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Slope - Discharge Ratings for Cutthroat Flumes 
Gaylord V. Skogerboe, Wynn R.Walker, Tsu-Yang Wu, Ray S. Bennett 
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ALTHOUGH water measuring flumes iPezmeter Piezo 
Top for hPiezometero Top forhb' 

have been intensively studied in 
and are widely used in 

the laboratory 
the field, there are some problems en
countered in field installations. A con- L.o-tL _Lb _ 

mon problem is the difficulty of install
ing a flume so that the floor is hori- ba b 

zontal both longitudinally (direction of T 

flow) and transversely. The flume may B 

be tilted longitudinally or transversely. 
6
Tilting the flume will affect the flow 

measurement. However, the longitud- k - L 
inal slope is not easily adjusted. Also, 
a flume floor sloping downward in the 

B"W+ 2 L,-W+ / L,direction of flow (positive slope) has 
a more detrimental effect on the dis
charge measurement than a negative Flume W L, L, La Lb L B 

slope. Unfortunately, the positive slope 3"x4.5' 3" '- 6" 3-0"- 1-0" 2'-5T" 4.5' 13" 

condition may occur quite often in field '66" 36" '-0" 4 '6" - 5-" 6" 
- Y 0 " 2'- .5' 2

installations of flumes in unlined open * 6x4.5' 
" 

* 12" x4.6' 12 1'6" 3'-0" '-0" 2'-5-" 4.5' ?,-0"channels, because of the scouring action 

of the high velocity flow leaving the 24"x 4.5' 24" 1'-6" 3 -0 1 -0" 2-5-" 4.5' 3'-0"
 

flume. The only satisfactory solutions, ' '
2x 3.0' 2"1'-0" 2'-0" 0'-8" 1'-7-5 3.0' 0'-I0" 
4x 3.0' 4" 1'-0" 2 0" 0'-8" 1'-71" 3.0' I'-0" 

to date, for this problem include: rais-

ing the lower end of the flume it is 8" 2'-0" 1'- 3.0' -4"
so 8"x3.0' '-0" 0'-8" 71" 1' 

again level; placing a new level floor 16"x3.0' 16" 1'-0" '-0" 0'-8" 1'-7-1" 3.0' 2'-0" 
. 0 '-0 " -. 50

in the flume; or placing a liner in the 
15' 1 06 1-0 0-4 +x.5'0'5 

existing flume and then grouting it into 
1'-0" 0'-4" '-9-" 1.5' 0'-6"0'-6"place. But usually, the problem is not * 2"x 1.5' 2" 

* 4"x 1.5' 4" 0-6" I'-0" 0'-4" '-9-4" 1.5' 0'-8"corrected. 
8" 0'-6" 1'-0" 0'-4" 0-9-1 1.5' 1'-0"1.5'Since many flumes installed in un- 8"x 

lined channels experience settlement s Cutthroat flumes used in this study.
 

at the downstream end due to the
 
scouing action of the high velocity jet FIG. 1 A series of Cutthroat flumes available for experimental design.
 
leaving the flume, and because this set
tlement is usually not corrected in the rated with the flume floor horizontal. section exceeded 6:1, flow separation
 
field, a more satisfactory solution to In this study, hydraulic data were col- would occur, and a major portion of
 
the problem would be in evaluatinb lected under both free flow and sub- the flow would adhere to one of the
 
the effect of this settlement (slope of merged flow conditions for each flume sidewalls.
 
flume floor) upon the discharge rating at various degrees of flume floor slope. Also, studies regarding the length of
 
of the flume. The purpose of this In all cases, the flume floor was sloped the throat section (Skogerboc et al,
 
study is to evaluate the effects of flume downward in the direction of flow 1967 and Skogerboe and Hyatt, 1967)
 
floor slope on the discharge rating as (positive slope). The free flow a and Skgerhoe d hyat, 16
 

from shoed that flow dethis measured in 
compared to the rating when the foor submerged flow ratings developed 

the exit section of the flume resulted inexperimental data are comparis horizontal. The type of flow meas- the 
more accurate subinerged flow calibra

uring flume selected for study was the with the ratings when the flume floor is 
tion curves than ratings employing flow

because of its simple horizontal.cutthroat flume 
depths measured in the throat section. 

