(ntal flume had 
 a seat, so one flume could be
 

removed, 
 and the next flume installed easily, while still main

taining a level flume floor. A sluice qate installed at the
 

downstream end the
of experimental flume was used to control 

the downst -ramdepth of water, thereby a]llowinn the desired
 

level 
 of s cuhmergence to be produced. The two flumes were far 

enough apar- so that- the turbulence in the app-oachinq water 

was minimized. 

Wat 'r depths were measured using stilling wells (piezom

eters). Depths water theof in stilling wells were read off 

a graduated steel tape, glued to the transparent side of each 

stilling well. Depths were measured at sin different posi

tions along the experimental flume (Figure ,). The 
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conventional de sif and h we e mea sily d at 1/9 o he,:5. . . . .... i a " b i l t( ' J,'.: , " , : 
flume length from each end. Oth r read-i .sI w re taken as 

and hv at midway of the converging an)) divPgQji ng secLions 

reSpectivcly, Lapping the fluI e wal. a nd h and 1), de"he 

same places as ha and h respectively, but tapping t flume 

floor. 

Readings were taken in decimal fractions of a.foot. Two 

digits after the decimal (.01) were read with absolute cer

. ta'inty, and the;third digit was an eye estimate beiween two 
a du-"ion lines on the tape. In case of fluctuations of 

water level in the stilliiq wells, a time average was read.
 

Depth readings were taken in the primary flow measuring flume
 

every time readings were taken on the experimental flume.
 

Since this could be done within a matter of seconds, it was
 

assured Vz..t'at no flow'changes"occurred during the depth read
// 

ings. Every time the flow rate or any other setting (e.g.
 

downstream flow depth) was changed, repeated depth readings
 

were taken, until the readings remained constant with time,
 

indicating the establishment of a steady flow. The time
 

required to reach steady flow ranged, in general, between
S
 

30 and 90 minutes.
 

Free Flow Analysis
 

.7Uder free flow conditions, the flow rate depends only
 

on the upstream head. The govern.ng relation is
 

Q = Ch n, . . . . . . . . . . . (2)
a
 

JJ l . -

http:govern.ng


5 

6 	 inches B,B, inches 

2 6CI 	

10 4 8 

_ _ III _ 10 
6 121 8

1.5 

Fig. 1. The dimensions of Lhe 18-inch length Cutthroat 
flumes used in the study. 

Experi mentcl1 Sluice 
- Flume' GatePrimary Flow Flow 3 

Measuring Flume 4 ' 
ez:oomete rs LPi3 ezometers 

Recirculating Pipe C ifice 	 Flow 
Control , 
Valve Motor pump Bypass Valve

and Pipe 

Fig. 2. The experi Inental setup for ra tiny 18-inch length 
Cutthroat flumes.
 

.Mhih-I h z "t.-.. 
h1 a~h ) hrhb(h mz)
 

Fig. 3. Positions on 
the 18-inch length CuLthroat flume at 
which depth readings were taken. 



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

depending only on the flume width; h is the upstream head;a 

and n} is the free flow exponent. If Q is plotted ngainst h a 

on locarithmic paper, a straicib t line should result: wiith its 

slope as n 1 and its intercept as C. Fligure 4 shows the free 

flow plots. On Fioure 4, the information about the best fit 

line is given below every p lot, but the drawn line is one 

with tLe slope of 2.0. All the free flow plots show that 

*I = 2.0 if rounded to one digit aiter the decimal. This is 

a very permissible modification since, as Fi cure 4 shows, the 

lines having a slope or 2.0 fit. ever" set. o data very accu

ratelv, and very little inaccuracy can be detecSted b, eve 

Two imp]ortant conclusions are drawn here. 

(1) The upstream he ad , me.asured at the conventional posi

tion (h ),a is as cood :s that measured at the other 

experimental positions. 

(2) The value of the free flow exponent is 2.0. This is 

in contrast to the previous study by Bennett (1972), 

where n 1..as reported to be 2.15. 

Based on these two conclusions, it was decided that for sub

meraed flow, that h and h will be used for analysis since 

they seem to be satisfactory, and at the same time the results 

will be consistent with the previous reports. 

The plot of the free flow coafficients vs the throat 

width, W, is shown ir Figure 5. .nformatiorn about the best 

fit line for the points is given in Figure 5. However, in 

this case, since the previous reports on Cutthroat flumes 



S1 1 I I 111 I 1 1 1 IL 

2"x 18" 4"x 18" 6"x 18" 8"× 18" 

Flume Flume Flume Flume Flume 

Ave Best-fit n,=i.99 
SD =0.053 

100 / 

'0-1_ 

r2 r2 9 99 r22/=2=0.9964 r2 O98 
C =0.54 =1.03 C=1.77C =3.00 C =4.15 
n,= 1.98 n1=2.05 n,=1.83 nj= 1.93 n,= 1.95 

2= 0 .9090.9985 r2 =0 99(3 

1 0 - , I I I I I 1 MI I I I I I 1 1[ if 1 1 1 1 1 I 1 11I 1 1 1 1 1 1 1 1 - 1! -- 1 1 1 1 

iO-1 10-1 10-1 iO-1 iO-1 iO-1 

ha , ft 

Figure 4. Free flow ratings for 18-inch length Cutthroat flumes, where n, = 2.0 
for ill throat widths. 



I I I I I I I II 	 I I I 

101 

Ir-	 (0. 

2 
-	 r =0.9969 

' 9 8 3C =6.07 W 0 

0-2 i0-1 	 i00 

W, ft 

Figure 5. 	 Plot of thle fr:ee flow coefficie--nt C against 
throat width v; for 18-inch lngth CLutthroat 
flumes. 



have used an exponent For W as 1.025, the line fit 
to the
 

points in Pigure 5 has been drawn with a slope of 1.025.
 

Since the line oF best fit has 
a slope of 0.983, there is a
 

question as Lo 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 the free flow discharge coefficient C, 

althouoh the pliot presented in Figure 5 represents the points 

moderately well, there seems 
to be a curvilincar relJ'tionship 

among the points. 'This may' suggest that the actual relation 

is C = i(W [ h) . however, this formu.a indicates that 

if W - 0, there coul.d sK he a f1ow rate, which i.s absurd.
 

Therefore, the other 
a ltern a tive may be that the relation 

between C and W shol(d plot curvilinear on a logarithmic 

scale. This point wil. be discussed in a separate report to 

be published later. 

Summary
 

Five 1 .5 ft long Cutthroat flumes were tested for the
 

purpose of determininq an accurate calibration of the 
1.5 ft
 

long flumes. The results obt:ained were-


Free flow: Q Ch 2.0
 
a 

where Q the flow rate, in cfs;
 

ha - i's the head, measured at 2 inches from
 

the beginning of the flume in ft;
 
"0 2 5
 

C 6.4W 1.
 

and W = the throat width, in ft.
 

0 2 or Q = 6.4Wh' ha .. . . . .. . . (3) 
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I, I 

(a- hb )2.0 

Submerged flow: Q = 1..--
(-log S-) " 

where hb = the head, measured at 2 inches from 

the end of the flume, in ft; 

S = the ratio o hb to ha; 

C 1 0 


I 0 2 5 ,
C1 = 3.75W .
 

] 0 ,5(Aa-hb)2.03.75W 

(-loo S)1.6 

and other t:erms are as defined previously. 

The transition submercence .as found to be roughly 50 percent. 

This in.formation was provided to the CSU Field Party in 

Pakistan and the Harza Eivineerino (ompany in Lahore during 

November, 1977. 



"Duing the winter months of 1977-78, G. Owens and C.
 

a at the Irrigation Research Insttute i Lahore,.
 

iiPakistan to check the calibration of soeCutt.hroa flumes " "':
 
:
naey "x18, 8.... 36" and 12 ."-'." The results o 

i:"their work indicated,,a substantia<z discreac frm h 

earlier calibrations reported by the writer arnd others inlcs! ?CSU 

publications., The PaSkett-Owensj'calibrations showed dis- i i -}
 

.. . charges much less than reported by CSU.
is Essentially, there
a differenceof 15-20AIeArcentbetween the CSU and Harza
 

'
;:" ,: ratings for discharges commonly encounterepd in the watercourses 

in Pakistan. 

Analysis by Trout HR ECP 

The Harza datawas provided to the writer, we an .s 

some data analysis by Mr. Tom Trout of CSU. The following ij 

chare muhe lesthanr rpeporitedobysU. Tessentially, there
, ~material is quoted from the analysis by Trout (1978). • '
 Becausenof seeming inconsistencies in field data
 

:"1 collected with the Cutthroat flumes during the 61 :)i~~i
 
....)watercourse survey, a recalibration of the flumes was
undertaken by Owens and Paskett of Harza Engineers. 

A dead level 80 x 80 cm flume at irrigation ResearchIntueinLaoe
PakInstitute was used for the calibration work.
uthratflme.
 

experimental setup is described in their report.
 

Theofsoe 


:-.i:: somei;!dat anlssyM.TmToto SJ h olwn
their woI visited the laboratory during one day of data
 
/ 4. : <.,material,:':. collection.is..':":' I couldromtheanaysifind no Trou 
' ' quoed by' (178. ,L.3 :> :
 faults with the equinp

ment or procedure. The suppressed ap rdi o. 


r maai in good control over theirwater f'lw and le els.es
 
The flume appeared t be consructed iand installed
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according to the instructions %in "Selection and 
Installation of CutthroatFlumes 'for Measuring 
Irrigation and Drainage Wat6r," by Skogerboe, 

1
:J 	 Bennet t, and Walker [1973T§ hereafter referred 
to as the flume manual. 

The main variation in the procedure from the
 
original calibrations was thet use of entrant sec
tions. It was oroginally intended that the entrant 
conditions sould have,no effect on flume perform
ance. Exp .ience with the small 8" x 18" f2.,me had
 
indicated.;4therwise. (it was for this reason, the
 
CSU project personnel in';j'Pakistan had ceased to use
 
the 8" x 18" flume,)
 

The main thrust of my efforts was to examine the
 
collected data,check the calculations made and coef
ficients derived, and draw conclusions from the
 
results.
 

First the data was reanalyzed, utilizing com
pletely regression techniques rather than the graph
ical methods outlined in the flume manual, or the
 
mixed graphical-regression method utilized by
 
Pa kett and Owens.
 

There are two basic measurements made with the
 
Cutthroat flume, the unstream and downstream el'eva
tion head, h and hb/' Skogerboe used ha to predict
 
free flow ang combinied ha and hb into two multi'pl- 1)
 
cative parameters (h - hb) and (-log hb/ha) to
 
describe submerged flow. His exponent for the first,.
 
submerged parameter was the same as derived for free"',
 
flow. Both exponents were constant for flumes of thel
 
same length.
 

