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PREFACE

The series of manuals on techniques describes procedures for planning
and executing specialized work in water-resources investigations. The material
is grouped under major subject headings called books and further subdivided
into sections and chapters; Section A of Book 3 is on surface water.

Provisional drafts of chapters are distributed to field offices of the
U.S. Geological Sufvey for their use. These drafts are subject to revision
because of experience in use or because of advancement in knowledge, techniques,
or equipment. After the technique described in a chapter is sufficiently
developed, the chapter is published and is sold by the Eastern Distribution
Branch, Text Products Section, U.S. Geological Survey, 604 South Pickett
Street, Alexandria, VA 22304 (authorized agent of Superintendent of Documents,

Government Printing Office).




FACTORS FOR CONVERTING

INCH-POUND UNITS TO INTERNATIONAL SYSTEM OF UNITS (SI)

Multiply

Inch-pound unit

inch (in)
foot (ft)

nile (mi)

gallon (gal)

cubic foot (ft3)

By
Length

25.4
0.3048

1.609

Volume
3.785 X 10-3

0.0283

Volume per unit time

cubic foot per second (ft3/s) 0.0283

gallon per minute (gal/min)

1 pound (1b)

6.309 X 10-5

Weight
453.6

To obtain
SI unit

millimeter (mm)
meter (m)

kilometer (km)

cubic meter (m3)

cubic meter (m3)

cubic meter per second (m3/s)

cubic meter per second (m3/s)

gram (g)
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SYMBOLS, DEFINITIONS, AND UNITS

Definition
GENERAL

Cross-sectional area

Cross-sectional area at critical depth section

Cross~sectional area at measuring section

Critical depth line

Wall height

Depth of flow

Critical-flow depth

Depth at the measuring section

Specific energy

Energy line

Gravitational constant (acceleration)

Head measured in throat section

Friction loss between two sections

Axial length of flume converging reach

Axial length of flume diverging reach

Axial length of flume throat reach

Manning roughness coefficient

Drop from dike or gutter invert to flume floor
for HS, H, HL flumes

Total discharge

Unit discharge

Hydraulic radius

Radius of flume entrance rounding

Critical slope

Bed slope

Top width at the critical flow section

Top width at the measuring section

Velocity

Critical wvelocity

Mean vertical velocity at a distance from a
vertical wall equal to the depth

Velocity at the measuring section

Velocity head

Average width

Flume width at the entrance to the contacted
section

Flume width at the exit of the diverging
section

Flume width in the throat section

Water surface

Elevation of flume floor above any arbitrary
datum plane 4

Critical - section factor = AWA./T.

Greater than

Unit

ft?
£t2
ft2

ft
ft
ft
ft
ft

ft/s2
ft

ft

ft

ft

f
le/G

ft

ft3/s
ft3/s
ft
ft

ft
ft
ft/s
ft/s
ft/s

ft/s
ft
ft
ft
ft

ft

‘ft




SPECIFIC TO PARSHALL FLUMES

Converging wall length
Head measured in converging section at 2/3

the wall length, C, upstream of flume crest
Head measured in throat section at a point a
distance upstream of the exit of the throat

section and b distance below flume datum;
used to determine submergence
Amount of drop at exit of flume relative to
flume datum
Correction factor for submerged flow
Distance from throat crest to upstream
measuring section
Amount of drop in throat floor relative
to flume datum
Submergence discharge correction unadjusted
for flume size
Discharge under free-flow conditiomns
Nondimensional discharge, Q/gl/ZWTS/2
Discharge under submergence conditions
Nondimensional distance, L/Wp
Nondimensional depth, Hq/Wy

ft
ft

ft

ft

£t3/s
ft

ft
ft3/s
ft3/S

fe3/e




ABSTRACT
Flumes for metering discharge are usually of two general types——critical-
flow flumes and supercritical-flow flumes. In this report the principles
underlying the design of each are discussed, the most commonly used flumes
of each of the two types are described, and discharge ratings for each are
presented. Considerations in choosing and fitting the appropriate flume for
a given situation are discussed along with construction techniques and

operational experiences.




INTRODUCTION

The use of flumes as open—channel flow meters began shortly after the
turn of the century. The flumes commonly utilize a contraction in channel
width and free fall or a steepening of bed slope to produce critical or
supercritical flow in the throat of the flume. The relation between stage
measured at some standard cross section and discharge is thus a function only
of the characteristics of the flume and can be determined prior to installation.

Flumes have a limited but important use in gaging open—channel flow. As
with any other type of artificial control, such as weirs, flumes are built in
streams whose channel characteristics are such that the natural stage-—discharge
relation (discharge rating) is subject to shifting or is insensitive. Such
controls are also built in small flashy streams where current-meter discharge
measurements are impracticable because of the rapidity of changes in stage,
and where the difficulty of anticipating stream rises makes it improbable
that a stream—-gager will arrive at the site during high-water periods.

Portable flumes are used for determinations of low-flow discharge in

small streams whose depths are too shallow to permit the use of a current meter.




