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PRELIMINARY MODZL TBSTS OP A FLUMB FOR
MBASURING DISCHARGB OF STB3P EFHEMBRAL STRBAMS

by
A, R, Chamberlain

S¥NOPS IS

A number of open channel flow measuring devices were reviewed in en
attempt to find cne that would function satisfactorily in sediment-ladem
ephemeral streams on steep slopes. A érapezoidal Venturi (modified WSC or
Chamberlain) flume was decided upon., Two designs of this flume at a 1:7 scale
ratio, were tested in the Colorado A and M College Hydraulics Laboratory. The
bottom of the flume was set at 5 per cent. A calibration curve was obtained
for each design, with each of three approach chanmnel roughnesses.

The tests indicated that a well defined calibraticn cugve could bte
established for the flume shown in Fig. 1. Upstream roughness, however, affectec
the calibraticn curve over the supercritical flow range.

The work reported herein was somewhat exploratogy inm nzafture. It was
found that someiimes the device must operate with supereritical velecity through
out the structure, while at other times the flew chaages from supercritical teo
subcritical, or oscillates back and forth betwsen stages, With extremely low
fiows the device operates like 2 conventiunal critical depth meter.

The problem of measuring flows with open chanmel structures oan steep
slopes of sediment-laden ephemeral streams is extremely difficult, as cne can
easily adjudge. The transverse and cblique standing waves that exist in open
channel struéﬁuwes under sﬁch conditicns are analogous %o the somic barrier en-

-
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countered by supersonic aireraft



PRELIMINARY MCDEL THS%S OF A FILMB FCR
MEASURING DISCHARGE OF STRBP BPHBMBRAL STRBAMS

by
A. R. Chamhberlain

ENTRODUCT 0N

In late 1956 the immediate need arose for a flow measuring device
that could be comstructed at selected lecaticns aleng scme small open channel
ephemeral streams. The slope of the sireams ranged from 3 to 8 per cent; dis-
charges were estimated to be as high as 300 c¢fs, wiith measurements reguired
down to about 0.5 cfs. Heavy sediment loads were expecied, imcluding large
boulders, trees and cther detritus. A contimuous record of discharge was de-
sived.

It would be difficult to conceive of a much more difficult problem
to resolve. The flow in the matural streams under cemsideration will sometimes
be in the subcritical regime, sometimes supercritical, and then of @@@fﬁe the
extremely unstable transiticms from subecritical to superceitical and back to
subcritical take place. The discharges to be measured cover a very large range
Boulders and trees will plug any device that wmatexially comtracts the séream.
Significant ponding of the flow cannot be teolerated because sediment will de-
posit in front of the structures, completely changing entrance comditioms each
time a floed passes .

This report will cover the following by sections: I - Brief Review
of Some Devices C@nsidefédg I¥ - The Trapezcidal Venturi Flume: I - Some Notes
on Theory; IV - The Preliminary Model Tests; V - Results of Preliminarv Model

Tests; VI - Recormendations; VII - Summary of Laboratory Data; and VIIT - Bib-




I. BRIBF REVIEW OF 50MB DEVICES CCNS IDBRBD

The‘pessible methods that ome counld uftilize to sslve the pzablem
posed in the Introductiem can be convemiently grouped into:

1. Chenical metheds,

2. Orifices,

3. Sonig,

4. Blectromagnetic,

5. Wiers,

6. Curreni meters, aand

7. Flumes,

Other devices do exizt, of course, but will nct be considered here. A partial
biblicgraphy of literature is appended at¢ the end of the report.

Chemical methods, while offering score promise, do not appear to be
practical at this tiwe on cphemeral streams at sites that caonot be reached
gulickly, and sediment concentraticm and chemicali composition may affect results
Unsteady flows add to the difficulties. Usually several men are reguired to
carey out the measurements. Radivactive isctope technique offers some interest
ing pogsibilities fer the future,

Orifices azxe impractical because boulders and gccks wili plug them.
Sedimeat wiil change approach conditions becawse the structure containing the
orifice will cause pending -~- hence allow sediment te deposit.