I found that the Master Planning'data in which
 
either no entrant section (MPn) or only a hand (MPh)
 
was used, these exponents did tend to be equal for
 
free and submerged flow, but the entrance sections
 
seemed to change the flume characteristics suffi
ciently that significantly improved fits of the data
 
were derived if the submerged exponent were allowed
 
to vary from the free flow value.
 

Because some systematic residuals were found %th
 
the MPe [f!ll or pucca approach having entrance
 
channel wa'lls that corresponded with the entrance
 
width, B, of the Cutthroat flumel submerged data,
 
two other multiplicative variables were added to the
 
correla/tion eqqation, ha and hb making the predictive
 
equation:
 

_Q= C2 (ia - hb)n] (-log hb/ha) 2ha 3hb 4 [5] 



Little additional accuracy could be developed"

with the added independent variaol s so they were
 
droped.' 

Most c&'f the new coefficients generated by this 
method did not vary signficantly from the Paskett-

Owens coefficients. Exceptions include the 8" x 18" 
MPh and MPn coefficients and the bei-ore mentioned
 
improvements from allowing the (ha - hb) exponent
 
to vary from the free 	flow exponent with MPe data.
 
A list of all derived 	coefficients are given in : 
Table 1. The r2 .value is the average absolute va,-'J.a
tion of the data from 	the estimate, and net error is
 
the average variation 	of the data from the estimate.
 
The data was edited to remove,sets in which the
 
residual was greater than 10% of Q or 0.08 csc. This
 
removed less than 10% 	of the data sets, except in
 
the case of the 8" x 18" flume where much more varia
tion wa's found. All correlations were multiple
 
linear on the linearly transformed variables.
 

Although the addition of the entrant section
 
impzov,d somewhat the fit of tfie data (if n is
 
allcwedi"to vary) in the 8" x 18," and 8" x 36" flumes, 
it oflten lead to non-random resliduals which could
 
not be removed even with the addition of variables.
 
The increased' accuracy is not very great, as can be
 
seen'in Table 1.
 

Wi,'t'L flumes the MPh and MPn derived
h£ 363" 
coefficients And curve fits are sufficiently similar 
to assume that the "hand" is not required. Even in 
the 8" x 18" data, as shown, the variation in the 
predicted values is not great. The data indicates 
that no entrant section is required for 36" flumes. 

The accuracy of the prediction of the equations
 
for the 36" flumes averaged within 2% with less than
 
10% of the predictions varying from the weir measured
 
flow by more than 5%.
 

From the 36" flume correlations, I would choose
 
the following coefficients as most representative
 
of the data for use under field conditions (with
 
no entrant section):
 

8" x 36" 	 12" x 36" 

C1 = 2.58 C1 	 = 4.30 

C2 = 1.52 C2 	 = 2.10 
= n, = 1.69 	 n, 1.71 

n 2 = 1.37 n 2 	 = 1.50 

/ : ;. i.;. ' ; . t i .>,, : , . / . .. . 



Table 1. Derived coefficients'for recalibration of Cutthroat flumes by
 

lHarza Engl.keering Co. (Trout, 1978)
 
Gross Net
 

2.b ero~,..Flume~ Entrance-i-d . error. 
size conditions Method . CI c2 n1 2 r (%) (%) 

No Manual ' 2.97 1.70 1.84 1.48 7-14 0.3-128 x 36 

(kacha) P-0 2.58 1.31 1.69 1.45 2.7 +1.4
 

Trout 1I 1.53 1.69 1.38 .9991 2.0 0.04
 
Trout 112 1.5A 1.68 1.36 .9973 2.0 0.04';
 

'y If Trout F3 2.54 1.69 .9999
 

Hand 	 P-0 2.56 1.52 1.68 1.37 2.0 1.0
 
Trout I 1.57 1.68 1.35 .9977 2.0 0.04
 

Trout II 1.59 1.68 1.34 .9991 1.9 0.03
 

Frout F 2.56 1.69 .9998 0.6
 

Full 	 P-0 2.56 1.44 1.69 1.39 3.3 0.8
 

(puica) 	 Trout I 1.49 1.69 1.37 .9940 3.1 0.08
 

Trout II 1.52 1.61 1.30 .9991 1.4 0.1
 

Trout F 2.54 1.68 .9999
 

12 x 36 No Manual 4.50 2.58 1.84 1.48 10-11 -(5-10)
 

(kacha) 	 P-0 4.30 2.01 1.70 1.50 1.3 0.5
 

Trout I 2.10 1.70 1.48 .9996 1.0
 

Trout II 2.10 1.68 1.47 0.9 0.1
 

Trout F 4.29 1.69 .9999 'J0.5
 

Hand 	 P-0 4.37 2.02 1.74 1.54 1.5 0.1
 
Trout I 2.12 1.74 1.51 .9993 1.3 0.01
 
Trout II 2.10 1.72 1.50 .9995 1.3 0.1
 
Trout F 4.37 1.74 .9995 1.0
 

Full 	 P-0 3.83 1.98 1.60 1.39 1.5 0.7 
(pucca) 	 Trout I Ii,90 1.60 1.40 .9990 1.2 1) 0.01 

Trout II 1.95 1.55 1.35 .9999 0.4 K" 

Trout F 3.82 1.5'9 .9999 0.3 

8 x 10 No- Manual 4.03 2.15 2.15 1.74 10-13 2.6 

(kacha) P-0 3.23 1.95 1.63 1.37 18 18 

TroutJl 1.65 1.63 1.37 .9941. 3.9 0.1
 
3.9 0.2
 

Trout F 3.14 l.6.6,5 .9923 4.9 0.2
 

Hand P-0 3.08 1.79 1.71 1.39 4.7 0.8
 

(\ 	 Trout I 1.40 1.71 1.49 .9959 2.9 0.06
 

Trout II 1.40 1.70 i'49 .9930 2.9 0.1
 

Trout F 3.04 1.70 .9973 2.7 0.06
 

Full P-0 1.48 1.72 1.46 2.7 0.06
 

(pucca) Trout 1 1.47 1.72 1.46 .9954 2.7 0.06
 

Trout, II 1.47 1.67 1.41 .9962 1.4 0.1
 

Trout F 2.87 1.70 .9995 0.8
 

Trout II 1.65 1.63 1.37 


i IQ = C2 (-log hb/hA)n 
2
 

(h-h )-h 
 a
 

n

2/ Q = C2 (hahb) (-log h /h)n 2
 

=
 C hanl
3/ Q
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. No such generalization could be made, Aor/the 
8" x 18" flume, since the entrant conditions are 

Smore -important. 	 -,, .......
..... 


'All coefficients derived from the Master Planning
 
dgtha vary significantly from the coefficients orig
inally 'derived and even in the flume manual. Under 
most conditions at higher flow with all three-,flumes,, 
the original coefficients predict significantly 
higher flows (up to 20%), although.,he maximum over
estimate is usually between 10-15% within the recom
mended range of each flunle. Figures [61 to [14]
 
depii, the predicted flows by the various formulas
 
for free flow conditions and submergences (hb/ha) of
 
80% and 90%. For the 12" x 3i" flume except under
 
higher submergence conditions, the MP and original
 
coefficients-predict similar flows. The original
 
coefficients predict less flow at 90% submergence
 
at all flow levels.
 

With all three flumes, under all entrant cndi
tions, the.MP derived value for n, is less than the
 
original value. This causes the original flow ,pre
diction to cross the new lines under most condUitions,
 
so at some value, both formulas predict the salne flow,
 
andat low values, the original equation predicts
 
ies' flow than the MP derived one.
 

As a result of the above analysis, Trout (1978) presented
 

the 	following conclusions:
 

1) 	The 8" x 18," flume is too short to follow the
 
entrance characteristics ascribed to longer flumes
 
in the flume manual.
 

2) 	The 8" x 18" flume is, even under controlled en
trance conditions, less accurate than the longer
 
flumes.
 

3) 	The best calibiation for the 8" 18" flume is the
 
one whichbest describes the fidld conditions.
 

4) 	The 36" flumes can predict flows ,-it submergeices

11,
 

up to 90% with less than 2% avera~e variation,

if accurately iunstalled.
 

5) 	The addition of a uniform entrance section tends 
to change the calibration and increase the gauge 
readings in flumes where the width-length ratio is 
large (i.e. the 8 x 18 and 12 x 36" flumes). 
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4.r-1 	 8" x 36" Cutthroat Flume 

Submergence = 80% /
 
4.0-


.1Skog -

C2 

~1.70 

n, 

1.84 
n2 

1.4.34 
3.6F MPN 1.53 i.E9 1.38 

MPH 1.57 1.68 1.35 /LI 

3.2 MPE 1.52 1.6i 1.50 

2.8 

o 2.4 

2.0 

/1.6 

1.2 	 / 

0.8 

0.4 

0 1 .I 	 I I I0 0.2 	 0.4 0.6 0.8 1.0 1.2 1.4 

ha in feet 

Figure 	 7. Corupar i son )t subnierqjed flow ratinq s 
at 80% submearctince for 8" x 36" 
Cutthroat I=LI1ume, 
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8 - 12" x 36" Cutthroat Flume 

Free Flow 

7 

,'kog 
MPN 

MPH 

. 

CI 

4.50 
4.30 
4.37 

n, 

1.84 
1.70 
1.74 

MPE 3.83 1.60 

'I 

5/ 
m // 

cn 
C. 

4 

u / 
/ 

/ 

-
/ 

/ 

2 -

/
/ 

// 

/ 
/

/ 

3 1 ha in fee 

Cutra flnc 

0 -" 1I !I 

0 0.2 0.4 0.6 

h0 

0.8 

in feet 

1.0 1.2 1.4 

Figure 9. Comparison 
Cutthroat 

of fr'ee 
flume. 

flow r-atings for: 12" x 36" 
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6 

4

12" x 36" Cutthroat 

Submergence = 80% 

C2 

Sk g .... 2.58 

MPN 2.10 

MPH 2.12 

MPE .... 1.90 

Flume 

n, n2 

1.84 1.48 

170 1.48 

1,74 1.51 

1.60 1.40 

/ 

,7 / 

3-
O/ 

2 -

0
0 0.2 0.4 0.6 

h0 

0.8 
in feet 

1.0 1.2 1.4 

Figure 1.0. comparis.) i 
ir(r ('r 

of subme r(jc,d 1 
-or12" x 36" 

1]t r, ll:is 
'utLthroat. 

at. 80 
If]lme. 