Purpose and Scope

The purpose of this report is to describe the various types of flumes
that are most commonly used in the United States, to present the principles
that govern their design, to provide discharge ratings for each, and to
discuss the general considerations involved in the selection and placement of
the type of flume most suitable for any given set of conditions.

The eight flumes that are described in the report are listed below where
they are categoriied with respect to the flow regime that principally controls
the measured stage; that is, each flume is classed as either a critical-flow
flume or a supercirtical-flow flume.

Critical-flow flumes:

Parshall
Portable Parshall

HS, H, and HL (these three flumes differ from each other, primarily,
in dimension)

Supercritical-flow flumes:
San Dimas
Modified San Dimas

Trapezoidal




PRINCIPLES GOVERNING THE DESIGN OF FLUMES

Hydraulic contractions and transitions may best be analyzed by the use
of specific energy principles. The specific energy diagram of figure 1
defines for a rectangular channel the relationships between depth of flow 4, Fz;-l'
and specific energy E, for various unit discharges, g Specific energy is her<o
the energy level with reference to the streambed at a particular point. Thus
a given increase in streambed elevation results in a decrease in specific
energy of the same magnitude.
Specific energy is defined as
E=d+32/2. (1)
Where V is the mean velocity and g is the gravitational constant. The
term V2/2g is the velocity head. If unit discharge, the discharge per foot
of width is used, equation 1 becomes
E=4d+ 22/25_51_2. (2)
Evaluation of this equation yields the family of constant g curves which are

asymptotic to a 45° line. The points lying on these curves and representing

the minimum specific energy for a rectangular channel are uniquely defined by

This equation defines the line of critical depths as shown in figure 1.

the equation

At this critical depth, there is the unique relationship in which the velocity
head is exactly half the depth of flow. Flow conditions more commonly found
in rivers and streams are tranquil or subcritical and are represented by the
curves above the line of critical depth. 1In this region depths are large,

and velocities and velocity heads are relatively small., Conversely, in the
supercritical flow region below the critical depth line, depths are ;mall,

and velocities and velocity heads quite large.




Figure l.~-Specific energy diagram for rectangular channel.




Six methods employed in various flume designs, as illustrated in figures
2-7, will be discussed using the specific energy diagram of figure 1.
Application of specific energy principles to abrupt contractions and short
channels is not entirely correct due to accelerative and curvilinear flows.

However it is the concept that is of interest here and not an exact analysis.

Type I, Tranquil Flow, Small Width Reduction

The earliest measuring or rating flumes are exemplified by figure 2 which
shows subcritical flow entering a flume with zero bed slope, S,, and side con- igq.2
tractions. The side contractions reduce the width of the flume which results <::*\€J'c,
in an increase in unit discharge.

Because there is no change in bed elevation, and minor energy loss, the
specific energy in the throat is about the same as in the approach. With
constant specific energy, the effect of a small width contraction is a lowering
of the water surface in the throat. In the example shown in figure 2, the
side contraction between point A and point B causes a change in the discharge
per unit width. The transition is illustrated in figure 1, as the point A on
the curve g = 1, and the point B on the curve q = 2. Owing to the small
degree of contraction, critical depth is not accomplished (point C on curve
q= 3, in figure 1). It is necessary in this type of flume to measure the

head in both the approach section and in the throat. For this reason, a

subcritical-flow meter of this type is seldom used today.




Figure 2.-~Type I control, subcritical-flow contraction obtained by small

width reduction, horizontal bed.
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EXPLANATION OF TERMS AND UNITS

(For figures 2 through 7, units have been
omitted and are in feet or as shown below)

CDL, Critical depth line
d, Depth in feet
dc, Critical depth in feet
E, Specific energy in feet _
Q, Discharge in ft7s
""q, Unit discharge in ft7s /ft
Sc, Critical slope
So. Bed slope of flume
WS, Water surface

Figure 2.--Type I control, subcritical-flow contraction obtained

by small width reduction, horizontal bed.

A




Type 1I, Critical Flow, Large Width Reduction

Further narrowing of the throat width, as before, results in increasing

the unit discharge until a critical width is reached. (See figure 3.) This

F(3-3
width corresponds to point C on figure 1 and represents the minimum specific here
energy which exists at the critical-flow depth. Earlier flume designs were
based on measuring this depth in the throat because of the unique critical-
depth discharge relationship of equation 3.

The discharge equations for flumes conform closely to this relationship,
but it can be seeﬁ that depths in the vicinity of critical flow can change
radically with little change in discharge. Thus, flow close to critical is
very unstable, constantly attempting to become either subcritical of super-
critical.

In both type I and type II controls, the flume slope may be zero or
nearly zero owing to the relatively small energy losses experienced.