geometry. 
FLUMIE The most obvious advantage of i

selected DEVELOPMENT OF CU-TTjiOATFour Cutthroat flumes were 
flume is economy, since fab

for hydraulic testing in the laboratory. ECutthroat
Tflydraumiesthadbn pevbou . Earlier investigations (Skogerboe et rication is facilitated by a flat-bottom 
These flumes had been previousy it]. 1967 and Skogerboe and Hyatt, (horizontal floor) and removal of the 

section. The initial investiga-
Article WaLssubmitted for publication on De- 19u/) reported the development of a throat 

ceAber 13, 1071; reviewed and approved for flow measuring flume which has a hof- tions (Skogerboc et al, 1967 and Skog
publication by the Soil and Water Division of zontal floor, with an entrance section erboe and Hyatt, 1967) were confined 
ASAE on August 7, 1072. 
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extend the:.xnge of, ICutthroat flume 
sizes. 

FLOw CONDITIONS 

The two most significant flow re
gimes, or flow conditions, under which 
the flume may operate are free flow 
and submerged flow. The distinguish-
ing difference between the two is the 
occurrence of critical depth in the 
vicinity of the flume throat for the 
free flov condition. This critical flow 
(oliltlrj requires only the measurement 
oif a flowiC pth at some location up-
st-eani (h.,) from the point of critical 
dclpth Ioobtain the free flow discharge. 

\'li,(i the downstream, or tailwater, 
11)h1 is raised to tile extent that the 

Ilow depths at every point through the 
sticture becomes greater than criti
.al depth, then the flume is operatingiiiiter sllInmer ged (subcritical) flow 

finderitions Witb sbritical) flow 

increase in tailwater depth will result
in 	 an increased u stream depth. Alnine operatis, der submerged flow 
conditions requires at lo deptlsng u 
conditiosureqIui stre m2t f 
be measured, 1 upstream (lid) and 1 
dw~nstream (l,) from the flunm throat. 

The definition given to submergence, 
S, is the ratio, often expressed as a per-
centage, of the downstream depth to the 

pstreanli depth, S h,/h,. The value 
of slbinergence at which free flow 
clanges to submerged flow, or vice 
versa, is referred to as the transition 
stb, trgene, St. At this transition 
flowt uat in isexactly ile I the dreefli s at ien the saedis-
charge as that given by the submerged 

NETIIOD OF" FLOW ANALYSIS 

As stated earlier, the Cutthroat flunre 
can be used to measure flow rates for 
either free flow or submerged flov 
conditions. The flow equation and the 
metlh1od of flow analysis is different for 
each type if flow (Skogerhoe et al, 
1967; Skogerboe and Ilyatt, 1967 and 
1968). 

Free Flow 
For free flow operatim, a plot is 

1nmfde of flow rate, ,), lgainst lpstreal 
dcpth, I,,, witi Q, as ihie ordilate ti1d 
Ih, as he aiscissa. When these two 
variabhes are plotted on logarithmic 
papl'r, all of thIei fallpoints should no
a1straight line. 'T1hi equaion for this 
flee flo w ralinig call Ie vwrittell as: 

Q - c lI, ........... .. [1] 


TAILE 1. CUTIIII1OAr FItmEI SIZES AND FIIOl SI.OPES USED IN TillEEXPE.IME.:N'A L D.ESIG;N.--	 - . ' : - -_ - ..... . -I _*,:-..... 

F tme Clt, I Cawt,2 C,,,, :1 Casn 4 
ilzo tan 0 -----ti, ) fill) 0 talk0 

2 in. x 1WSit II 11.11278 ii.05Snl 0.O833

4 In. x 1.5 it II 11.11278 I.053(I 1111972

0 In. x 4.5 It I) 1.0185 0.0510 1.1078


12 Il. x 4., fI 0 0.0183 l.0,550 0,1004 

Dlrt,	i .iai2m 
_1__ 

, 
" lb 4-

FIG. 2 Definition sketch for sloping flume. 

where C is the free flow coefficient and 
It,is the free flow exponent. 

Submerged Flow 
Submerged flow calibration curves 

are deternined for the Cuttiroat flumeby preparing 3-dimensional plots of the 
1parameters describing submer ed flow. 