, 
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12" x 36" Cutthroat Flume
 
Submergence = 90%
 

C2 nI n2 

Skog 2.58 1.84 1.48 
5 MPN 2.10 1.70 1.48
 

MPH 2 12 1.74 1.51
 
MP E 1.90 1.60 1.40
 

4 -	 / 

.	 / 
0y3 

2

0 	 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
ha in feet 

.', ir e I.I. 	 Compaison of subLm1-rg0ed flow i.-atin(Is at 90% 
submerlencc, For 12" x 36" Cutthroat flume. 
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2.8

2.8- 8" x 	 18" Cutthroat Flume 

Free Flow 

2.4- C, nj 

jSkog 4.03 2.15 


MPN 3.14 1.65
 

MPH 3.05 1.70
 

. 1.6- MPE '2.87 1.70 

1.2 -	 . 

0.847 

0 	 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
ha in feet 

Figure 12. 	 Comparison of free flow ratings for
 
8" x 18" Cutthroat flume,
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2.8 8" x 18" Cufthroat Flume 

=Submergence 80% 

2.4 

C2 n n2 

2.0 Skog 2.15 2.15 1.74 

(n MPN 1.65 1.63 1.37 

C . MPH 1.40 1.71 1.49 
MPE 1 46 1.67 1.41 

o1.2

0.8

0.4

0 
0 	 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

ho in feet 

Fiqure 	 13. Comnpattsol () f sibmn i ucJ tLow rat: inI s 
at 80' .ulnrL-(eiice icr ," x 1 F 

Cut throat t I ullne. 
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6) The variation in predi-cted flow between the newly 
deri.ved and oriqi.nal equations is si~qoifi cant. 

The 	 reasohi. Lb i.s var',iat in could not b': determined.7) 


Trout (I 'o7 o~es-ed the9 Iow ncrc:muetioens
72' 

1) 	 Cutthroat Flumes can be used to measure flow. 

2) 	 The 8" x 18" flume s-hould not he used. 

3) 	 For h igher Flows (above 4 csc ) ]onoer flumes 
(.i.e. 54") .. ,1l ill-CEiase accur'ac;Y. 

4) 	 The or ri. i ]i.1Li 6c vol oC) n : doveI nee r ? 1 
sh ou]Id cirr':" () Ui. a cC;11ibra tI.on o the flumes 
to ext] alin the die reoIo i ,tween Ihe two sets 
of dat-a. 

Analys is byV Pa;ke t t and Owens 

The laboratory data coll]ected by Paskett and Owens (1978) 

was provided to the writer, alon; with some of their analysis 

The of summarizedand conclusions. reslts their analysis are 

in Table 2. For ithe 8" x 18" Cutthroat flume, Skoq 1! means 

the use of Equ ation 1 for free flow, whiIe Skoc 2 i:ili 7cs 

Equations 3 and 4. One of the major difficulties inl Paslett 

and Owens acceptin(i the reca:1ibrat ion rati-ngs for tle 8" x 18" 
Cutthroat f i ume (Equations 3 and 4) was that there was an even 

greater djscrepancy wi. LIi their laborat-ory data as compared wi th 

the original ratinqi ( uation I). 

Some of th.Ie wri t t-en comments by askett and Owncs (1978) 

05e they pr-ovide some valuable .insight:are :onted 1elow hec' 

Skog ratin(s esti.mated wa ter at mogha about 9% 
low (with 12." x 36" flumes) 

Skoq ratinq.-estimated downstr-eam water from 2°t 

low to .9% hiqh ldependi nl on flu mo used. 

rphi.s nd icates the followi.ni er.l-rors for the flumes 

normal l.y used Fo: the FiCe.d meas;uements. 

http:followi.ni
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A. 	Discharge from mogha will be'estimated lower
 
than actual by about 9%.
 

B. 	Application (water turned into fields) will be
 
estimated high by about 5% (this must await an
 
analysis of data to determine downstream flume
 
usage).
 

C. 	Loss rates will be estimated high by about
 
5-.0%. Even more if recommended Skog 2 rating
 
curves had been used.
 

Flume rating by Paskett-Owens (as previously de
scribed) contains two sources of error, both very
 
small, which together account for most of the differ
ences between measured Q and Q estimated from the
 
derived formulae.
 

ii) 

1. 	Stas determined by mathematics is some sort
 
of average of various transition submergences
 
which actually exist for various Q's flowing
 
through the flume. For example, actual transi
tion submergence ranges from 0.5 at 3.17 cusecs
 
to 0.85 at .28 cusecs for the 8" x 36" Cutthroat
 
flume. St derived mathematically (wherein both
 
free-flow and submerged flow formulae predict
 
the same Q) is .71.
 

2. 	Observational error
 

ti,a. 	Misreading of vernier scale. Most such 
errors were on the order of less than 
.001 ft - judgmental errors. Others were 
ordinary errors which were mostly elimi
nated before final calculations by visual 
examination of observations or by plotting 
of data and deletion of outfliers. 

b. 	Undue haste in recording observations
 
before water level in stilling well had
 
adjusted. This eventually was recognized
 
from the beginning and minimized by use
 
of point gauge and watching for movement
 
of light reflected by water in the still
ing well. (The slightest movement of
 
water in stilling well can be detected by
 
notingochanges in reflected overhead
 
lights.) Again, most significant errors
 
were eliminated by examination and plot
ting of data.
 

Kaccha and hand approach conditions resulted in
 
,ignificant variance in observations. This could not
 

be'termed error but it explains the difference in
 
accuracy of the pacc,, hand and kaccha formulae.
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Under pacca approach conditions, water flows smoothly
 
through the flume whereas under hand and particularly
 
kacaapproach,conditions, thewate.r. surlface ,-is.-,-,.,

uneven and unstable. *The stilling wells "averaged 
out" most of this variation and, of course, resulted 
in different rating curves for different approach
 
conditions.
 

Analysis by Wei
 

Harza Engineering Company had a consultant, Dr. C. Y. Wei,
 

analyze the laboratory data collected by Paskett and Owens.
 

The results of this analysis are summarized in a memorandum
 

dated March 17, 1978; ..which is quoted below.
 

As requested by J. C. Ringenoldus and M. M. Qureshi,
 
we have reviewed the data and computations of HARZINT's 
[Harza International] calibration of Cutthroat flumes 
used in the 61 watercourse survey. The flumes were 
rated first by Colorado State University and the re
sulting rating curves differ significantly from those 
developed by HARZINT personnel. C. Paskett was 
HARZINT's principal investigator in the calibration 
work done in Lahore. Three sizes of flumes were 
tested. They were 8"x18", 8"x36", and 12"x36". As 
requiested, the following comments are referred to
 
HARZINT calibration.
 

The entire series of calibrations were made based
 
on the flow rates measured with a suppressed rectan
gular weir located near the inlet of the test channel.
 
Francis weir flow formula,
 

q= 3.33H 1 '5 ..... . . . . ....... [61
 

was used to calculate the flow rates. When compared
 
with the Rehbock formula,
 

q = [3.237+0.428 H + 0.0175)]11.5 ..... [71 
H 

which includes approach and surface-tension effects,
 
the flow rates calculated from Francis formula can be
fr'! 	 1 to 3 percent too low for flows less than 2 cfs as
 
shown in Table [3]. Therefore, we recommend that the
 
weir (as installed for HARZINT's tests) be calibrated
 
with weighing tanks.
 

The general procedures used to calculate the con
stants of the free flow and submerged flow equations
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I? 

H /r R {QR-QF }!Qr £
 

(c5.;) (cfs) 

0.08 2.50 0.032 0.200 0.1.92 4)Ol 
0.10 2.50 0.040 0.276 0.269 2/50
 
0.15 2.50 0.060 0.501 0.493 i.50
 
0.20 2.50 0.080 0.766 0.76b 0'. 80
 
0.25 2.50 0.]00 1.068 1.06] 0.56 
0.30 2.50 0.120 1.402 1.395 0.49
 
0.35 2.50 0.140 1.767 1.758 0.50
 
0.40 2.50 0.160 2.160 2.1,48 0.56 
Note: II = head (ft.), ! weir hei,nht (ft.), R =
 
ca]culated from Rehbock formula, and QF- 0 calcu
lated ftrom Francis formula.
 

appears proper. However, the regression analyses

(usinq a programmable hand calculator) perfo.7med

to final ize the parameters were based on selected

samples of measured data. It is possible that
 
somewhat different set of parameters may be derived
 
by usinq different samples of data. Since time
 
did not allow us to demonstrate this, we plotted

all the 8"x8tI flume data points necessary for
 
defining the 0.80 and 0.90 submergence curves on a
 
log-log paper to approximate a total data regres
sion analysis. This approximate result shows that
 
the flow rates calculated from HARZINT's submerged

flow equation are probably 4 to 10 percent lower
 
than the total data indicates. Therefore, we recom
mend that the entire set of data except some obvious
 
outliers be included in the recaression analyses.

If necessary this could be done using a digital
 
computer.
 

Figure 1 [not provided] shows the hand pl'ntted
rating curves for 8"x18" Cutthroat flume withpad>
approach. Table [4] shows flows calculated from 
Figure 1 (as Ql) and from HARZINT's curves (as Q2 )
and their differences. 

In general, the converging section of the 8"xlB"
 
flume appears to be too short to maintain consistent
 
flow pattern in the flume, and the degree of con
traction of flow at". the flume entrance is greater
than the "x3" flume. Furthermore, the side wall
 
effect is more pronounced in 8"x18" flume. Hence, the
 
approach condition near the entrance can have greater

influence on the flow through an 
8"x18" flume. There
fore, it is important, when usi ,.an 8"xl8" flume,
 
that the approach condition and-lfhe installation pro
cedure used in the calibration be precisely duplicated.

We recommend that HARZINT's laboratory tes't procedure

and set up be checked thoroughly against CSU's.
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Table 4. Comparisor of Harza and CSU submerged flow
 
data for 8"x18" Cutthroat flume (Wei, 1978). 