In a type II control, head may be measured at either of two locations,
in the immediate approach to the flume or in the throat. Measurement in the
approach will yield a more sensitive head-discharge relationship because
changes in discharge will result in greater changes in depth in subcritical
flow than would like changes in discharges in critical flow. Unfortunately,
the head-discharge relationship in the approach may be unstable owing to
approach conditions such as scour and fill. Consequently, head is usually
measured in the throat to alleviate influence from either upstream or down-
stream. Approach conditions can have some influence on flow in the throat,
but it is generally insignificant. The location at which critical depth is
first reached may shift further downstream into the throat as a result of
excessive deposition in the approach. For this reason, and to avoid-possible

flow separations near the entrance, head measurements in the throat should

not be too close to the entrance.

[




Figure 3.--Type II control, critical~flow contraction obtained by large width

reduction, horizontal bed.




A type II control, properly called a critical-depth meter, has the
advantage of requiring measurement of head at only one location. It has
the disadvantage that free overfall is required to sustain flows at critical
depths in the throat. Measurement of head--upstream is n&t entirely satis-
factory because of possible approach influences, nor is it satisfactory in
the throat because of widely fluctuating water surfaces. As will be shown
subsequently, much is to be gained by placing such a flume on a slope greater

than critical.

Type III, Tranquil Flow, Small Increase in Bed Elevation

Types I and II controls represent methods of obtaining measuring flumes
by contracting the flow using width reductions. In these flumes, as can be
seen on the specific energy diagram in figure 1, the specific energy, E, is
constant from approach to throat. All changes in depths from approach to the
throat are accomplished by going to successively larger q curves.
Flow conditions similar to those produced by the side contractions, as
in types I and II can also be obtained by increasing the bed elevation. 1In
the absence of side contractions, the unit discharges will not vary from
approach to throat, but the specific energy,‘E} will change.
For a type III control with E = 1.0 in the approach and.2_= 1.0 throughout,
the change in depth must be along a constant q curve. As illustrated in
figure 4, this can only be effected by a reduction in specific energy. Hence, F?'. 4’
if the bed of the flume is arbitrarily raised 0.25 foot above the approach here
bed, the result is a direct reduction in E to 0.75 foot over the sill or to

point D on figure 1. This yields a depth of approximately 0.72 foot, which

is still suberitical. Because q is the same in both approach and over the

sill, do is 0.31 foot for both.

/0




Figure 4.--Type III control, subcritical-flow contraction obtained by small

increase in bed elevation, horizontal bed.

/!




Raising the bed even more produces lower and lower depths across the
sill until critical depth is reached at point F on figure 1., At this point
where the specific energy is a minimum, E = 0.47 foot. Hence, a sill height
of 0.53 foot is the critical height because a sill of greater height will
produce increased stages upstream. A critical depth of 0.31 foot will exist
at the sill.

Flumes that incorporate sills in their design are the least frequently
used. Among the primary advantages of flumes as discharge meters are their
self-cleaning characteristics. As might be expected, sills form a partial
barrier to the approaching flow that encourages deposition. Therefore, there
would appear to be no advantage to flume designs incorporating sills or

raised floors.

Type IV, Supercritical Flow, Width Reduction, Steep Slope

When flumes are on approximately zero slope, as in types I, II, and III,
critical depth is the minimum depth possible in the flume. When the flow in
the throat reaches the critical discharge a critical contraction has been
reached. Further contraction from the sides or the bottom or both will not
produce supercritical flow.
The design of a flume with supercritical flow in the throat can be
accomplished only by increasing the available specific energy from the approach
into the throat. Whereas a rise in the flume bed decreases the specific
energy, a drop in the flume bed or an increase in flume slope serves to
increase the specific energy. Type IV control in figure 5, therefore, is F'; .15
identical with type II, but has been placed on a slope to supply the required F\GI‘QD
increase in specific energy to produce supercritical flow in the thr;at.

Thus, for a particular discharge the path A-B-C-G in figure 1l is followed.

e

e




Figure 5--Type IV control supercritical-flow contraction obtained by width

reduction and sloping bed.




Type V, Supercritical Flow, Width Reduction, Drop in Bed

Supercritical flow may also be obtained by abruptly dropping the bed as
in type V (see fig. 6). As for type IV the path A-B-C-G in figure 1 is F, e
followed; A, represents flow in the approach; A to C, effect of the side L\ere'
contraction or movement from one q curve to successively higher ones; and C
to G because of increased specific energy provided by the slope or drop but
no further contraction.

Properly, tybe IV and V flumes should be called supercritical-flow meters.
As in the critical=flow meters, measurement of head is made either in the
throat or the approach. The advantages and disadvantages of measuring in
the approach have already been discussed. As previously emphasized,
measurement of head in critical flow as at point C, is undesirable since there
may be large fluctuations in depth with little or no change in discharge.
Therefore, head is customarily measured downstream of the point of critical
depth in the region of supercritical flow. Measurement of head here may be
difficult owing to the high velocities encountered under such conditions. As
can be seen in figure 1, a particular disadvantage of measuring head in this
region is the lack of rating sensitivity compared with measurements in
suberitical flow. The primary advantage of a supercritical-flow flume is
that it has optimum self-cleaning and scouring characteristics. A discharge
rating based on head measurements in the region of supercritical flow is the

least influenced by disturbances either upstream or downstream, and hence is

apt to be the most stable. By the same token, such flumes are the most

capable of stable operation up to high submergencies.