Sonic and eleciromagnet:rc eguipment may someday be the answer to meas-
uring the discharge of such streams as those coneidesed here. At the present
time # tremendous amount of research is still necesszary. Sediment load will, in
some cases, affect the calibration of such eguipment -- and no informstion is

availehble on the sediment load of the streams under consideration.



Current meters and Piftot tubes camnnot be employed unless someone is
present at the rating staticn when a flood passes. TFurthes, the stage may
chamgé s0 rapidly that velecilty profiles cannot be cehtained. Sediment will
cause no end of difficulty.

Weizs (sharp-edged Lroad-crestad, pazabolic, tfizpgulaz, Cclumbia,
Cipoletti, rectangular, etc.) are in gemeral unsatisiactory because aggradation
of sediment changes approach conditicss, Aggmadation_will occur every time a
sediment laden séfeam in superctitical regime passes'thx@mgh a hydraulie jump
in the pend upstream from the contfaction, soom filling the pond with sediment
so that the stream approaches the weir at supersritical velocity., Therce arxe’
no data available on flow over weirs with supercritical approach velccities:
all those data available assume subcritical flew comditions upstrean of the
steucture. Purthermore, once the pond has filled with sediment, the welr bg~
comes mothing but a drop structure,

Plumes offer a possible mezans of measuring flows at all velocities.
They can b2 designed to pass sediment., However, appazently mcne of the flumes
commonly utilized have beem calibrated with superczitical approsch velccities.
Seoug pf@blems will be szvere unless the structures are om rock. Waves cam de
extremely high and dangerous when the flow is supercritical,

The Parshall flume apd similaer filuees having vestical wall countzaces
tious are a0t satisfactory for ephemeral sireams beceuse the range of discharge
they cam haundle is very limited. In addition, trees sud boulders will easily
clog them., The flumes developed by Crump, Balioffet, Imglis amd ¢~ Marchi zxe
exampies of filumes with vertical walls but diffezent tguansition foxﬁs: The H ,

B and HL flumes are further examples.
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A limited number of studies have been carried ocut cn flumes of
trapezoidal cross<section. Among the studies repcrted are the tests on the
San Dimas flume, the work of the U. S. Bureau of Reclamation at Boise, Idaho,
tests by V. M. Cone and, more recently, research by A, R. Chamberlain. These
devices are the most promising because they can be designed to cover a large
range of discharges, and pass boulders and trees. However, the standing wave

problem can be severe.



II. THB TRAPBZOIDAL VENIURI FLUMB

After careful consideration a flume of trapezoidal cross-section
as shown in Fig. 1 was picked for laboratory testing. The floor of the flume
and approach channel was set at a 5 per cent slope.

Such a flume can handle a very large range of discharges, but per-
haps not quite 0.5 to 300 cfs. The lower limit is difficult to attain. A
slope of 5 per cent should pass most sand and pebble sediments: this slope is
a comprcmise between 3 and 8 per ceant. Large boulders will roll through the
structure. A recorder can be installed that will operate anytime a flood
passes, whether an attendant is present or not. Therefore, since the trape-
zoidal Venturi flume may fulfill the conditions set forth, the decision was
made to try it, first in the laboratory and then in the field.

In earlier works Chamberlain (9), Cone (12) and Parshall (34) all
tested trapezoidal Venturi flumes with a plane horizontal floor. All these
earlier‘resea;ches were directed toward developing a criticel depth flume, i.e.,
with subcritical velocities in the approach channel, critical depth within the
structure and a hydraulic jump or supercritical flows in the lower reaches
of the flume. No data are available on such flumes when the appreach velocity
is supereritical. Purthermore, the data available for trapezoidal Venturi
flumes, including fhe San Dimas flume, are for structures with side slopes
too steep to be useful for the problem studied herein.