Ha-Hb Hb/Ha Q1 Q2 Ql-Q 2 (QI-Q2)/QI 
(feet) (cfs) (cfs) (cfs) % 
0.07 0.80 0.50 0.472 0.028 5.7 
0.15 0.80 1.83 , 1.744 0.086 4.7 
0.035 
0.080 

0.80 
0.90 

0.154 
1.80 

(7 0.144 
1.1685 

0.010 
0.115 

6.8 
6.4 

0.04 0.90 0.569 0.513 0.056 9.9 
0.02 0.90 0.175 0.156 0.019 10.8 

Also, we recommend that 8"x18" flume be replaced
 
by 8"x36" flume whenever possible, since 8"x36" flume
 
has longer converging section and less contraction
 
at the entrance, and the flow through the flume is
 
more stable.
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CALIBRATION OF
 

RECTANGULAR SUPPRESSED WEIR
 

The Paskett-Owens data was compared with the original
 

Cutthroat flume data collected under the supervision of the
 

writer using weighing tanks. Two weighing tanks had been used
 

with each tank having been individually calibrated, which
 

showed an accuracy of 1/4 of 1 percent for one of the tanks
 

and 1/2 of 1 percent for the other tank. 
 In addition, the
 

writer had additional laboratory ratings on the 18-inch long
 

Cutthroat flumes performed during the summer of 1977 by Mr.
 

Abbas Ali Fiuzat. The individual data points were compared
 

with the Owens-Paskett data for the 8", x 18" and 8" x 36"
 

flumes (the 12" x 36" Cutthroat flume had never been cali

brated in the laboratory and the reported rating has been
 

interpolated from the ratings for the 8" x 
36" and 16" x 36"
 

Cutthroat flumes). This comparison verified that a major
 

discrepancy in the two 
sets of data did exist.
 

Volumetric Channel Rating
 

Since the data collected by Owens and Paskett showed
 

fairly good consistency, the most obvious question became the
 

discharge rating for the rectangular suppressed weir used as
 

the primary flow measuring device in the Harza calibrations.
 

This particular weir was not calibrated by Owens-Paskett.
 

Instead, they used the standard Francis formula for a
 

rectangular suppressed weir: 
 -


Q 3.33LH, . . . . . . . . . . . . . (8). I . .! 
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With the cooperation of the Irrigation Research Institute
 

and the assist'nce of Mr. Zahid Saeed Khan and Mr. Abdul
 

Khaliq, an effort was made by the writer on May 22, 1978 to
 

calibrate the rectangular suppressed weir by taking volumetric
 

measurements. The flume channel downstream from the weir
 

plate was converted into a volumetric tank by constructing a
 

water-tight bulkhead near the downstream end of the hydraulic
 

flume channel. Water passing over the weir plate would enter
 

the volumetric tank where it could be discharged only by the
 

use of siphons (or overflowing the walls of the hydraulic
 

flume channel). A steady-state condition was established
 

between the discharge passing over the weir plate and the dis

charge by the siphons; then, the siphons would be quickly
 

lifted and the rise of water level in the volumetric tank
 

(hydraulic flume channel) would be timed. Numerous length
 

and width measurements had provided sufficient data to convert
 

the rate of water level rise into the discharge passing over
 

the weir. A summary of this data is listed in Table 5.
 

Table 5. Volumetric rating of rectangular suppressed weir.
 

Discharge Weir head 

Q, cfs H, ft 

0.16 0.063 

0.23 0.077 

0.88 0.198
 

1.01. 0.225 

1.44 " 0.290 

This data has been plotted in Figure 15 where it can be
 

compared with the standard Francis formula. The firal point
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(Q 1.44 cfs) cannot be considered very accurate because
 
there'Was considerable difficulty in reaching a steady-state
 

condition for this high discharge, and then only about 15
 

seconds was required to fill the volumetric tank. There was
 

a fairly good capability of the hydraulic system to provide
 

accurate volumetric measurements at discharges below 1 cfs.
 

Th& wo lines shown in Figure 15 represent a difference
 

of 18 percent in the discharge ratings. This difference
 

easily accounts for the discrepancies encountered by Owens
 

and Paskett in recalibrating the Cutthroat flumes.
 

Other smaller discrepancies were found by the writer
 

when analyzing the Harza data. However, 'each of these dis

crepancies would account for only 1-3 percent. However, the
 

writer recognizes that the hydraulic data collected by Owens
 

K and Paskett still provides some useful- insight into the prob

lems inherent in using the,. mall Cutthroat flumes of 18-inch
 

length.
 

Unfortunately, thc- failure to calibrate the primary flow
 

measuring device (rectangular suppressed weir) used in their
 

experiments means that the data cannot be used until an
 

accurate calibration is undertaken. The volumetric tank
 

measurements reported herein provide sufficient data to show
 

that the standard Francis formula is not in accurate calibra

tion of the rectangular suppressed weir used by Paskett and
 

Owens. However, a primary flow measuring device should be
 

rated to an accuracy within one percent. This will require a
 

more elaborate volumetric tank setup in order to obtain
 

readings.for discharges as high as 2.5 or 3.0 cfs.
 



36
 

Based upon this review of the data reported by Hlrza 

Engineering Company and the analysis reorted by Tom Trout, 

the writer made the fo1l.owinq recommendations prior to hi.s 

departure from Pakistan durin q late May of 1978. 

1. 	 Cutthroat flumes having a length of 18 inches are 

affected by entrance conditions, so they should only 

be used for small discharges (less than one cusec). 

The earlier CSU manuals stated that h a should not: 

exceed 0.6 feet for Flume lengths oF 19 inches. The 

writer has continually advocated the use of 36-inch 

flume lengths (or longer) in Pakistan. 

2. 	 The data collected by Owens and Paskett does not 

warrant chanqi.nc the Cutthroat flume calibrations 

reported by CSU. 

3. 	 The general discha rge ecuation that should be used 

for Cutthroat flumes having a length of 18 inches is: 

0 2 5ha 2 . 0 0 
Q = 6.40w 

where W is the throat width in feet and ha is the 

flow depth in feet measured in the flume inlet (h a 

should not exceed 0.6 feet). 

4. 	 In order to utilize the data collected by Owens and 

Paskett to quantify various en trance effects upon 

18-inch flume lengths, the rectangular suppressed 

weir must be accurately calibrated; the volumetric
 

measurements reported herein serve to show that the 

Francis formula does not accurately describe the 

weir rating. A more elaborate hydraulic setup is 

http:chanqi.nc
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required to obtain a weir rating accurate within
 

t............ one percent,; which-ois the accurac7expected-of a
 

primary flow mea'suring device.
 

Later, upon return to campus, the data listed in Table 5
 

was combined with the weighing tank free flow data reported by
 

Bennett (1972) to show the discrepancy in the actual rating
 

for the rectangular suppressed weir as compared with the
 

Francis formula. The results are shown in Figure 16. For
 

each set of weighing tank data (Q and ha), the vaLue of ha was
 

placed into the Paskett-Owens rating curve (Table 2) and Q
 

computed. This value of Q was placed in the Francis formula
 

(Equation 8) to determine the head, H, on the rectangular sup

pressed weir. This value of 1iwas then plotted against the
 

weighing tank Q in Figure 16. This data would indicate that
 

the correct rating for the rectangular suppressed weir would
 

deviate from the Francis formula less than 18 percent. Al

though this analysis is not conclusive regarding Lhe true dis

charge rating for the weir, it does corroborate the findings
 

from the volumetric tank data.
 

Volumetric Tank Rating
 

In the mean time, as a result of the findings cited above,
 

the Irrigation Research Institute, Lahore used a volumetric
 

tank arrangement to check the calibration of the rectangular
 

suppressed weir. Their results are summarized in a memorandum
 

dated August 8, 1978 from the Chief Engineer of the Irrigation
 

Research Institute, Lahore to the Director General of Master
 

Planning in WAPDA. These results are quoted below.
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M/S G. Owens and C. Paskett of Harza Engineering
 
...
'.............Companyrecalibrated the Cutthroat flumes,-:namely,
 

8" x 18", 8" x 36" and 12" x 36" at the Irrigation
 
Research Institute, Lahore during winter months of
 
1977-78. The data collected by Owens and Paskett
 
showed fairly good consistency and indicated sub
stantial discrepancy from the earlier calibrations
 
reported in C.S.U. publication's. There was a dif
ference of 15 to 20% between the C.S.U. and Harza
 
ratings for discharges commonly encountered in the
 
watercourses of Pakistan.
 

Mr. G. V. Skogerboe commented on the Hydraulic
 
facilities and data analysis. He commented that the
 
suppressed rectangular weir used as the primary flow
 
measuring device in the Harza calibrations was not
 

calibrated by Owens-Paskett. They used standard
 
Francis Formula for the standard suppressed rectangular
 
weir.
 

Mr. Skogerboe visited the Irrigation Research
 
Institute on May 22, 1978 and made an effort to
 
calibrate the rectangular suppressed weir by taking
 
volumetric measurements, utilizing the flume channel
 
downstream of the weir plate as a volumetric tank
 
by making it water tight at its downstream end. The
 
incoming flow was syphoned out of the flume to attain
 
steady state conditions. From the five measurements 
he has taken, he has concluded that his measurements
 
present a difference of 18 percent in his discharge
 
ratings and the Francis formula. So, he explains the
 

discrepancy encountered by Harza and C.S.U. calibra
tion of the Cutthroat flumes. Mr. Skogerboe has
 
questioned the primary flow measuring device used by
 
Harza in their calibration of the Cutthroat flumes.
 

The Irrigation Research Institute Hydraulic
 
Laboratory has a facility of Rating Circular Tank
 
built right underneath the Laboratory. This Rating
 
Tank is used for calibrating all the measuring devices
 
in the laboratory flumes. The Rating Tank has an
 
average diameter of 13.58 ft. and 13 ft. depth.
 

The laboratory flume was directly connected 
to the Rating Tank. Foi each specific head over 

the suppressed rectangular weir the discharge
 
collected for a specific time was observed with
 

the help of a standard float gauge. The error
 

due to switch off and on of the connecting pipc
 
of the flume was eliminated.
 

The data of ten measurements is given in the
 

attached table [Table 6] and compared with Francis
 

/ 



table 6. Calibration of 2.53' sharp crested weir installed on 2.5' wide glass sided flume.
 

Disch Initial Zinai Time Depth Total Disch/sec Theore- Discharge Difference 
in Gauge W. L. S. L. Min-Sec in ft. Volume (Observed) tical Francis Rehbock from Francis 
ft. in *s. Reibbock For:nula Formula Formula 

ratinc Formula 
well oft. 