Figure 6.—Type V control, supercritical-flow contraction obtained by width
reduction and drop in bed.




Type VI Supercritical Flow, Steep Slope

It should not be construed that contraction and increase in specific
energy are both necessary for supercritical flow to occur. A sufficient
increase in specific energy alone can produce supercritical flow. In an
ordinary stream—gaging control this is obtained simply by the drop created by
the physical presence of the control.
As can be seen in figure 7, flow at supercritical depths can also be [:‘ 1
produced over a broad crest simply by giving it sufficient downstream slope. heve
A slope of 1 degree is usually sufficient to produce critical depth in
the vicinity of the upstream edge of the apron, but waves and disturbances
are apt to be numerous downstream. Such wave disturbances occur when flow

—

across the apron is too close to critical and not well within the super=
critical-flow range. On ordinary concrete aprons, slopes from 2 1/2 to 5
percent have been found to yield depths well within the supercritical-flow
range.

For a type VI control, if approach conditions were not subject to change,
a stable discharge rating could be expected to exist by measuring heads in
the subcritical region upstream. If accurate head measurements could be made
in the region of supercritical flow down on the sloping crest, a stable dis—
charge rating would be obtained regardless of upstream or downstream disturbances.
However, such a rating would be very insensitive. The addition of side

contractions improves the rating sensitivity. Thus, the ideal flume is

basicially a sloping broad-crested weir, with side contractionms.

/6




Figure 7.--Type VI control, supercritical~flow obtained by steepening slope.




PARSHALL FLUME

DeveloEment

The development of measuring flumes was stimulated primarily by the need
for simple and accurate devices for metering irrigation flows. Prior to 1920
the devices used were either weirs or flumes of the Venturi type; each had
its disadvantages. Ihe loss of head (backwater) caused by a weir set high in
a canal was intolerable if the canal banks were low; when the weir crest was
set at a lower elevation the weir often operated at a degree of submergence
for which discharges could be computed with less reliability. The Venturi
flume, which is, in essence, a short stabilized reach of channel that includes
a width—-contracted section, usually operates more satisfactorily than a weir
with regard to loss of head and submergence effect. However the Venturi
flume requires the measurement of head both in the contracted section and in
the upstream approach reach. The Venturi flume developed by V. M. Cone
(1917) was the forerunner of the Parshall flume. R. L. Parshall (1926)
proposed changes in the design of the Venturi flume, the most important of
which was a sharp drop in the slope of the floor at the upstream end of the
width~contracted reach (throat). The break in floor slope causes critical
depth to occur there, thus providing a control that commonly requires only a
single head measurement in the approach reach for a determination of discharge.

The throat width of the earlier Parshall flumes ranged from 3 to 8 feet.
Flumes with throat widths of 10 to 50 feet were later built and field
calibrated BY Parshall (1953). More recently Parshall flumes having throat

widths of 1 and 2 inches were calibrated by Robinson (1957). Discharge

ratings are thus available for a wide range of throat widths.




Although the Parshall flume was developed for use in irrigation systems,
it has also been used as a gaging-station control in natural streams. It will
pass small- to medium—-size sediment without the rating being affected. Poor
channel alinement and uneven distribution of flows in the approach may affect
the discharge ratings. The flume is insensitive at low flows because of its
rectangular cross section. To obtain the required sensitiveness during low-
flow periods of the year, the flume is sometimes operated during those periods
with a temporary V-notch weir installed at the entrance to the throat. Each

flume size is limited in the range of discharge it can measure and thus is

better suited to irrigation canals and other manmade systems.




Flume Configuration and Dimensions

The general design of the Parshall flume is shown in figure 8. The Figq 8
dimensions corresponding to the letters in figure 8 for various sizes of
flumes are given in table 1. The flumes are designated by the width, W, of

Table L
the throat. Flumes having throat widths from 3 inches to 8 feet have a <:T her<
rounded entrance whose floor slope is 25 percent. The smaller and larger
flumes do not have this feature, but it is doubtful whether the performance
of any of the flumes is significantly affected by the presence or absence of
the entrance feature as long as approach conditions are satisfactory.

The Parshall flume is a type V control with supercritical flow existing
in the throat section, but because head is measured upstream of critical
depth, it is classified here as a critical depth meter. Head is measured
downstream to indicate when submerged-flow conditions exist. The datum for
both gages is the level floor in the approach. The sloping floor, length Lyp
in figure 8, in the downstream diverging reach is designed to reduce scour
downstream and to produce more consistent head discharge relations under
conditions of submergence. The precentage of submergence for Parshall flumes
is computed by the formula

(Hp/He)x100 (4)
where Hp is the head in the converging section and Hy is the head in the
throat section. Where free-flow conditions exist for all flows, the downstream
gage, Hy, may be omitted and the entire diverging reach may be dispensed with

if desired. That simplification has been used in the design of small portable

Parshall measuring flumes.




