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INTRODUCTION

A new type of flume is being used to measure flows in Walnut Gulch and

its tributaries near Tombstone, Arizona. The flume was developed to cope

with the ephemeral, flashy, and sand- and gravel-laden flows convoyed by the

steep streams in this watershed. Conventional weirs and flumes could not be

used for flow measurement as their performance would be adversely affected

by the deposition of sand and gravel in and around them. Yet, a precalibrated

flow-measuring device was needed as the use of current meters to obtain

field measurements was impractical or impossible. The Walnut Gulch super

critical measuring flume was developed to fill this need. These flumes have

been described by the writer (1) and the field performance of the flumes has

been reported by Osborn, Keppel and Renard (2). Since (he publication of these

earlier works, new information on these flumes has been obtained, particularly

on model studies to calibrate them. Herein the writer presents the results of

laboratory calibrations made on eight different flumos.

FLUME DESIGN

The flume has a straight portion, 20-ft length and a 10-ft depth, [the Ifnglh
of the straight portion of the flume should be about twice the maximum head

(1)] preceded by a curved entrance approach portion 15 ft long. The straight

portion has a shallow V-shaped floor and side walls of 1 on 1 slope (see Fir.

1). The curved approach has a cylindroid surface as shown in Fig. 2. The

surface is defined by the equation
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y = 0.03jr +
z - 0.03x*

0.002C7x2 +

MY 8

(1)

in which x = horizontal coordinate positive in the upstrnain direction, in fool:

v = vertical coordinate in feet; and z. = horizontal coordinate normal to the

center line of the flume, in feet. Sec Fig. 1 for the origin of coordinates.

The structure lias a 3 % slope in the downstream direction to insure move

ment of sand and gravel through the flume. Tho invert of the flume is usually

placed about 2 ft above the slreambed to reduce backwater on the flume. The

head is measured at the midpoint of the narrow, straight portion of the flume.

Velocities are supercritical at the head measuring section, hence the name

given to the flume. For additional information on the flume, see Rcf. 1. All of

0.00267 X'« I

' SECTION A-A

FIG. l.-WALNUT GULCH SUPER

CRITICAL MEASURING FLUME

FIG. 2.-APPROACH CYLINDROID

SURFACE

the flumes are 35 ft long and differ only in width, W, and floor cross slopes,

Sv. See Table 1 for the dimensions of the flumes.

THEORY OF FLUME OPERATION

The flume contracts the stream cross section and causes the flow to pass

through critical depth within the flume. The contraction ratio (measuring

section flow area divided by the approach channel flow area) should be ap

proximately 0.5 or less. A prediction of the capacity of the flume can be made

by assuming that critical depth occurs at the junction of the straight and the

curved entrance portions of the flume. The critical discharge at the junction

section is given by

Qc = ~£- (2)
ac~c

in which Qc = discharge; g = acceleration due to gravity; Ac = cross-

sectional area of flow; ac = velocity distribution constant; Tc = top width of

flow; and c = a subscript relating to conditions at the critical section.

The total specific energy, Hc, in the flume at the junction section measured

relative to the bottom of the V-shaped floor is given by

■'••:;; j;il:{?f-t:t:.:fH=ii!
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or using Eq. 2 and V = A V

(4)

in which hc = depth of flow above the V-shaped floor.

TABLE 1.-SUMMARY OF LABORATOHy-CALlBRATKD WALNUT GULCH FLUNKS

Flume

number

(1)

1

g

7

8

11

IS

Floor cross

slope is v)

W

IS

7 5

10

10

10

10

10

10

Flume width.

in feet

(3)

120

30

5

70

40

40

30

40

Maximum

discharge, in

cubic feet per

second

(-!)

26,000

G.000

1,200

16.500

8,COO

8.000

G.000

8,300

Moid

length

scale

<5)

1:40

1:32

1:30

1:30

1:30

1:30

1:30

1:30

Contraction

ratio

U,p = 10 ft)

(6)

0.48

0.50

0.13

0.70

0.40

0.80

0.3C

0.23

Data on

Figure

number

(7)

3(a)

3(6)
3(<r)

3(<J)

3(c)

Hf)
3(jr)
aw

The total specific energy, Up, above the flume zero at Ihe point of head
measurement, assuming no energy loss between the junction section and the

head measurement section, would be

°-03L
in which L = horizontal length between critical section and point of head mea

surement (10 ft). Also,

iu which p = a subscript relating to conditions at the point of head mea

surement.