.067 1.745 3.600 5.600 30-25 2.000 287.912 .15776 0.1551 0.1462 +1.67 +7.900 

.082 1.760 i.200 3.800 30-9.5 2.600 374.2856 .2068 0.2066 0.1980 +0.096 +4.440 

.117 1.795 1.100 4.600 24-3.5 3.500 503.846 .3490 0.3452 0.3375 +1.100 +3.400 

.177 1.855 5.100 10.317 19-36 5.217 751.018 .6386 0.6339 0.6279 +0.741 +1.700 

.256 1.934 1.200- 4.380 7-00 3.180 457.780 1.08995 1.0964 1.0912b -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 8.200 5-19 5.200 748.5712 2.34662 2.37958 2.36729 -1.380 -0.870 

.461 2.139 0.900 0.120 6-34.75 7.220 1039.362 2.63296 2.6528 2.6394 -0.748 -0.243 

Average diameter of rating tank = 13.538' i)Renbock Formula: 2 = 2 
3 

--/2g 3/2BH 1
(0.605 + 3-

32CH-3 
+ 

0.08H 

P 

Area of rating tank = 143.956 sq. ft. ii)Francis Formula: Q = 3.33 BH3/ 



41
 

Formula is fair for heads above 0.17 ft. where as
 
the percentage error for head below 0.17 ft. increased
 
with the-lowering-of head-and the,maximum error is
 
of the order of 7.9 percentage at a head of 0.067 ft.
 

The percentage difference in the calibration
 
and Rehbock formula is better than that of Francis
 
Formula and the difference is not more than 1.67
 

4
percentage. 


It is suggested that the Owens-Paskett data may
 
the reprocessed with the calibration curves of sup
pressed rectangular weir given in the attached
 
figure [Figure 17]
 

V-Notch Weir Rating
 

In March and April of 1979, the writer was again in
 

Pakistan, with a portion of the assignment being to answer any
 

remaining qpestions regarding the calibration of the 8" x 18"
 

Cutthroat flume. In this section, additional laboratory work
 

performed in cooperation with the Irrigation Research Institute
 

(IRI), Lahore regarding the calibration of the rectangular
 

suppressed weir will be discussed, while the last sub-section
 

in Section 5 of this work will discuss the additional laboratory
 

tests conducted with the 8" x 18" Cutthroat flume.
 

In personal discussions with Professor Carl Kindsvater
 

(1978), who is a highly respected authority on hydraulic
 

research and is presei~tly with1the U.S. Geological Survey,
 

but for many years was on the faculty at Georgia Tech Univer

sity, he advised that I use a 900 V-notch weir as a standard
 

,fc'L accurate discharge calibration work when volumetric or
 

weighing tanks are not available. As a consequence, a V-notch
 

weir was constructed by the staff at IRI, which had a central
 

angle of 910 01' 34", which hereafter will be referred to as a
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91° 7"-notch weir. This weir was installed in the hydraulic
 

-channel-downstream from the rectangular suppressed-weir ........--


Although discharge equations are available for V-notch
 

weirs (Shen, 1959), it was deemed desirable to check the rat

ing using a volumetric pan. So, a volumetric pan having
 

dimensions of four-feet long, two-feet wide and one-foot deep
 

was fabricated. This pan was calibrated by placing known
 

volumes of water in the pan and then recording the water depth
 

for eacAh known volume. The results of this calibration are
 

presented in Figure 18, which shows a very accurate linear
 

relationship between water depth and volume.
 

A series of hydraulic tests were conducted wherein the
 

discharge was measured using the volumetric pan in conjunction
 

with measuring the hydraulic head for the V-notch weir and the
 

rectangular suppressed weir. The discharge rating for the
 

910 V-notch weir is given in Figure 19, which shows that the
 

data points define very accurately the following relationship,
 

Q = 2.50h 5/2 (9)
 
e
 

where he is the effective hydraulic head defined as the measured
 

hydraulic head plus a correction of 0.003 feet to compensate
 

for the combined effects of viscosity and surface tension
 

(Shen, 1959).
 

The volt metric pan data is also plotted in Figure 20 as
 

a check on the discharge rating for the rectangular suppressed 

weir. In addition, there was an 8" x 18" Cutthroat flume 

also located in the hydraulic channel, so that the corrected 
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discharge rating reported in Section 5 of this report could
 

be u.Ise.d--fox highidshre.Ti aa sas plotted--in 
0 

Figure 20. In contrast with the discharge rating for the 91
 

19), the discharge data for the rectangularV-notch weir (Figure 


suppressed weir shows considerable more scatter. This scatter
 

in data is not explained by the Francis formula alone. After
 

observing the performance of the rectangular suppressed weir
 

more clo)Vely in March and April of 1979, the writer is of the
 

opiniopI'that much of this scatter is the result' of the nappe 
4, 

cliling to the downstream face of the weir plate at low
 / 

h, ds. Then, as the discharge is increased, the nappe springs 

--,/ee from the weir crest and is aerated by a small diameter 

pipeline located just below the downstream edge of the weir
 

crest. The V-notch weir has certain advantages over rectangular
 

weirs, such as the discharge ratings being less affected by
 

entrance conditions (Kindsvater, 1978), along with no difficulties
 

in keeping the nappe aerated, as well as providing more accurate
 

discharge measurements at low heads.
 

http:highidshre.Ti
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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, th ratinq for this flume had been interpolated from 

the ]aborator; calibra tions for the 8" x 36" and 16" x W 

Cutth rat flumes. Con sequrntly, .it was deemed desirable to 

construct a 12" x 36" Cutthroat flume and develop a lahoratory 

calibration. At the same time, it was felt that tho di scharge 

rating for the 8" x 36" Cutthroat flume should be checked. 

The additional laboratory work performed in 1977 for the 

8" x ]8" Cutthroat flume was considered sufficient, 

Experiimen ta P roc edurc 

The flumo calibra :ion tests were conducted in the 

Hydraul.ic; Reserch Laboratory of the Engineering Research 

Center at Colorado State University. The tests were run in a 

flow channel, two feet wide and 60 feet Iong-. The channel had 

a recircu]aiLi.nq pump and was equipped with a seqmenta]1 orifice 

plate for fl ow measurement. lowever, the ori ice was not ron-

sidered to be accurato enough for flow measurement and "here

fore an 8" x 36" Cutthroat flump was 11 stalled in the rhannel. 

for : psur'pose. It was found later that the orif.ice was 

accuraeLO for Flow rates above one cfs but not accurate enough 

for small]er flow rates. The channel was capable of carrying 

9 cfs. The Flow channel had a slope which helped prevent any 

interference between the primary flow measurement flume and 

http:recircu]aiLi.nq
http:Hydraul.ic
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the test flume. The steop s lo e was also advantageous in 

at tning rapia ,stahlishment of steady flow in the channel.
 

The Cut throat Plumen were set absoluLely level in the 

channel. The': were surveNyed with a surveyor's level and a rod 

graduated to I"LOO of an inch. The zero points on the hook
 

gages were also established using the same surveyiny equipment. 

measured in st i.1 lln we.l.sDepths of water n the flumes were 

4 inches in diamtoer. Hok qaqes oraduated to I "[(000 of a 

stillinc;foot were used to mea-ure depths of water in th' 

evor"wells. At least 1 mi ni tcs were allowed between two 

readins of d.ta toe arsure thoestabinhmnt of stoady flow 

been found that i'thin lessin the ch,,nrc' , alI tho',uLh it had 

than in minutes stead' flow was established in the hydraulic 

channel.
 

flumes were abrupt con-
The entrance con.dtiions of the an 


flow from the channel into the fiue. The flow
traction of 

*as six: inchs above the chan:nol bed tomeasurin: flume set 

it and he ceo accurpaL-e flo.' measureassure free flow thnro uc:h 

ment. For the test flucuo , to obtain the depi red lev l of sub

a finqur at .::wisinrsta leud at the Mcw:istream end mergence, 


downstream of
of the channel. ccuro tie convtol r,flwa-ter level 

rnc f inqer nate.flume was _
the test "on ibi us thne 

Duri:-'.r: data collor i0n carcfu]1 bs.e rvo tihoi was made to 

detect any fl,,ctua,i-ons or sur -esin the flow, which proved 

iEv set of data were recorded,to be non-axistent . <r" time one 

the test flume as w;ell as the measuring flume and the orlfice 

any p:sJ.i)erecorded to make sure
manometer readings were 
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changes in flow rate were measured. This proved to be useful
 

since at higher levels of submergence the flow rate did de

crease slight.ly due to a drop in the sump water leve]. 

For free Flow analysis, nine flow rates wore Lested, 

covering practicaly a1. the ranqe of possible f low rates 

through each flume. For submerged flow analysis, the down

stream depth oF water was gradually nceased until a rise in 

the upstream depth reading was noticed. From that Point on, 

the downstream del)th was increased at smallincrements, aPd an
 

entire range of submerged flow data were collected, covering
 

up to 99% submergence.
 

In the case of the 8" x 18" flume, addi tional free flow
 

data were col lect d using two special approach conditions. In
 

the "hand approach" one hand was p1laced in the water, flush
 

with the convargincr flume side where the piezometer tap was
 

located. In the "board" approach, two boards of 3b inches
 

width were placed in water flush with the converging sides of
 

the flume.
 

Laboratory Results
 

A basic assumption is that the weiqhing tank data
 

collected by Bennett (1972) is correct. The writer went to
 

great lengths in checking the calibration of the two weihing
 

tanks in 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.
 

http:slight.ly
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Some orifice meters were used in the more recent CSU
 

laboratory studies as another check on the discharge measure

ments. These orifice meters had been rated on the hydraulic
 

calibration stand located at the Engineering Research Center
 

of the CSU foothills campus. The .experimental techniques
 

utilized in these additional studies did not provide any basis
 

for refuting the accuracy of the weighing tank measurements. 

Consequently, the collection of additional laboratory data was
 

undertaken primarily to extend the range of the discharge
 

ratings for the 8" x 36" Cutthroat flume, along with providing
 

data for the 12" x 36" Cutthroat flume (which had never been
 

rated in the laboratory). -


The results for the free flow calibration of the 12"x 36"
 

Cutthroat flume is shown in Figure 21. The original free flow
 

rating for this flume was reported as
 

. . . . . . . . . . . .. .. . . . .Q = 4.50 ha1 84 (10) 

The rating curve drawn in Figure 21 fits the equation
 

8 4 )Q = 4.41 ha 1 " . . . . . . . .( 

At the same time, a regression analysis of the data shown in
 

Figure 21 gives the best fit rating as
 

ha1Q= 4.29 ... . ............ . (12)
 

The reason that Equation L is being recommended as the free
 

flow rating for the 12" x 36" Cutthroat flume, rather than
 

Equation 12, is that additional analysis of the other Cutthroat
 

flumes having a length of 36 inches does not provide any basis
 

4I~ /1 
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for changing the free flow exponent to any other value than
 

1.84. In other words, the free flow exponent, nl , does not
 

show any consistent variation with increasing throat width, W. 