Figure 8.--Configuration and descriptive nomenclature for Parshall flumesj

Jee table 1 and Symbols and Units in Table of Contents for dimensions and

description of terms.




Table 1.--Dimensions and capacities of standard parshall flumesg s




Head-Discharge Relations

Tables 2 and 3 summarize the relation of discharge to head at Hg under Teble <
At bene

conditions of free flow for flumes of the various sizes. Although the free- <::;5;z;1;'
N
flow head discharge relations for the various flumes were derived experimentally,
all relations can be expressed closely by the following equation, (Davis, 1963):
Q.

Y + = = 1.351 Q,0:%43, (5)
2Y 2 (1 + 0.4%,)

in which Y, = nondimensional depth, Hg/Wr,
Q, = nondimensional discharge, Q/gl/ZWTS/Z,
X, = nondimensional distance, L/Wp
Hc = head at measuring section, in feet,
Wr = channel width at throat, in feet,
Q = discharge, in cubic feet per second,
g = acceleration of gravity, in feet per second squared, and

L = distance from throat crest to measuring section, in feet.

For flumes with throat widths no greater than 6 feet, the following

simplified form of the above equation (Dodge, 1963) can be used:

- 0.6455 0.0494
Y, = 1.190Q, X (6)

These equations may be helpful in developing ratings for Parshall flumes

of non-standard dimensions or for those having finished dimensions differing

from the standard.




Table 2.--Discharge table for 2- to 9-inch Parshall flumes under free-flow conditions.




Table 3.--Discharge table for l-foot to 50-foot Parshall flumes for free—-flow

conditions.




When the head at Hy is relatively high, the free—flow discharge
corresponding to any given value of Hp is reduced. The percentage of
submergence, or value of (HT/H)x100, at which the free-flow discharge is
first affected, varies with the size of flume. For flumes whose throat width
is less than 1! foot, the submergence must exceed 50 percent before there is
is any backwater effect; for flumes with throat width from 1 to 8 feet, the
threshold submergence is 70 percent; for flumes with throat width greater
than 10 feet, the.threshold submergence is 80 percent. Figure 9 shows the
discharge ratings for Parshall flumes, from 2 to 9 inches, under both free- <::£‘: ;::
flow and submergence conditions. Figure 10 shows the correction in discharge,
which is always negative, that is to be applied to free-flow discharges for <IE>-'}A’
various percentages of submergence and various values of Hgp, for flumes that
have throat widths between 1 and 50 feet. The appropriate correction factor
(kg) for flume size is applied to the corrections read from the graphs. In
other words,

Qs = Q¢ - kg Qs (7)

where Qg = discharge under sumbergence conditioms,

Q¢

discharge under free-flow conditions, and

Q. = discharge correction unadjusted for flume size.




Figure 9.--Discharge ratings for "inch" Parshall flumes for both free-flow

and submergence conditions.




Figure 10.--Correction factors for submerged flow through A, 1- to 8-foot and

B, 10~ to 50-foot Parshall flumes.




PORTABLE PARSHALL FLUME

Characteristics

The portable Parshall flume is a device for determining discharge when
depths are too shallow and velocities too low for a current-meter measurement
of discharge; it is not used as a gaging-station control. The portable
flume used by the Geological Survey is a modified form of the standard Parshall
flume having a 3-inch throat. The modification consists, primarily, of the
removal of the downstream diverging section of the standard flume. The
purpose of the modification is to reduce the weight of the flume and to make
it easier to install. Because the portable Parshall flume has no downstream
diverging section, it cannot be used for measuring flows when the submergence
ratio exceeds 0.6. The submergence ratio is the ratio of the downstream
head to the upstream head (equation 4). Although a submergence ratio of 0.6
can be tolerated without affecting the rating of the portable flume, in
practice the flume is usually installed so that the flow passing the throat
has virtually free fall. That is usually accomplished by building up the
streambed a couple of inches under the level converging floor of the flume.
(See figure 4).

Figure 11 shows the plan and side views of the portable Parshall flume. F:311¢¢ /!

penre b=

The gage height or upstream head on .the throat is read in the small stilling
well that is hydraulically connected to the flow by a 3/8~inch hole. The
discharge rating (head-discharge relation) for the flume is given in table 4; é/‘ #
~

the discharge corresponding to a given head is slightly greater for the rear here

portable flume than it is for the standard 3-inch Parshall flume.
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Figure ll--Working drawing of modified 3-inch Parshall flume
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Table 4.--Rating table for 3-inch modified Parshall flume.
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Installation and Operation