If we subtract Eq. 6 from Eq. 5, one obtains

To obtain a computed rating of kp versus Q involves solving Eq. 7 using a
trial value of hp and a computed value of Q for a given hc. The initial trial
value hp is assumed too low and incremented until the equation balances. This

iteration is readily accomplished with an electronic computer.
Sediment approaching the measuring structure must be allowed to pass

through the structure. This mean.-, that approach velocities will be relatively
high and may influence the depth of flow at the measuring section. Since the
approach velocity and direction will be different for each flume silo, it was
thought necessary to calibrate each stnicture individually by model studies in

*:•:-.*■.'
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a hydraulic laboratory. In addition to providing the calibration, the model

studies provided a check on the overall performance of the structure by re

vealing whether undersirable waves or oblique currents exist.

^ip^rt-n^yy^i^^vy.^^J1^1y,ty,

MODEL STUDIES

The proposed site for each flume was surveyed. Detailed topographic data

were obtained for a distance of 500 ft to 1,000 ft upstream and about 300 ft

FIG. 3.-D1SCHAP.CE COEFFICIENTS FOR WALNUT GULCH FLUME- (o) NO t- (6)
NO. 3: (C) NO. 4; {d) NO. 6: (c) NO. 7;(/) NO. 8; If) NO. II: (A) NO. IS

downstream. The location, density and height of any vegetation in the channel

was determined and the approximate particle size of the bed material noted.
These data were used to estimate the friction factor. The obstructions were
built to scale and properly placed in the model.

The model scale selection was based on the size of the area lo be modeled,
the size of the laboratory basin, the available water supply, and the approxi

mate roughness of the field channel. Model scales used are given in Table 1.
The topography of the approach channel was modeled in the laboratory test

^^^

!:;££ig&&$;
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basinwithPortlandcementmortarwithalltopographicdetailscarefullyre

produced.Amodeloftheproposedflumewasconstructedofredwoodandin

stalledinthemodelbasinatthechosenlocation.

Flush-mountedpiezometerswereInstalled.itseveralpointsinthebedof

ihomodelchanneltoobtainthedataneededforcalculatingthi-frictionfactor

inthemode!approachchannel.

UEASOREO-^tri^JI*
130MODEL--:»•♦•-'-

n
-H+ta: i.'!71.

—S—VCt-Q—i—i-■•--<-
J|>Tj--COMPUT£D

jrImii 04OS>0*t

MEASUREO-

mm

ti~::ri::::r.y--r-XT

.it,I■

:4|
fI

*I

MEASURED>/,'

rjomodelYi"'"

..*'i

I

:j_

OCO«*O12

■ff\. •_.(COMPUTEO'

lie.a.-

Approximately50testflowswereusedincalibratingeachmodel,oreach

variationoftheparticularmodel.Head,dischargerates,watertemperature,

andgeneralflowconditionsweredeterminedforeachtestflow.

DATAANALYSIS

Thedischargecoefficientwascalculatedforeachtestflowfromthe

formula:

c^

c-
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in which Q = discharge, in feet per second; C = discharge coefficient: /

width, in feel, al the measuring point at elevation hp above the flume zero;

and hp - piezometric head, in feet above the flume zero. Hie bottom of ib.o

V-shaped floor.

The measured coefficient, C, values are plotted (solid line) against tho

corresponding values of head, lip, for each flume on Fig. 3. Also plotted on

these same figures are C values derived from the theoretical rclationsliip

between head and discharge calculated as explained earlier (broken line).

Manning's „ values were calculated for each test with the following:

(0)

in which V = velocity, in feet; ft = hydraulic radius, in feel: S = slope of the

energy line; and n = Manning's n.

Values of Manning's n were expressed in prototype scale by applying a

multiplier equal to the one-sixth power of the length scale ratio. They ranged

from 0.02 to O.to for the wood float, finished mortar surface of the model.

These values were generally within the range of estimates of the prototype

values.

ANALYSIS

An examination of the C versus hp curves shows good agreement in trend

between the measured values and the computed curves, particularly for values
of hp above the reversal point of the computed "C curves. This point on the

computed C curve corresponds to the head at which contraction begins at the

junction section. This head is equal to the vertical distance from the flume

zero to (he point of Intersection of the wall with the floor of the flume. For

example,flume 1 [Figs. 3(a) and 4] has a half-width of 60 ft and a floor cross

slope of 1 on 15. Therefore, there Is a rise of 4 ft In the floor from the bot

tom of the V to the intersection of the floor and the wall. This rise corre

sponds to the value of h* at the reversal of the direction of the computed C
line.

The measured C values for heads above the control point to flume 8 [Fig.

3? f)\ show the greatest departure from the computed values, with the maxi
mum deviation occurring at a head of about 3.5 ft. This is caused by a wave

formation at the measuring section at this head resulting from improper

alignment of the Hume with the approach channel and insufficient contraction.

This flume was constructed before the model studies and may account for

any incorrect positioning of the flume. Experience indicates the desirability

cf preconstmction model studies for these flumes.