This result is similar to the free flow analysis of the 18-inch
 

length Cutthroat flumes shown in Figure 4.
 

The results of the additional laboratory data collection
 

and analysis for the 8" x 36" Cutthroat flume is shown in
 

Figure 22. The original free flow rating equation was
 

84 .. . . . . . . . . . . .
Q = 2.97 ha1 . (13) 

The free flow rating drawn in Figure 22 is
 

1.84 
.............
Q 2.93 ha (14)
 

which is not much different from th original free flow rating.
 

The results of the additional data analysis for the 8" x 18"
 

Cutthroat flume is shown in Figure 23. Based upon Equation 3,
 

the free flow rating provided in November, 1977 was
 

2.00 (15) 

Q = 4.226ha ................. 

The free flow rating drawn in Figure 23 fits the equation
 

4.10 ha2.00
 

The selection of the free flow coefficient as 4.10 is based
 

upon additional analysis of other flume sizes that results in
 

overall best fits to the free flow data.
 

The results of this additional laboratory analysis is
 

For the three sizes of Cutthroat flumes
summarized in Table 7. 


investigated in this study, the free flow ratings have all been
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Table 7. Summary of free Flow analysis for selected Cutthroat 
flumes. 

Free Flow Coefficient 

Cutthroat Flme Size . . r -- .. 
original Revised Idfeec 

8" x 18' 4.226 4.10 -3.0 

8" x 36" 2.97 2.9-1 - .3 

12" x 36" 4.50 4.41 -2.0 

Note: The free flow exponents, n,, were not chanced.
 

revised so that the discharge will be reduced. The greatest
 

difference in free flow ratings is for the 8" x 18" Cutthroat 

flume, vhere the discharge readings would be reduced by 3 per

cent. The reductions i.n discharqe ratings for the 36-inch
 

flume lengths are roughly, 1-2 ercont. 

In the standard rnthod of measuring ha , flow enters the 

flume with an abrupt contraction from the sids and the bottom. 

In the "2-board" method of measuring ha, two boards of 3', 

inches wide were placed beside the 8" x 18" Cuk.throat flume 

at the entrance in such a way that the hoards .ere flush with 

the converqino sides of the flume. At a constant flow rate, 

the 2-board roiding of ha in hiqher than the standard readi.nq, 

the reason I ei up that as the flow con trac ts into the flume, 

it forms a depression close to the ha Niezometer tap. P]acinq 

the board removes th i effect, causinn h jy her readiq,s of ha * 

As execred, this effect is very small at smal.l flow rates 

(less than about 0.6 cfs) as shown by the plotted data points 

in Figure 24. The increase in ha due to th, two boards is 

from 3 percent at smaller flow rates to 10 percent at higher 

http:readi.nq
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a Standard Data Points 
2.0 0 2-Board Data Points 

Standard Calibration: 

1.0 	 Q-4.10h 2 0 0 

0.8

4

0.4-	 2-Board Entrance 
Condition 
Q= 3.37 h195 

0.2 

0.1
 

0.08 I i 

0.1 0.2 0.4 0.8 1.0 
h. in feet 

Figure 24. Comparison of standard 
entrance condition for 

calibration and board 
free flow discharqje 

rating of 8" x 18" Cutthroat flume. 
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flow rates. One example will show the percent change K)i
 

flow rate measurement. Referring to Figure 24, if the flow
 

rate is 1.70 cfs, using the 2-board method, ha will be
 

measured as 0.703 feet (instead of the standard 0.644 feet).
 

Using 0.703 feet for ha in the standard calibration will
 

give a flow rate equal to 2.05 cfs, or a 20 percent over

estimation of the flow rate.
 

Piezometer Taps
 

During discussions with some staff members of Master
 

Planning, WAPDA in March 1979, the writer came to the con

clusion that the only remaining question regarding the Cut

throat flumes that were used in their 61 watercourse survey
 

was the use of three piezometer taps at ha and hb rather
 

than the single piezometer tap used in the original laboratory
 

calibrations. The three Cutthroat flumes investigated by
 

Owens and Paskett at the Irrigation Research Institute also
 

employed three piezometer taps at both ha and hb.
 

As described above, the 8" x 18" Cutthroat flume is
 

affected by entrance conditions at values of discharge
 

commonly measured in the watercourses of Pakistan. This
 

implies that non-hydrostatic pressure conditions might exist
 

at the piezometer tap for ha- Consequently, for the labora

tory calibrations to be valid in the field, the same entrance
 

conditions are required in the field as used in the laboratory.
 

Also, since a single piezometer tap (located with its center

line one-half inch above the flume floor) was used in the
 

-'1. 
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laboratory calibrations, it would be necessary for the field
 

flumes to also have only a single piezometer tap at the
 

same location as employed in the laboratory.
 

An 8" x 18" Cutthroat flume was installed in the hydraulic
 

test channel at the Irrigation Research Institute, which had
 

previously been used by Owens and Paskett, as well as the
 

writer. The purpose of these hydraulic tests was to quantita

tively evaluate the effects of having three piezometer taps at 

both ha and hb as compared with a single piezometer tap at 

both ha and hb. The three piezometer taps were located 5/8

inch, 4 inches and 7 1/8-inches above the flume floor. Each 

of the six piezometer taps had a diameter of 1/4-inch. 

The hydraulic tests were conducted first for free flow 

conditions. A constant discharge was set for the hydraulic
 

channel. After taking point gauge readings of h a and hb with 

all piezometer taps open, the upper two piezometer taps at 

both ha and hb would be sealed, and again point gauge readings
 

would be taken in the stilling wells for ha and hb. Four free
 

flow discharges were used. Later, a similar procedure was
 

followed for submerged flow conditions, where two discharges
 

were used'. For submerged flow, a constant discharge would
 

be set and then the downstream depth was increased in small
 

increments by adjusting-the tailgate located at the downstream
 

end of the hydraulic channel.
 

For free flow conditions, there is a significant impact
 

upon the ha flow depth measured in the stilling well by employ

ing three piezometer taps as compared with a single piezometer
 

tap as shown in Figure 25. The ha stilling well depth is
 

greater with three taps as compared with a single tap. The
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hb stL i.1 llJ w ept h is not aff ec ted as much as ha by the 

changje in nvLnbcir of pJe'.zometer taps (FigLre 2 ). Of pairticular 

inters ....-I;- hat h, is aff cted in tl-he pposite direction of
 

. .... %iereas iL ht-- .adCi J.,.,s vwere toc) hiqhll wil'n thrcee piezo

z :2§ LIt ji: %,R.1: C'a L. i',.[i r]G'<d i} s wet,.r oo ]<,w . T'he
 

r 21 l~~t CHSI )C!noIts":r ] :L,, : %r i*: :iII uIsinl t: ir.[...;n ic :o ncet r 

L ; I. .., .',. : [" ,tlr7 2 . , whocrc! ,.AC3Clp )d~i.S11 .<L L,, theii 


"H1"it, It tCs ;r',:_ r :2t s lI twecn the two 

3.:_:.; , : : :..:'_ sl4 s_ :-o, .: ar v c resos'o iinc- with the 

",ea i t c r cs L IcI iLI b e 

... *.. . .t. bi, A:LI: t:.. l ,L t JL i'/: tIhc.Ji.. 


t-re ('crr a0ps l Ie di;. i I 1: 0f 
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Jr~:.. > .: ~ ....... isat f ume havkn g three piczo-
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Table 8. 	Comparison of original free flow rating for
 
8" x 18" Cutthroat flume having three piezometer
 
taps with final free flow rating adjusted to
 
correspond with a single piezometer tap.
 

ha f Ad -us;te~ haa Qa Qfi Qff =ff/Qfi
 
ft. cfs aft cfs
 

0.40 	 0.56 0.39 0.624 1.110
 

0.45 0.724 L 0.44 0.794 1.097
 

1O. 50 0.908 0.49 0.984 1.084
 

0.55 	 1.115 0.54 1.196 1.072 

0.60 	 1.344 0.58 1.379 1.026 

0.65 	 1.596 0.63 1.627 1.020 

0.70 	 1.872 0.68 1.896 1.013
 

0.75 	 2.171 0.73 2.185 1.006
 

0.80 	 2.494 0.78 2.494 1.000
 

0.85 	 2.84 7. 0.83 2.824 0.994
1/ 

0.90 	 3.213 0.88 3.175 0.988
 

0.2 <hh<aao 0.59'; (ha)adj = h - 0.01 ft.For 0.25 	 a
 

For ha > 0.59'; (ha)ad = ha - 0.02 ft. 

= 4.03h 2 .1 5 
Original free flow rating; Q 


I ~Ifi 	 a 
)2.00


Final adjusted free flow rating; Qff = 4 .10(ha)adj 
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the fial rbcomfmended fre'e- flow fielId reading 1(0 with 

rating (Qff) wherein ha is adjusted. The final column in 

Table 8 shows the ratio Qff/Qfi' which is the factor that the 

present free flow measurements from the 61 watercourse survey 

should be multiplied to provide the correct free flow dis

charge. For all practical purposes, taking into account the 

difficulties in collecting accurate field measurements, the 

free flow discharge computations should only be corrected
 

for values of h between 0.25 and 0.59 feet.
 a 

For submerged flow, the correction factors listed in
 

Table 9 are recommended for the 8" x 18" Cutthroat flume.
 

The adjusted submergence, Sadj , is computed using Equations
 

17, 18 and 19 to adjust ha and hb
 

Sad9 = (hb)adj' (ha)adj .(20) 

The coefficient, Qs/Qff, is obtained from Table 9, where it 

can also be seen that, for all practical purposes, free flow
 

exists when the adjusted submergence, Sadi! is less than 70
 

percent. The adjusted value of h is used in Equation 16
 a 

to calculate Qff, which is the final free flow rating for 

the 8" x 18" Cutthroat flume, 

(ha)adj2.00 •• (21)QQff = 4410h ..... 

For S 0.70, the submerged flow, Q is computed from,
 

Q= Q(Qs/Qff). .......... . . . (22)
 

WhereWhere Qff is calculated using Equation 21 and the ratio,
 

Q/Q is obtained from Table 9.
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Table 9. 	Submerged flow coefficients for 8" x 18"
 
Cutthroat flume having three piezometer
 
taps at both ha and hb.
 

Sadj Qs/Qff
 

0.70 0.990 

0.72 0.987 

0.74' 0.,982 

0.76 0.975 

0.78 0.965
 

0.80 0.955
 

0.82 0.943 

0.84 0.9,30 

0.86 0.910 

0.88 0.880
 

0.90 0.820
 

Free flow; Qff= 2.004.10(ha)2.