When installing the flume in a channel, care must be taken to level the
floor of the converging section both laterally and along its longitudinal
axis. The level bubble that is attached to one of the braces (fig. 11) may
not be sufficient unless its correctness is confirmed by comparing with a
carpenter’s level placed in the actual floor of the flume. Soil or streambed

material is then packed around the flume to prevent leakage under 'and around

ﬁ,’g A

it. TFigure 12 shows a typical field installation. After the flume is L\(lV' e

installed, water will pool upstream from the structure. No head readings
should be recorded until the pool has stablized at which time readings should
be taken at half minute intervals for about 3 minutes. The mean value of
those readings is the head used in table 4 to obtain the discharge.
Calibration tests by the authors of eleven of the 3-inch modified
Parshall Flumes indicated rather sizable differences between the rating
supplied here and that measured in the laboratory. Typically, especially at
low heads, measured flows were on the order of 7 percent greater than given in
table 4. Some of the differences were attributed to poor dimensional control,
especially where welded construction may have caused warping. Furthermore,
consideration should be given to calibrating each flume, either in a laboratory
or in-situ if other independent and accurate means of discharge measurement
can be devised. In many instances, for the lower discharges, volumetric
measurements can be made just downstream of the flume to allow confirmation

or for adjustment of the standard rating.




Figure 12,--Modified 3-inch Parshall flume installed for measuring discharge




HS, H, AND HL FLUMES

Characteristics

The U.S. Soil Conmservation Service (U.S. Agricultural Research Service,
1962) has developed flumés that bear designations HS, H, and HL, for use on
small watersheds. The configuration and proportional dimensions of the three
flumes are shown in figure 13 where all dimensions are expressed in terms of ‘:;9- 3
the height of a given flume, D. A flume of the HS, H, or HL type is trapezoidal sre
in cross section, and the sidewalls converge in the downstream direction to
promote self-cleaning of the floor of the flume. The level floor of the
flume becomes extremely narrow at its downstream end to provide greater
sensitiveness to the head-discharge relation. In reality these flumes are
quasi-weirs having zero bottom contraction. Critical flow is established at
the downstream end of the flume by a free fall. The flume is intended to
operate under free-fall conditions, but submergences up to 50 percent have no
significant effect on the head-discharge relation. The water—-surface elevation
(head) is measured in the converging approach reach, upstream from the end of
the flume.
The three flumes differ relatively little in general configuration, but

the difference in proportional dimensions gives the HL flume (L for large)

the greatest capacity of the three flumes, and the HS flume (S for small) the

smallest capacity of the three. This is borne out by table 5, which gives b'1l
S5 héayv
the discharge ratings for the various types and sizes of flume. . her<




Figure 13.--Configuration and proportions of type HS, H, and HL flumes




Table 5.—-Discharge rating table for various sizes of HS, H, and HL flumes.




Construction and Installation

The HS, H, and HL flumes have the advantage of simplicity of design and
construction. The three plane surfaces that comprise the flume are usually
made of metal plates and can be prefabricated for assembly in the field. The
flumes are usually mounted or cast into a concrete headwall. In many
installations, 1ightweight sheet piling can be quickly driven to form both
headwall and cutoff for the flumes.

Installation of the flumes should, wherever possible be made with approach

il
boxes depressed below the natural ground surface, as shown in figure 1l4. <i\l H

LR -
[ AP S A

Where the watershed is small and the flow is dispersed, it may be necessary
to use gutters to collect the runoff at the bottom of the slope and channel
it into the approach box. The flume floor must be level. If silting is a
problem, a l-on-8 sloping false floor (fig. 14) can be installed to concentrate
low flows and thereby reduce silting. The difference in calibration of a
flume installation with a flat floor and one with a sloping false floor is
less than 1 percent (U.S. Agricultural Research Service, 1962).

The stilling well for the water-stage recorder is usually made of sheet
metal, and is attached to the flume wall. Openings to the flume are provided

for ready exchange of water between the flume and the stilling well.

Z7




Figure l4.--Plans for straight headwall and drop-box installations of HS, H,

and HL flumes. (U.S. Agricultural Research Service, 1962, p. 31)




SAND DIMAS FLUME

Characteristics

A flume for metering the discharge of streams that are heavily laden
with coarse debris was developed for use in the San Dimas Experimental Forest
in southern California. Although labeled a critical-flow flume by its
designers (Wilm and others, 1938), the device is a supercritical-flow flume,
type IV, in the terminology used here, because head (vertical depth) is

measured in the supercritical-flow reach of the flume, 3 feet downstream from

the critical-depth cross section. The configuration and proportional dimensions {} ‘.E

hére

of the original San Dimas flume are shown in figure 15, The flume has a
converging approach reach whose floor is flat, except for a hump at its
downstream end which is the critical-depth cross section. The supercritical-
flow reach is rectangular in cross section and has a slope of 3 percent.
Because of the rectangular shape and the fact that supercritical depths are
measured, the flume is extremely insensitive at low flows. TFor the accurate
determination of low discharges the San Dimas flume is generally operated in

conjunction with sharp—crested weirs that can be bypassed when discharges are

high.