Referzing tc Pig. 1 and comparing it to the structural designs em-

ployed by Chamberlain, Cone and Parshall, one finds that the dawnstream tran-

sitions of the earlier designs have been cmitted. This was done because scour

downstream from the proposed stru-tures for which the tests reported herein



were osoadusted waz asswaed 1o be of negligible imporianue the strvuvivie
will be on granite cr some simila: durable ruck. Further the experimental
structures to be built ag a vesult of these tests shovld be leo.ated in reglons
where spray and waves can be tolerated Scouy and uplift ca2n be a serious

preblem when the velecities are supercritical throughout the structuse

P
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III. SOMB NCTERS ON THEORY

A complete theory for supezcritical, critical and subcritical flqw
through a trapezoidal Venturi flume is not available, Purthermore, such a
theory would be extremely difficult to work out =- the flow at some Qtages‘is
synonomous to the sonic barrier that is still causing the aerodynamicists so
mich trouble,

A theory is readily avaiiable for very low discharges, because the
flume will then operate like the conventicnal critical depth flow meter, Cone
(12) has derived theoretical discharge cguations for specific cases on the
basis of the Bernoulli equation and continuity. His equations, however, neg-
lect the affects of friction. Chasberlain (9) used the momentum theory for
developing a more general treatment of flow through trapezoidal sections. His
results, however, are about identical tc those obtained from the energy concept
for the tests reported.

For the high discharges, which approach the flume at sﬁperctitical
velocity, the work by Ippen, et al (249 is classic. Formulas are presented for
supercritical velocity flows in transitions, but all the tramsitions are con-
structed of vertical walls, Hence, the results are not readily applicable, ex-~
cept in principle, to the problem involved here.

However, assuming a specific flume design has been decided upon, an
adequate criterion for similarity of model and prototype for the purpose of

obtaining a calibration curve will be the Proude numder

Pr = e —— ( 1)



where V is a mean velocity, A¥ is a difference in unit weight of two
fluids, , is a mass density, A is an area normal to the direction of
flow and T 1is the top width of the water surface at the eross-section of
area A .
In this study A¥ is the difference in unit weight of air and
water and 2 is the mass density of water. Por practical purposes Ax,zjo =g,
the gravitatiopal constant, Letting V be the mean velccity at the section

of area A ,

Pr aeait (2)

From the algebra, letting the subscript p designate prototype,

m designate model, and A the scale ratio, one finds

Q, = A Qy °
3)

Ip= A ln,
where L is any length. Bqgs 3 form the basis of all tests reported herein,
with A =7 (AS? =135),

The foregoing discussion does not yield any information on the me-
chanics of the flow through flumes. Passing to a dimensicnal analysis of the
problem one has (referring tc 'Nomenclature for Dimensional Analysis” on the
following page and denoting by /LG the dynamic viscosity of the mixture of

water and sediment),
ﬂl(vp/“afv Axo 1anBobokv%q¢(Vﬁ°ﬂ,V9!)=oo (4)

or,
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Assuming this,
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Hence, the discharge equation is
D4
Q=THA/BANT, (8)
where
k 1_ b B
= - B e =
Be @a(én B aBn%QK,,/go ﬁ'"l/‘,!.)”
T .

A
The term 3 is the average depth of flow at a section normal to the flow of

area A .
For subcritical flow conditions, with an cbserver at section b,

Ay = ¥p (b #+ yp ctneg)
Q)

Tb = Yb (b + 2yb ctneC) ',

from which

b+ y,ctnec @,
, Ay =/2gy 5 (10)
Q an + 2yp ctne M/Z) . -




Por supercritical flow, with the observer again at b and replacing

A by yp as read on a piezometer at some fixed point on the side slope of

T
the throat section,

1B
Q= (=) A w/bgyb . (11)

In this case it is not possible to derive a simple expression for A .

Comparing Bgqs 10 and 11, realizing that A is somewhat indetermimate
in Bq 11, it becomes evident why it is more difficult to deal wi?h supercritical
flows. Eyén yp in Bg 11 is scmewhat ambiguous, in that it doe; not correspond
to any actual flow depth. Hcwever, probably the most important point to study
is the functional dependency of %, .