Qff aadj
 

Submergence; Sadj = (hb) /(ha)
 

a badj aadj
 
Submerged flow; Qs= Qff(Qs/Qff)
 

For 0.25 ft < 0.59 ft; = h - ftha < (h ) 	 0.01aa adj a
 
For h > 0.59 ft; (had = h - 0.02 ft
 

a-j a 0.2f
 

For hb > 0.40 ft; (hb)adj = hb + 0.01 ft 

7. 'p 
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Section 6
 

RESPONSE TO OTHER CRITICISMS
 

Discharge Measurement Structures
 

After the first publication on Cutthroat flumes appeared
 

in 1967 (Skogerboe,et al., 1.967), the writer has had numerous
 

conversations with other hydraulic researchers, as well as
 

users of this flume, regarding questions on method of analysis,
 

generalized discharge relations, field experiences, etc. Fre

quently, in recent years, the writer has been confronted by
 

the discussion of Bos (1976) on Cutthroat flumes. This dis

cussion'has also been cited in Pakistan. Consequently, there
 

is a need to respond to the questions raised in this publica

tion, "Discharge Measurement Structures." The discussion by
 

Bos (1976) is quoted below.
 

The geometry of the throatless flume with broken
 

plane transition was first developed in irrigation
 

practice in the Punjab and as such is described by
 

Harvey (1912). Later, Blau (1960) reports on two
 

geometries of this flume type. Both sources relate
 

discharge and modular limit to heads upstream and
 

downstream of the flume, hl and h2 respectively.
 
Available data are not sufficient to warrant
 

* ,/)inclusion in this manual. 


Since 1967 Skogerboe et al. have published a 4 
number of papers on the same flume, referring to it i.' 

as the "Cutthroat flume" In the Cutthroat flume, 

however, the flume discharge and modular limit are
 

related to the piezometric heads at two points, in
 

the converging section (ha) and in the downstream
 
Cutthroat
expansion (hb) as with the Parshall flume. 


flumes 'Ilave15een tested with a flat bottom only. A
 
shown in
dimension'sketch of this structure is 


Figure 127].
 

Because of gaps in the research performed on
 

Cutthroat flumes, reliable head-discharge data are
 

only available for one of the tested geometries
 

(b = 0.305 m, overall length is 2.743 m). Because 
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of the _.non-availability of discharge data as.a
 
function of hI and h2 (or H1 and H2 ) the required
 
loss of head over the flume to maintain modularity
 
is difficult to determine.
 

In the original Cutthroat flume design, various
 
discharge capacities were obtained by simply chang
ing the throat width b. Flumes with a throat width
 
of 1, 2, 3, 4, 5, and 6 feet (1 ft = 0.3048 m) were
 
tested for heads h, ranging from 0.06 to 0.76 m.
 
All flumes were placed in a rectangular channel
 
2.44 m wide. The upstream wingwall had an abrupt
 
transition to this channel as shown in Figure [271.
 

Obviously, the flow pattern at the upstream
 
piezometer tap is influenced by the ratio b/B1 .
 
Eggleston (1967) reports on this influence for a
 
0.3048 m wide flume. A variation of discharge at
 
constant ha up to 2 percent was found. We expect,
 
however, that this variation will increase with in
creasing width b and upstream head. Owing to the
 
changing entrance conditions it even is possible
 
that the piezometer tap for measuring ha will be in t,
 
a zone of flow separation. As already mentionedlin
 
[a previous section], the ratios b/B9 and b/L 2 are
 
also expected to influence the head-discharge
 
relationship.
 

Bennett (1972) calibrated a number of Cutthroat
 
flumes having other overall lengths than 2.743 m.
 
He reported large-scale effects between geometrically
 
identical Cutthroat flumes, each of them having suf
ficiently large dimensions (b ranged from 0.05 to
 
0.305 m). Those scale effects were also mentioned
 
by Eggleston (1967), Skogerboe and Hyatt (1967), and
 
Skogerboe, Bennett, and Walker (1972).
 

In all cases, however, the -reported large-scale
 
effects are attributed to the improper procedure of
 
comparing measurements with extrapolated relations.
 

As a consequence of the foregoing, no head
discharge relations of Cutthroat flumes are given
 
here. Because of their complex hydraulic behavior,
 
the use of Cutthroat flumes is not recommended by
 
the present writers.-


These comments by Bos (197.) are primarily concerned with
 

two basic issues. The first issue is the lack of exact head
 

loss data for Cutthroat flumes, while the second issue is the
 

',?mplex hydraulic behavior of Cutthroat flumes.
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.....When Bos---(19 76) -states "..reliable
-head-discharge-data
 

are only available for one of the tested geometries" and ....
 

"the required loss of head over the flume to maintain modu

larity is difficult to determine".... he is referring to the
 

desirability of having a structure as shown in Figure 27 in
 

which the flow depths upstream and downstream from the flume
 

would be known. This would require extending the ±ength of
 

the flume both upstream and downstream in order to maintain a
 

rigid boundary that would produce unique head-discharge rela

tions for each flume geometry. Actually, the head upstream 

from a Cutthroat flume can be calculated quite accurately
 

based on the head-discharge relation at ha since there is ex

tensive hydraulic research that shows there is only a very
 

small enerqy loss in a flume inlet section. Most of the
 

energy loss occurs Ln the diverging outlet section of a flume. 

The energy loss in a Cutthroat flume is closely approximated 

by the difference in specific energies between ha and hb; 

however, there can be additional energy loss after the flow 

leaves the Cutthroat flume and this energy loss will be a 

function of the geometry of the downstream channel. This same 

situation would result for any flume even if the flow depth 

were measured downstream from the flume, unless the channel 

downstream from the flume has a rigid boundary geometry corre

sponding to the geometry utilized in the original calibration
 

of the flume. Consequently, although the writor can appreciate
 

having head-discharge relations upstream and downstream of each
 

Cutthroat flume, as well as those already provided at ha and
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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 lIume as an accurate flow measurinn device.
 

The sec(jl d issue of complex hydraulic behavior is only 

true in the s<,nso Lha L i t does not conform to simple theory. 

In most flumes, t}here e:xists a throat section havin iarallel
 

wall.s, wheroin the flow streamlines become paralle! before 

leaving the t iroat section. Havi ng para.lel s treimlines in 

the throat .section allows many of the simplifynq assuemptions 

used i n develpinyn theoretical discharge equations for open 

channel conIstLruct.-ions to be valid. In a Cutthroat flume, the 

streaml,ines passinq through the throat section are curvilincai. 

The rea l advan tage of curvi.].inear streamlines is t:hat the flow
 

passi through t he outlet section will. diverge more rapidly 

without flow seiparation occurring as compared with mcre tradi

tional flow meninearing flumes. The most serious disadvantage 

of having curvi li near flow is the dif.ficult y i.n do-olopinc 

gener alized d ischarge relations that would predict the dis

charge rating for any set of Cutthroat flume dimensions. To
 

overcome this difficulty, the writer developed an experimental
 

design utLiliz.i ng Flume lenqths from 1..5-q- feet and throat 

widths fimn ]-inch to 6-feet. By developing dischar, rel a

tions rw many s.iz os ..,i (utthroat flum. s, it was possible to 

develop genera li.1 od discharge relations (Skoqerboe, Bennett 

and Walker, 1972) that would allow the interpolation of dis

charge ratings For i.ntermediate sizes. In other words, the
 

w-iter did not. extrapolate these discharge relations to predict
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the rating for flume.sizes larger or smaler .than those 

calibrated in the laboratory. 

Another aspect of the complex hydraulic behavior of Cut

throat flumes that has been bothersome to other researchers
 

is that the free flow exponent, n.I , exceeds the theoretical
 

value of 3,/2 significantly. For example, the 9-foot length
 

Cutthroat flumes have a free flow exponent of 1.56, for 3-foot 

lengths n, = 1.84, and for 18-inch lengths n I = 2.00. A.J.M. 

Harrison (1971) did considerable analysis of free flow in
 

Cutthroat flumes to arrive at a cqeneralized free flow dis

charge rating. His analysis is quoted below. 

All the 12 flumes tested had the same contraction 
and expansion angles and, I suppose, the same rough
ness. The qeometry can therefore be defined simply 
by the overall length, L, and throat width, W. Assum
ing that the total head, H, is constant throughout 
the approach section (i.e. ignoring frictional 
effects) it can be shown by dimensional analysis that 
the dimensionless discharge coefficient, C, i s given
by : /U 

c f (H, L) 
32 W 

This was the basis of our first plot. It appeared 
to be generally true except for small values of W. 
The data suggested that an approximately constant 
correction of 0.02 ft had to be made to the value of 
the width, in the same way that our Crump weir data 
require a head correction to be made, these weir data
 
fitting the equation
 

0.630 
/g W(H-0.001)3/ 

2 

with the head correction in ft. 

We then proceeded to try out various corrected
 
coefficient formulae until we found one in which all
 
data plotted on a single curve when C was plotted

against H/W. 
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The final result is shown on the attached.figure
 
(Figure 28) in which the scatter of all the data
 
appears to be no worse than the scatter of the data
 
for individual flumes and the trend of each set of
 
flume data follows the trend of the whole of the data.
 
We originally plotted (C-0.545) against H/W because
 
2 0.545 and I expected the coefficient to be the
 

same as that of a frictionless critical-depth flume
 
at small values of H/W and L/H. In fact we found
 
the best log-log relationship fitting the data to be
 
given by
 

0.755
 
= 0.12 (H/W)


C - 0.505 

where
 

/ (-002t(l+0.25W/L) 'jH-0.02L] [l+0.ooo2(L/H)]3/ 

I am fairly sure that all Cutthroat flumes within
 
the limitations W>l inch, L/H<8, H/W<15, and L/W>2
 
should fall on this calibration line, but I should
 
like to see data for a large flume tested over a wide
 

range of H/W showing agreement before I should be
 
fully convinced.
 

I must confess to being somewhat disappointed by
 

the'complicated nature and relatively large values of
 

the corrections to W and H in the coefficient formula.
 

However the structures we have investigated here 
which we have found to have relatively simple discharge
 

formulae - have had special characteristics e.g.
 

geometrical similarity of flow at different heads
 

(Crump weir, and flat-vee weir), or parallel flow
 

(broad-crested weir and critical-depth flume). De

spite its geometrical simplicity, the Cutthroat flume
 
does not possess such characteristics.
 