Figure 15.~-—-Configuration and discharge ratings for different sizes of

San Dimas flumes as originally designed.
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Head-Discharge Relation

Figure 15 also shows the discharge ratings for various throat widths.
The ratings for the 1-, 2~, and 3-foot flumes were determined from tests on
structures of those sizes; the general equation developed from the ratings
for the three flumes is also given in figure 15. That equation was found to
be applicable for a 4-foot flume, but could not be extrapolated with great
confidence to other throat widths. That can be seen in the dashed-line
ratings in figure 15, which are ratings for the 0.5~ and 10-foot flumes that

were based on discharge measurements.




MODIFIED SAN DIMAS FLUME

Characteristics

The San Dimas flume described on the preceding pages has been modified
(Bermel, 1950); the configuration and proportional dimensions of the modified /'Fiqur<
flume are shown in figure 16, The principal changes in the design can be pl\‘;.-c
seen'by comparison of figures 15 and 16. The approach reach has been narrowed
relative to the width of the throat, but the convergence of the side walls of
the approach reach has been made less abrupt. The hump at the downstream end
of the approach reach was removed. The hump added nothing to the effectiveness
of the flume because with or without the hump, the entrance to the rectangular
part of the flume is the critical-depth cross section; the hump has the
disadvantage of being a potential sediment trap. Another change involves

the site for measuring head. In the original San Dimas flume, head (vertical

depth) was measured 3 feet downstream in the throat section; in the modified

version, head is measured at the midlength of the throat section.




Figure 16.--Configuration and discharge ratings for different sizes of the

modified San Dimas flume.
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Head-Discharge Relation

The head-discharge relations for flumes of three different sizes are
also shown in figure 16. Because the location of the head-measurement site
varies with the length of the throat section, the discharge rating will vary
with both width and length of the flume. Recorded head was found to be more
compatible with the vertical depth of flow when a slot intake, rather than a

circular intake, was used for the head-measurement stilling well.
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TRAPEZOIDAL SUPERCRITICAL-FLOW FLUME

General Design

Supercritical-flow flumes that have vertical side walls, such as the San
Dimas flumes, have discharge ratings that are insensitive at low flows. As
with Parshall flumes, the rectangular flow section limits the measurable
range of dischargés_available for any given size. By sloping the side walls
so that the floor width is narrower than the top width at all cross sections,
the sensitivity of the rating, as well as the range of discharge that may be
accommodated by the flume can be increased.
The most promising design for a trapezoidal supercritical-flow flume was
developed by A. R. Chamberlin (1957) and A. R. Robinson (1959). They designed
and tested a flume having a throat width of 1 foot at the floor, a depth of 4
feet, a throat slope of 5 percent and a measurable range of discharge from 1
to 260 ft3/s. This flume is of the type IV as previously categorized.
To further test this design and to broaden its applicability, the authors
have constructed and field rated flumes having bottom throat widths of 1, 3,
and 8 feet. The configuration and dimensions of the three flumes are shown
in figure 17. The side walls have a slope of 30° with the horizontal. The <:::F33' "
approach reach of each of the flumes has a level floor; actually, the approach ™ here
reach of the l-foot flume was built with its floor having a 5 percent grade
in the downstream direction, but even for that flume a level approach floor is

recommended. The converging reach and throat of each of the three flumes

have their floors on a 5 percent slope, which ensures the establishment of

supercritical flow in the throat.




Figure 17.--Configuration, design, and capacities of trapezoidal supercritical-

flow flumes
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Were it not for the severe width constriction at the downstream end of
the converging reach, crtical flow would occur at the break in floor slope at
the downstream end of the approach reach, and flow would be supercritical at
all cross sections downstream from the approach reach. For all but extremely
low flows, however, the sharp constriction in width resulting from the use of
a convergence angle of 21.8° (figure 17) causes backwater that extends upstream
into the approach’reach. As a result critical depth occurs at the most
constricted cross section in the converging reach, the flow being subcritical
in the approach and converging reaches and supercritical in the throat reach.<F-'.‘a. 1y
That is seen in figure 18 which is a photograph of a 3-foot trapezoidal flume heré&
in Owl Creek in Wyoming. The purpose of the converging reach is to obtain an
increased velocity at the critical~depth cross section and thereby reduce the
likelihood of debris deposition at that cross section; such deposition could
affect the head-discharge relation in the throat of the flume.
Before a discussion of the details of the three flumes that were field

rated by the authors, it is appropriate to list some generalities concerning

the trapezoidal supercritical~flow flume.

1. The flume should be carefully alined in the channel and should not

constrict the natural channel by more than 40 percent, preferably less.

2. Smooth and gradually converging side wing walls should be used to provide

a smooth transition from the natural channel to the head of the flume.
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Figure 18.,--Flow through a 3-foot trapezoidal supercritical-flow flume showing

transition from subcritical to supercritical flow




The flume length should be no more than two or three times the maximum
expected head (vertical depth) at the head-measurement cross section.
An excessive flume length may produce a series of waves traveling the

length of the flume.

Side walls should have a slope of at least 30° with the horizontal; flatter

side walls will induce wave disturbances.