The term Ek/(A/T) is the relative rcughness. In many cases, partic-
ularly subcritical flows, this temm may be neglec?eda The bﬁraneter 1./B is
important only for supercritical flows. Assuming an observer is recording a
piezometer head at some peint in the throat, the head he sees wiil depend on
the value of 1,/B bdecause of the obligque standing waves. The b/B term serves
as measure of the degree of coatraction in the flume and B/(A/T) is a measure
of the width to depth of flow in the flume,

In view ok the already evident difficulties associated with a theoreti
cal analysis of the supercritical flow regime, the igboratory phases of the
work concentrated on that regime. Hence, since only limited laboratory work
was possible on the subcritical flow fegime, a theoretical discharge equation
is presented at this time. Perhaps later work will permit running laboratory
experiments to verify the theory,

et VTS and 1,713 0.8 with 1,/B¥ 1 . These are not severe

conditions to impose in most applicatioms. Then

~10=



Q. f.,}.,, - i. = v, + L Sin ‘(‘;f o gy o (12)

~ =¥ 7Y
2 |a* a2
where
Aa=§;"a (H+3&a ctnell ) ,
(13)
Ab = ¥y (b + b ctneC)
Then, substituting Egs 13 in By 12,
1 #”
Q=7¢ 288y , (14)
where
CZ S 1 . ) |

Cypi(b + yy ctne)®  (8y - LSin + y)? [B+ (8y -LSin L + yb)ctﬁccjz
(15)
Por a giveu site buth y, and 8y are usually necessary. But, whem the flume

operates as a critical depih meter, experizents will make it possible ts drop

one of the above measurcments. Bg 14 is comparable to By 10,



Iv. TH8 PRBLIMINARY MCODBL TBSTS

The flumes tested are designated ag: (1) modified WSC flume and
{(2) second mcdified WSC fiume (see Fig. 1). Calibration data were nbﬁained
for three roughness conditiens for each of the above»flumes, f.e., (1) no
roughnesa (an umpainted plywood approach chanmel twelve feet long), (2) type
I roughuess and (3) type II reughness. |

The model flumes were imstalled in a chanmel of trapezcidal eroseg-
section with a 5 per cemt slope. The sides of the chanmel had a slepe of 15
degrees, from the hatizcnéaln "The flume sidewalls had a 30 degree siocpe with
respect to the horlzountal. There was aa abrupt transition comsisting cof a
vertical wall between the channel and the upsiream end bf the flume for the
tests on the modified WSC f{lume. The second modified WSC fluwe had the up-
strean section of the flume replaced by a smooth transition from the channel
to the flume made up from two plane 45 dagree isosceles triaagles, one on each
side of the stream bded,

The roughness may be described as follows. Type I roughness com-
sisted of 1-in. sguare pieces of Q.5-in. thick piywood naiied to the floor of
the chanmnel (eot in the flume) on 4-in. centers. They covezed the bed and
sideslopes for a distance of 3 fi upsirecam of the flume., Type II zoughness
was identical in every respect except that the pisces were 0.75 in. thieck.
These roughnesses were installad inm crder to determine the effect of roughmess
variations uvnder fieid conditions and also to change the Froude number in the
approach chanunel. Miner variatiocns of slope in the field would cause no more

variatlon in PFr ¢thaa the roughnesses wtilized,

=12



Subseript a in the data zefers to the upstream measuring station
(see Pig, 1). The upstream a gorrespends ¢o the modified WSC flume and the
downstream a fo the second modifjed WSC filums, The subseript b denctes
measurements made micdway of the throat.

Model discharges under 0.3 cfs were determined by catching the disf
charge for a given lengih of time, weighing it and converting the data toc cfs,
Rates of flow greater than 0.5 @fé were measured by means of a calibrated
5;in= diameter orifice in a 14<in, pipeliunz serving the chamuel in which the
flume was located,

Piezometiric head measurements were recorded for each discharge in
terms of feei of clear water., The head was measured with the floor of the

flume as a referemce, Data were recorded for both the a and b cross-sections.

tus
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V. RESULTS OF PRELIMINARY MODBL TBSTS

The preliminary model tests demonstrated that the modified WSC flume
(or Venturi flume) holds considerable promise of being a practical device for
measuring the flow of steep ephermzl streams over a wide ramge of discharges,
However, several precautions must be observed, and additiomal tests are meeded.