The data is plotted on logarithmic pa-
per with the discharge, Q, as the ordi-nate; difference in upstream and down-
stream depths of flow, ha-lh, as the 
abscissa; and the submergence, 
a: the varying parameter (Skogerhoe 
et al, 1967; Skogerboe and Hlyatt, 
1957 and 1968). Lines are then drawn 
c('nneeting points of equal submer-
gence. These are straight lines having 
a slope identical to the slope of the 
free flow rating curve (which is nli) 
fGr the same geometry. 

From the submerged flow plots, an 

equation has been developed (Skoger-
hoe et al, 1967 and Skogerboe andlvatt, 1967) which describes the flow 
rate through the Cutthroat flume. The 
equation is: 

C,~~~~~ 

1 (h,.-h .C .)..
)" 2 

(-log S)" ........ [2]
where C, is the submerged flow coef-
ficient and n., is the submerged flow 
exponeit. The valte of C1 and n., must 
b determillned from a plot of the still-
merged flow data (Skogerboe et al, 
1967; Skogerboe and Ilyatt, 1967 and 
1968). 

l"Xm:UXii.N'l. I)ESI(;N 
The purp)ose of this stuldy is to evalu- 

ate the effect of settlemnent oil fltinie 
ratings. The CiuItthroat lunm was se-
kcted Ilcaise it woild be a ('omve ilit 
t pe of flhnni for ai inhitial sthidy 011 
timhis sihject, dii1' to tw simplicity i 
geomierly. T'hmere is ;I series of Cnt-

It'(lt flines, as des(cibed in Fig. I, 
whicl Ihad lhe, I onst i(ted fly lwrsni-

/ 

g 

nel in the Agricultural Engineering 
Shop at Colorado State University for 
use in another study (Bennett, 1972).The sizes.and dimensions of the flumes 
are tabulated in Fig. 1. The flume 

series consists of three flume lengthswith four throat wsidths for each length, 
thereby making a total of 12 flumes. 
Two sizes (throat widths) from each 
of 	 two flume lengths were selected forthis study regarding tile effect of set
themnent on flume discharge ratings, 
wi,!h,,the hope a possibility wouldvith that 
exist to extend the results for the whole 
series. The flumes selected for this 
study were the 6 in. by 4.5 ft, 12 in. by 
4.5 ft, 4 in. by 1.5 ft, and 2 in. by 1.5 
ft flume sizes, where the first nber 
corresponds to the throat width and 
tile last number to the flume length. 

The primary purpose of the experi
mental program was to evaluate the 

change in discharge rating of a flow 
measuring flume under both free flowand submerged flo\v conditions, as the 
slope of the flume floor is inicreased. 
This portion of the study could be ac

1lsdbselecting-ol omnly one flume 
coi liished slaoratory.bt 
The(-of or idary tn i aoaoy
for hpdraulic tepisie o thelatrexper
mental program wias to deternine the 
effects of throat width upon the slop(
discharge relatiois, as well as including 
lul,, length as a parameter 1by iivesti

gating two flune lengths (1.5 ft and 
1.5 	 ft). 

li this experilli illa study, the ef
ioct of sloping the filme floor was 
evaliated using three slopes in addl
timi to horizintal. The dlopes studied 
flt ach Ihvme are listed in Table1 size 
I, where 0 is the sl,)e angle (slope 
of flnehfloor) iii d re.ees as shown lIn 
Fig. 2. 

lFlE: FLOW IESULTS 
lFor each flune and flor slope listed 

lt 'Table 1, a free flo v rating using 

e liation [1 was developed. The re
soIits of Iiis iree flow analysis are given
ii InTable L. The Imost significant re

suit (.(I nd'erl ISllt, which is only a flui l
tlol of flunme Ihgih for tIe Cutthroat 
fIh,., geolnelrv. Tle resilts show that 
i, is ildepehden t of thriat width andthe slope of tile flume floor. 



TABLE, 2. FREE FLOW RATINGS FOR EXPERIMENTAL CUTTIROAT FLUMES of the Cutthroat flume Is used, whereAT VARIOUS FLOOR SLOPES Ea=za+h+Va2/2g... [6] 
Flume Case Floor slope C n1 Eb = hlb+ Vb2 / 2 g .........[7]
 

1 0.0600 0.074 2.150 
2 in. X 1.5 It 2 0.0278 1.075 2.150 Er Eb/Ea............ [8]3 0.0550 1.220 2.150

4 0.0833 1.390 2.150 The free flow equation is then rcwrit
1 0.0000 1.975 2.150 ten as 