Dolow the head corresponding to the control point at the junction section,

the measured C values exhibit various tendencies. Some closely conform to
the computed values (flume 8). Some are greater (flume 1) and some are less

(flumes 3, 11 and 15). In this lower head range, the velocity of the flow ap

proaching the flume may be the control influencing the depth at the measuring

section. Or in some instances, a control contraction may occur at the en

trance to the flume, and conformancc to the computed curve can then be ox-

pected. If the approach channel conditions remain stable, and if the model

accurately reflected the influence of the approach condition, (he C values
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observed in this lower head range are believed to be satisfactory. If the ap

proach channel changes, it would be desirable to make field determinations i»f

Ihe C values in this lower head range.

The agreement between the trends of the measured and computed C values

is good in the upper head ranpe. For some flumes, the coefficients also

closely asree in value (flumes 1. 3, G. n.id 8). For other flumes, the mea

sured values of Care less than computed 'flumes A, 7, 11, and 15V In seek-

in;: t!se reason for this behavior of the C value, it was observed that the

contraction ratio of the flume cross section to the stream cross section ap

peared to be significant. For contraction ratios of 0.-10 a.:ri ••' the measured

C values were < computed. Whereas for ratios > 0.40, the measured C val

ues closely approximated the computed.

r IG. 4.-WALSUT C.L'LCH Fi.l"ME NO. 1 NKAll TOMBSTONK. AIUZON'A

A study has been started to learn if, for those fiumes having measured C

values less than computed values, a method of yielding a better prediction of

the C value could be developed. In one calculation, it was assumed that the

critical depth occurred at a point midway between the junction and the mea

suring sections. This trial calculation produced computed C values that wore

quite close to the measured values. Since the analytical basis for this finding
has not been developed, further comment on this finding is not offered.

CONCLUSIONS

The Walnut Gulch supercritical-flow measuring flume is used to measure
flows in Walnut Gulch and its tributaries near Tombstone, Arizona. Model
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tests are required to calibrate the flumes through ihe major portion of the

depth of flow range (Including the greater depths). The model results arc por

trayed in relationships of discharge coefficients to piczometric head in the

supercritical-flow portion of the flume. Discharge coefficients computed on

the assumptions that critical depth occurs at the entrance of the narrow por

tions of the flume and that no energy loss occurs i:i the flume predicted the

shape of the discharge coefficient versus piczomotric head curve.
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APPENDIX n.-NOTATION

The following symbols are used in this paper:

cross-sectional area of flow, in square feet;

subscript relating to conditions at critical section;

discharge coefficient;

acceleration due to gravity, in feet per second per second;

depth of flow above the V-shapcd floor, in feet;

piezometric head above flume zero, bottom of V-shaped floor, in feet;

total specific energy, in feet;

total specific energy, if feet;

horizontal length between critical section and point of head measure

ment, in feet;

it = Manning!s n;

p - subscript relating to conditions at point of head measurement;

c

C

e

hp

"t

^
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Q =

u -

s -•

CALI1JRAT1ON OK I-LU.M1J5;

discharge, in cubic feet per second;
discharge, in cubic feet per second;
liyilr.iulic radius, in f.-,.(;
slope of (he energy line:

floor cross slopes-

%l:d<llo

1UH0
-■:••*: ■-•:■.•

V -

w -

X -

y =

^l,
velocity, in feet per second":
widtli, in feet;

horizontal coordinate positive in upstream direction, in feef
vertical coordinate, in feet;

horizontal coordinate normal to center line of flume in fcof nnd
velocity distribution constant.

''!'::-::';I^J%fciil{il!if

'•^^¥^Hif^^^s0^
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KICY WOHIJS: channels: discharge; floods; Qurncs; hvcli-a;ili_es:

hyiiroloKy; measurement; maicls; runoff: sediments; £>ru:uii jpisjos:

water flow

AliSTJtACT: A new supercritical measuring flume i.s bciiij used to Ratfc scdimcr.t-

ladcn ephemeral flows in steep channels. The transition from the natural channel
Ui the straight modified trapezoidal measuring section of the flume consists of a

cylindroid surface. The flume is kept free of deposition by a V-shapril floor which
slu|<cs in the direction of the flow. The head is measured at the midpoint of the
straight section. Ten of these concrete flumes have been installed in the Walnut

OuJch Watershed near Tombstone. Arizona. Eipht of the flumes have already
been calibrated with models in the laboratory. The largest has a buttoni width of

120 ft and a capacity of about 20.000 cfs. This structure is the largest known prc-

calibratcd flume now in operation. The design of the flumes, the laboratory cali
bration data and some observations of their lield operation are analyzed.
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