While several attempis were made to correlate all the data, regardless
of roughmess, insufficient data were available to properly compute the Froude
number in the approach section. Therefore, the best presemntation of the data
seems o be a simple plut cf o¥p Versus Qp . Fig. 2 is a summary plot of
all the data obtained,

Fig. 3 is a plot of ,yp versus Qg for the modified WSC flume. One
sees that for Qp < 0.1 c¢fs (approaching flow is subcritical) the effect of chan
nel roughness disappears, This correspoads to the results found by such re=~
searchers as Parshall, Then, for Qg > 3.0 cfs , the effect of roughness be-
comes nggligiblev again because the relative roughness is approaching zere even
though the approach velecities are supercritical. In between, which is a wery
impertant range of flows for the amticipated application of these data, rough-
ness definitely has an important effect. A couple of points from field current
meter ratings during a sustaised {low will, however, emable ome to get aiound
the roughuess prodlem (also see section VI Recomﬁeﬁdaﬁions)o

Tests were made on the second modified WSC flume beéamse such a design
would save mearly 40 per cent om the cost of concrete necessary e build the
pretotype structure. The initial resulis (Fig. 4) were, consequeutly, some-
what disappointing. The calibratiom curve is too flat {small depth change coz-

responds te a large change in discharge) to be very usable over an important

=14~



range of discharge. Furthermoze, the waves that form in this structure have 2
mich greater amplitude than the waves in the first design, particularly within
the flume itself.

It is feit that with further study it will be possible to utilize the
second modified WSC f;umeo See section VI Recummeﬂdatibmso

The data feported hezein are largely im the.superctiticatsvel@citv'»
range, the most daagercus from the standpoiat of field rating, scour and uplift
on the structure. The models were too small to ddeqdately test the lower range
of subcritical fiows where the flume @cts like the conventional @riﬁical’flbw
meier, This rauge is rvelatively easy tu rate éither in the fieldgigaboréﬁorﬁ
or theoretically -- the difficult preblem is tc find 2 device that operates well
in the supercritical range.

Waves aze large and velocities are high im both structures tested.
Therefore, in the fieldo these flumes must be placed én sound rock or the struc-
ture will be lost due to scour, The flume must be adeguately tied inmto the iockg
Stagnation pressures will be large and uplift will be dangerous.

The prcblem of instoumentation, recording @f the transitiom from smpéra
eritical to suberitical approach velocities, and scouzr have been comsidered but
are outside the scope: of this ceport.

Toe availeble data cn the ﬁcéiﬁied‘WEC flume (Rig. 3) are adeguate fou
prelimimary determinations of dischazge of prototype designs but more work neceds
to be doue before discharge records obtained by such structures can de classified
&8 "excellent™, Reference sﬁamld be rmade to szction III for equations esmadling
oae to computz a calibration curve f@z low discharges. Time did not permit

-

carrying cut the calculations as a part of this study,



VI. RBCOMMENDATIONS

These recocmmendations are divided into two groups: (A) Medified WSC

flume, (B) Puture ideas tc be tested.

Aﬂ

Modified WSC flume:

1.

2.

3.,

4.

Observe the behavior, if possible, of several flumes installed
in the field before very much more laboratory data is sought.
Pictures, notes, stage data, etc. will be helpful in direct-

ing further laboratory studies.

. Test three hand picked field installations in the laboratory

at a scale of 1:2.5 ( A = 2.5). Topography at‘eaéﬂ site would
be included. The complete range of prototype dischargé could
be modeled. This would yield information on the affect of
roughness, plus give a complete calibration curve for three
field sites. These data could be eitrapolated to sitex of
similar topography. i
Study better instrumentation. Much is needed in the way of
means to detect the transition ffbn sub-tc supercritical flow.
The structure should be installed cnly in places where sound

rock is available. Wave action, scour and uplift pressures

need to be considered further.

Future ideas toc be tested:

1. On the basis of work by Ippen, Emapp, et al, in rectangular

flumes, it seems that the second modified WSC flume could be

employed if the positicn of formation of the cblique standing

waves could be stabilized by means of slats, etc. placed op

== 1@&1



the side glopes of the entrance transition of the flume. This
would save several vards of coacrete im each structure builg.