4 In. x 1.5 It 2 0.0278 2.180 2.1503 0.0550 2.470 2.150 Q CEan .... 1......[9]
4 0.0972 2.990 2.150 
1 0.0000 1.960 1.720 The submerged flow equation becomes6 In. z 4.5 It 	 2 0.0185 1.980 1.720
3 0.0550 2.140 1.720 C1HLn.
4 0.1078 2.560 1.720 
1 0.0000 3.980 1.720 [10]

12 In. x 4.5 It 2 0.0185 4.000 1.720 (-log E,). . 1J 0.0550 4.350 1.7204 0.1064 5.200 1.720 where HL is the head loss defined by 

The argument may be presented that To denote the free flow coefficient HL = E. - Eb............. [III 
oinien For each flume and floor slope listedusing values of n2 	 different from 3/2 for a Cutthroat flume with a sloping in Table 1, a submerged flow rating 

(nt is 1.72 and 2.15 in Table 2) indi- floor, the symbol Ct will be used, using equation [10] was developed. 
cates that the Froude Law is not con- whereas C denotes a horizontal flume The results of this submerged flow 
pletely valid. All of the free flow data floor. If the ratio, Ct/C is plotted analysis are given in Table 3. As shown 
for the Cutthroat flumes listed in Fig. 1 against floor slope, as -hown in Fig. 3, pieviously for the free flow ratings, II 
has been analyzed by Harrison (1971) the result is that a single unique curve is a function of flume length, only, for 
using the equation exists for each flume length. This is an tile Cutthroat flume geometry. A con-

C - Q .... [3] important discovery, because it reduces parison of Tables 2 and 3 shows that 
(g) 1/2 VEa3/ 2 	 the amount of experimental work re- ithas a different value for the energy 

which fits the Froude Law. Harrison quired in establishing each unique analysis as compared with using flow 

(1971) found the best logarithmic re- curve. Data do not have to be gener- dcpths. In fact, the Value of i for 
based upon energylationship fitting the data to be given ated for each throat width. As would each flume length 

y ibe 	 expected, Fig. 3 shows that the tie- was developed fron tile free flow rat
by gree of discharge correction, in ings in Table 2 y converting flow 

C.... ........ [4] parison with a horizontal flu , in- depths to energy, plotting disclharge 

. [ c....reases with increasing slope. Also, the aainst E, h, + V./2g, and then 
where degree of correction decreases as the o btaini"1g ew vldcs of Cand it. 

Cf flume length is increa -d. The subnrged flow energy abalysis 
Q did show that the sullrged flow ex

ponlent, I].,, funlltion throatisnot a of(W-0.02) (I+ 0.25W/L) •
g1/3 	 SUnMEUGID FLOW IESUL'S 
 width or floor slope, bIt is a function 
[(E10.02L) (1 + 0.0002L/E) A definition sketch for a sloping flow o flume length, only, for the Cutthro,it-	 ]:/2 
.... ............ .. [5] measuring flume is shown in Fig. 2. flte geometry. This important result
 

The difficulty in using equations [4] The datun for hydraulic computationis aiows the variation ill soil('rged flow.' 
and [5] is quite obvious. Thus, the is taken as the elevation of the flume ratings to be reflected entirely in the 
authors prefer to use equation [1] in floor at the cross-section where the sllbileirged flow coleficielilt, C1 , there
developing ratings for open clianuel downstream flov depth, h,, is ineas- I),i alilwing a similar Irese'ntation of 
constrictions. led. Under such conditioi,.i, it i'; nec- results as depicted foi-tie free flow 

The variation in free flow ratiigs essary to describe the discharge ratings r tilogs with varioius degrmevs of floor 
with floor slope istaken into account using energy rather than flow deptIs slope. 
with the free flow coefficient, C. There- in order to use the submierged flow Tlie sbnerged flow covfficient for a 
fore, the development of relationships eqoaltion. For example, one of the (tthroat 11111ie with a slopilg fhlor 
for the free flov coeficient itvolving probh'lis is (bat llder couditions of will ie dei ited Iy lhe si'Ilaol (:,.If 
flume length, throat widti, and floor iligh subllergeuice, Ihe wat'r surface tIie ratio, (:,/( is pdt lagainst floor 
slope would le desirable. 	 levatitio at tI l,Ipiezonleter nilav be slope (Fig. .1) te resilt is I single 

higher Ihan thev water silrface elev:'itiolo iliqle clrvI for' (acl fluile l'iigihl, 
ileasured itt lie I. ljiezonilvler, i le- which corresplllds with Illv* r' ults of 
.b)resuling ill It - Ili,beiig miengative. the free flow aItin gs (Fig. 3). "I'lire