I had thought that analysis of the data on the
 

basis of total head would lead to a theoretically
based, simple formula which would fit all the experi-


In the event so many empirical correcmental data. 

tions have had to be added to the basic formula that
 

one can have little confidence in its use outside
 

the tested range. ,.In that case one might as well
 

produce an entirely empirical equation, as you did
 

in your earlier paper, by correlating the measured
 

head and discharge with the flume geometry.
 

(1976) has also stated, "Owing to the changing en-
Bos 


is possible that the piezometer tap
trance conditions it even 
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for rnoasurinq 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-Fout lnmths and longer. 

This does not preclude the development of a unique head

discharqe (h - Q) relation for the 19-inch Cutthroat flumes. 

What i.t doeu; mean is tha th . 18-inch lenqth flumes are in

fl.[uenced by entrance conditt;ions, so that the use of those 

flumes in the field has to correspond with the geometric setup 

used in the laboratory for deveiopinn the discharge ratings. 

Thus, for 18-inch flume lenaths, piezometer taps located one

half inch above the Flume floor (rather than multil .e piezoim

eter taps al_,nq the wall) and connected to sti.ing wells for 

readinqc h and hh must be used rather than staff qages if 

accurat dischrarge measurements are to be obtained. In addi

tion, the ro (kaccha) entrance condition as shown in Figure 27 

should he used. 

Mogha Discharge RatingS 

The w i tor has frequently been confronted while in 

Pakistan with the statement .... "there is something wrong with 

the Cutthroat flume because t-he discharge does not correspond 

with the authorized dischariie for the mogha." Thi s sLovoment 

fits the !ruont si , ,ation where a Cu throt- Clume is installed 

in tQ, wattrcI'vurs At a hort di sta-ce downst-ream from the mnqha 

inlet to tho watercourse. Thero are many reasons for this dis

crepancy, which wi[] be discussed below. In fact, the prob

ability of these two discharqes bciinq nearly equal (say within 

is very low. 



75
 

Each mogha module was originally designed to provide a
 

particular discharge based upon the cultural command area
 

served by the mogha and watercourse. The geometry and eleva

tion of the mogha module was constructed so as to provide this
 

particular discharge correspondinig to the normal water surface
 

elevation in the distributary. First of all, there are many
 

inherent reasons why the water surface elevation rarely corre

sponds with the water surface elevation used for designing the
 

mogha. The discharge in the distributary, itself, is not con

stant throughout the year. Even if the flow rate in the dis

tributary were held constani , the water surface elevation at
 

the mogha would vary throughout the year as a result of aquatic
 

and vegetative growth in the distributary. Sediment deposition
 

in the distributary will affect water surface operating levels
 

with time.
 

Another major reason why the measured discharge from a
 

mogha module does not correspond with the authorized discharge
 

for the watercourse is because the di scharge rating for the
 

mogha does not remain constant with time. In time, entrance
 

conditions near the mogha change, the mortar covering the
 

brick walls may chip away, and bricks may become dislodged.,
 

These factors could have a major effect on the discharge rating
 

for the mogha module.
 



CONCLUS.[ONS 

I. Unfortunately, the failure to calibrate the primary 

f ,owmeasuring de<ice sLanqul.i weir) used insuppressed 

the exper nients b-Y Paskel.I ,iud Owens. means Uhat the data c.in

,iot be used until an accuirate caiibration is iundertaken. 'Phe 

volumetric tank measurements repoi:ted herein provide suff Lcient 

data to show that the standard Francis formul;V is"'nol all 

'Iccurate cadibratiun of the partLicular rectangular supprussed 

weir tocated at the .["ritalion Research Institute (ItR) i.n 

Gahoe, Paki stan. In fact, JRI* has found that the Rehbock 

formula mot , accurately d.c.. i.b.e the correct ratinqi For 

this weir, A primary flow ,Ieasu] ing device should be rated
 

to an accuracy within i Ijercenit. This will 'equire a more 

elaborate volumetric tank seiu inn order to obtain i eadIngs 

.for discharges as high as 2.5 or 3.0 cfs. In the meantime, 

the 910 V-notch weir now insLalled downstream from the 

rectangular suppressed weiLr could be utilized as a check 

on the discharge rating. 

2. The data collected by Owens and Paskett does not
 

warrant changing the Cutthroat, flume calibrations reported 

by CSU. 

1. The general discharge equation that should be used
 

for Cutthroat flumes having a length o-f 18 inches is:'
 

Q 6.0 W1.025 1a2.00 



where W is the throat width in feet and h is the flow depth
a 

i1 reL( - 11,ASUI-ed in the f~lumle inlet (h sho,%ild not.,U exceedF 

- 0.6 feet). 

4. CutttLhroat ti].i:mes havinq td Iength of .1.8 inches are 

aI:fec Ced by entrance condCI Lions, so they should only I[e used 

tor sma L] dischaL'ges. The ear I.er CSU manualI stated that ha 

shoul d not txcee(i 0.oi feet f.or' fium. lengths of 18 inches. 

'Th w Iter hl.aS cont Lnuall.- advocated the use of 36-inch flume 

Lenqibs (or longer) in Pakistan. In addition,, these ratings 

were deveio()p1 usinq piezontetev taps:'-It ha and h which were a a bP hchwr 

eoniii: CC: te still i f; wells, in ,rder to obta n accii rate 

Ai schage measuremen ts. 

-. The acditional laboratory analyses conducted at CSU 

.during 1977 and 1.978 shows that Lhe tcee flow discharge read

itnjs could be decreased SLiqhtl'i' Io' Ihe 8" x 1.8' 8" x 36", 

" i6" tie . i 1and L2 x f6 mne s . c: a i i bra i,n work .,erfo mc' the 

laboriatory foi these flames, alonq with refinement of the 

data analyss , woul(i iridicatec that the free flow ratinis for 

the, 8" :X 1," CutT:hi-oat flume wot~i d be reduced 3 percent, the 

I ree i:low "aling foi the 8" x 161" Cu. throat Ijtme would be 

reducd I.' iercent, and the frc:,( I low ratin, Lor the 12" 

36" Cutthroat flume would be reduced : percent 

6. The recali kr;.tion and ref inemen t: of <.h, laboratory 

data oy h* el8" x 181", R" x 36", and 1.2" x 36" Cutthro'a t 

liunmes, indic.:It.es a ,liange in dischaj ,j ratinm.', t hat al'e riot 

der ed -'on1sJ.,ij,ifI'cOuut. Althouq h1thl writer AuuA IrAecmm)Inlenud 

the uis-.of [i-)- se re-i i ,sed tat .nqs, i. iis recommendri tiha L I he 

x 
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MaIter Plmaming Division of WA.'IDA, r-o the purposes: of the 

watercourse survey, .'es not no.3d to modify the previous 

repor ted ratings for the 16.-inch lenqth liI,.s5 Th.se ima 1 

reductions in free f.ow v'atings are .i.nsignifi.cant compared 

with all o the other small errors that are inhe-ent in 

field data collection pruqrams. 

7 .' 'he laboratory studies at I RI by Owens and PEakset, 

as well af. the CSU st~udies, show thaii the 8" x 18" Cutthroat 

flume is affected b, ent-rance conditions, particuilJly at 

values of discharge commonly encountered in the watercourses 

of Pakistan. Consequently, the use of three piezometer taps 

at both ha and hb, instead of the single piezometer tap P
 

located one-half inch above the floor as used in the CSU 

laboratory calibrations, has a 'significant impact upon the 

free flow and submerged flow ratings. The appropriaLe
 

adjustments in ha and hb for the 8" x 18" Cutthroat flume 

are given in Equations 1.7, 18 and 19. The adjusted free 

flow ratinq is given by Equation 21, whereas the adjusted 

submerged flow rating is obtained from Table 9 and Equation 

22.
 

8. The publica ton, "Discharge Measurtement Structures," 

does not re.:ommend the use of Cutthroat flunmes because of 

the complex hydraulic b'ehavio: and the lack of head-discharcqe 

relations, which would pr(ovide exact information r(egardi:ng the K 

head loss across a Cutthroat Flume.. Althouci. admittedly [-.he 

Cutthroat flume does have comip.lex hyctrau].ic Lehavior, .even 

hough the flume geometr-y is quite simple, the laborato-yv 

.. .
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i-atiLi s uslnicj weiyl-, i iq tanks combined with the read-itigs of 

!low cdpti at h a )n h 	 provi de:. very dccurate free flI.ow and 

submurqed ,low ratinqs fio.t: I-hosc-- flume sizes ,a].librated in 

the .aboratoi ,. Also, the ci-perimental design was such that 

th9, individual ratingjs for each flume size provided sufficient 

intfo*: ation 1hat the discharge ratings for tlhe intermed ate 

liime L..zes could be obt.ained by initerpolat~itu. Th. vali dity 

o tn11s c ,proach is evidenrcteri by the tree ftlw discharge 

rating reported herein fui the 1,2" x 36" Cutthroat flume, 

which had not. been previously calibrated in the laboratory, 

where the more recent labo-atory data showed the predicted 

ratinq to he accurate with.in 2 percent. 

9. A.J.M. Harrison tas shown that although the hydraulic 

behavior in a CutthccOaLt flume is complex, it-is possible to 

devel.op a single generalized ,1scharge rating for all flume 

sizes, which i.s accurate within plus or minus 2 percent. This 

aqain shows the vaLidity of the previous l.aboratory discharge 
:at.lqs accomplished by 	 using weighing tanks for obt-aining 

accurate discharge rieasui remenits 

10. 	 Tndividuails in Pakistant have frequeitliy iiista led 

,a Cutthroat flume jmmeiliatel ' downstr-eam from i-he mo,.;la, only 

L" cto finn that. the d s h ritrqe i-~tdirig from the Cutthroail flume 

did nol corirespond wi.th I.ie:autho. ixed discharge foi- Lhe moqha. 

This -s considei-e( b, some indimvidual s as ev:i.dence hlat the 

dI scl ie x .tinl3'- oi thle 1ut throat flumes are not ci u-ect. 

it 	 (.Aw f d- ryCgeHloweve , t..he probabi o! Cutdif-oa t LuIne isca 

read i nq bei giqeqija i o Ile mo lh aut hori zed d jscha rg isi 
. I) 
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exnremely low because of .wo reasons: 1) the operating water 

surface levels in the distributaiy are not constant and 

change not only from day to day, but also over long periods
 

ol time such as years; 2) the rigjd boundary geometry of the 


mogha: does not remain constanl- with time, but is affected by
 

tlhw'chipping away of MoItar and the dislohji.ng of bricks, 
as
 

well as clanging entrance and ontlef conditions.
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