2. Test a device of the same shape as the second modified design
except that at ¢he downstream emd of the throat a hinged flip
bucket would be built. This flip bucket wceuld deflect the water
jet upward so that any scour cecurring would be far downstream
of the structure. Also, a pressure transducer could be com-
nected to the bucket in such a way that the discharge could be
plotted against the transducer output -~ thus eliminating stili-
ing wells and water stage recordérsa

3. Incorporate seQiment discharge equipment with the flumz design

4. Give further consideration to the salt dilution techmigue.

There seems to be several possible ways in which this te@hhiqme

¢ould be applied tu the problem under consideratioca.

=17~
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VII. SUMMARY OF LABORATORY DATA

The datas tabulated below aze in every case the mean of at least four
readings. The piezometric head readings were taken at positions corresponding
to the set of taps nearest the bed, showm in Pig. 1. To convert these mecdel

data to prototype for a 1,7 scale factor,

p¥a = "m¥a
P’ = "mVb
QP =135Q .

Modified WSC Flume - No Upstream Roughness

Run No. n¥a n¥b Qm
‘ft) S () ' " (cfs)

1 = 0.048 0.0634
2 0.050 0.132 0.169
3 - 0.093 0.059
4 0.078 0.184 0.306

35 0.106 0.208 0.519
6 0.150 0.23%6 0.790
7 0.204 0.266 1.060
8 0.287 0.325 : 1.66
9 0,352 0.354 2,30
10 0.977 0. 425 3.85
11 C.544 G. 465 4.8
12 0.561 0,482 5.08
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Madd £ 1 By o Tw ¥ { R
Modified WSC Flume - Type I Roughness

> emmm—ee e

e S P S — S—— e

Run No, n¥a a¥d

%37 (e {cfs)
21 @ £.075 0.0425
19 = C.103 0.0704
18 0,057 0,156 0.144
20 0,080 0.198 0.280
12 0.149 0,257 0.650
16 Q.194 0.285 0.925
15 0.357 0.3%4 2.15
i4 0,496 0. 447 3.78
13 0,573 0. 498 5.00

Modified WSC Flume - Type II Roughness

Run Mo, mVa rYbd Qm
(ft) (ft) ' (cfs)
22 - 0,107 0,0789
23 0.067 0.168 0.171
24 0.299 0,227 0.376
25 0,152 0.256 0.590
26 0.226 0.296 1.025
27 0.310 0.351 1,645
28 0,374 0.384 2.2%
29 0.468 0.436 3.49
30 0.566 0.498 4.95

Second Modified WSC Flume - No Unstream Roushness

Run No. a’a nVb Q_
(ft) (ft) {cfs)
35 Q.157 0.217 0. 429
36 0,188 0.244 0.700
37 0.212 0,282 0.960
33 0.246 0,313 1.51
34 . 0.3319 Q.33 2,30
32 0.380 : 0.361 3.31
31 0,453 - 0.433 4.75
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Second Modified WSC Flume - Type I Roughiness

Run Mo, mya myb
(ft) { fe)

38 0.098 0.0v4

39 0.228 0.217

0 0.216 0.249

41 0.272 0.305

42 0,204 9.350

43 Q.362 0.374

44 0.3%6 0.415

45 0.675 0,471

Secend Modified WSC Flume ~ Type II Roughness

fen W . m'a . .m
(ft) (ft)
50 0.227 0.266
51 0.275 0,311
49 0.334 0.371
43 0,382 0.390
47 0.445 0.426
. 0.511 0,485
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ISOMETRIC VIEW

Note: eBottom of the flume has a sldpe.of 5 percent. ?

oFirst modified WSC flume shown above. Second
modified WSC flume has upstream 5 feet removed
as explained in text of report..

Fig. | Flume for flow measurement on steep slopes
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INCLINED ENDVIEW
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FORT GOLLINS, GOLORADO

MODIFIED WSG FLUME

Scale: 1" 3' November, 1956
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