/A-......... ,iThu1s, Ihe elnergy a1 thlbepi('/Iiniet er frie, if ciUrvs coil b1edevope'd fir 
.4.6 l i hips illIlie eiitratice alind exit Sect ioIs it raneg [ fluie 'ngiIs, the 'lvie for 

IA TAIILE 3. SUBMEIICG1) ,LOW ENI;iIY IIA'1I'N(;SFOil lIXII,:IINIENTAI. cU'IrilIOAT 
FLUMES AT VARIOUS lOOR(o SLOPI.OItES 

1. lhuMe Ca 1 Fhwr !hli. 1in 

1.I 2 In. W 1.15fIt 
1 
2
3 

0( 1000 
(,2784
0.1350( 

11.171 ' 
1,1.513
01.412H4 

1.122 
1.022 
1.122 

1.5:13 
1.503 
1.51 1 

41 0.O8330i.0090 0.1111110.8.117 1,1221,922 1.5011.503 
1, 4 In, x 1.5It 2 

34 
0.112718 
0.0l55l0
0.0972 

1.11,5,l 
0.790114
11.7h24 

1.122 
1.922 
1.122 

1.3103 
1.503 
1.8(13 

1.0o ,(4. . .no,4 .
006 

. .
O4

1 
0.0 0 Oi J Iin.1 4.5 It 

I
23 

0,0000
11110,035,0 

0.0,1
11.7.,100I .6l I149 

Li4
I (1148 1AH,1:381) 

1 '81)
.891il 

FIG. 3 Effect of tilt angle and flume I In. x 4.5 It 
41 
2 

0.10780i.0000ll 
.(11 

11,57.501.1ciNHt 
1.4311 

1.16881.108Ht 
1.68H11 

1,38011,3811
1.381) 

length upon tite 
Cutthroat flume. 

free flow rating (or a 
4 

(. 01501 
o014 

.. 417 
1(071 

1.11118 
1,088 

1,381)
1.389 



intermediate flume lengths could be de-
veloped by interpolation.. 

There are two major difficulties in 
utilizing the results shown in Fig. 4. 
First of all, using energy in the rating 
requires that flow depths measured in 
the field be converted to energy be-

foeusn the submerged flow equa.fore uing
tion (equation [10] ) to determine dis-charge. Correspondingly, beginnitng 
with energy, the flow depth can onlybncrgputed usin a i5 

e computed using a trial-and-error 
solution, which is very cumbersome. 
Secondly, an initial glance at Fig. 4 
leaves the inipression that the dis-
charge decreases as the floor slope is 
increased, which is not the case. Un-
fortunatelv, using ener requires a 

nrgy
knowledge of energy-depth relations 
with changing submergence (or energy 
ratio) in order to inter)ret the variation 
of Cit. 

(ON2IUSONSee 

Frequently, flow measur'ing flunes 
placed in unlined channels settle at the 
flume exit due to scotn'ing action. Usn-

ally, the settlement is not corrected. 
Therefore, the discharge will be af-
fected and corrections to the discharge 
coefficient varies and dischlwrge in-
creases as the flume floor slone increases, 

The most significant findings result-

.0 -- .... __ - --
. 

.8
 

. -:Berkshire, 

F 

: ,.. 

j 

I 4nication,
3b 0.04 .06 0.08 0.123 0.10 

r1,- oFS.. 

FIG. 4 Effect of floor slope and flume
length upon the submerged flow energy 

rating for a Cutthroat flume. 

ing from this study are that both the 
free flow and submerged flow expon-
ents have a unique value for each 
CONL Oength. T oeseneasurement 

affected by throat width or flume floor 
slope. 
The above findings have allowed the 


effect of flume floor slope to be ana-
lyzed in terms of the free flow co-
efficient and submerged flow coefficient. 
These coefficients are uniquely related 
to the flume floor slope for each flume 
length, but are inde1 .endent of throat 

widthi:. Thus,' generalized slope-dis-.
large relations could be developed for 

Cutthroat flumes by extending these 
stdies to longer flume lengths. 
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