To ensure supercritical flow, the floor of the converging and throat reaches

should have a slope between 3 and 5 percent in the downstream direction.

Supercritical-flow flumes should be designed and fitted to the natural
channel to operate partially submerged during higher flows to avoid

excessive scour downstream and excessive backwater upstream.

The factor controlling the height of the side walls is the value of
critical depth for the throat cross section that corresponds to the
maximum discharge for which the flume is designed. That depth occurs
at the head of the throat reach. Consequently, the vertical height of
the side walls should equal that critical depth plus 0.3 ft of free-

board to accommodate surge and wave action.

Head (vertical depth) should be measured at the midlength cross section of
the throat reach. The orifice of the intake to the stage-recording

instrument must be absolutely flush with the throat wall.

All flumes must be of strong construction, preferably of reinforced concrete.

If the flume is not built on bedrock, considerable scour protection

must be provided immediately downstream from the structure.




10. Unless extensive scour protection measures are employed, supercritical
flow flumes should not be used in sand channels; they are intended

for use in measuring rock and debris laden flow, typical of steeper

mountain streams.




Head-Discharge Relations

Preliminary or interim discharge ratings for trapezoidal supercritcal-
flow flumes can be computed by use of the Bernoulli or total-energy equation

for the length of throat reach upstream from the head-measurement site

(fig. 19). By equating total energy at the critical-depth cross section (c) Frowpe 14
24; he x
eak N

at the head of the throat reach to total energy at the stage-measurement

cross section (m), we have

v Uy’
A N e T TR (8)
2 = - 7 - = =

where_z is mean velocity,

g is acceleration of gravity,

ji is vertical depth, and

Y is elevation of flume floor above any arbitrary datum plane,
and hg is the friction loss between the two section.

The assumption can be made that the friction loss, hg, in the short
reach is negligible and may be ignored. Then by substituting, in equation
8 values from the two equations Q = A, V. = Ap Vp and .-4AY = Y. = Y,, we

obtain

+ dp (9)

2 2
ZgAc ZgAm
where A. and Ap in the continuity equation are the cross-sectional areas at

the critical depth and measuring sections respectively.
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Figure 19.--Sketch illustrating use of the total-energy (Bernolli) equation




From the properties of critical flow (Chow, 1959, p. 64), the critical-

section factor (Z) is computed by the formula

where T, is the top width at the critical-depth cross section.

The discharge (Q) is

Q= Z\(g . (11)

With the assumption of a depth (d.) at the critical-depth cross section,
Q and A, can be computed and thus the values of all terms on the left side of
equation 9 will be known for any chosen value of d,. Because dj is uniquely
related to Ap, equation 9 can be solved by trial and error to obtain the
depth at the measurement cross section corresponding to the value of Q that
was computed earlier.

The entire procedure is repeated for other selected values of d. to
provide a discharge rating curve for the entire range of discharge that can
be contained by the side walls of the flume.

The computed discharge rating should be used only until the rating can
be checked by current-meter discharge measurements. The sources of error in
the computed rating are uncertainty as to the exact location of the critical-
depth cross section for any given discharge and neglect of the small friction
loss (hg). However the general shape of the discharge rating curve will have
been defined by the computed values and relatively few discharge measurements

should be required for shifting or modifying the rating.

s (10)
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When the energy equation for the upstream part of the throat reach has
been computed as described above, the height of the walls needed to contain
the maximum discharge that is anticipated is known.

The following should be mentioned, parenthetically, at this point: The
total-energy equation may be used in computations for the converging reach to
show that the degree of convergence in that reach is sufficiently severe to
prevent critical aepth from occurring at the entrance to the converging reach,

at all times other than for periods of extremely low discharge.
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One-Foot Trapezoidal Flume

The l-foot trapezoidal supercritical-flow flume (fig. 17) has been
extensively tested in the laboratory and in the field by the U.S. Forest
Service. Most of the field installations were in the Beaver Creek watershed
in Arizona where streamflow is characteristically flashy and heavily laden

with debris. The Forest Services discharge rating for the flume of l-foot

throat width is shown by the solid line in figure 20. The rating below a ///ﬁi.

discharge of 50 ft3/s is based on field measurements of discharge and on
laboratory model data.

A 1-foot flume has been installed in Virginia by the U.S. Geological
Survey on a stream that carries only fine sediment. The discharge measurements
that were made at the site have been plotted in figure 20; they show close
agreement with the Forest Service rating. As a matter of interest, the head
and discharge corresponding to five selected values of critical depth at the
entrance to the throat have been computed (using equations 8 through 11).

These are plotted in figure 20 and as can be seen, closely agree with the
standard discharge rating. The rating has been extended above a discharge of

50 ft3/s on the basis of the computed values.
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Figure 20.--Discharge rating curve for l-foot trapezoidal supercritical-flow flume.




Volumetric measurements as low as 0.1 ft3/s indicate the rating to be
reliable at low discharges. The maximum discharge that can be contained
between flume walls has been computed to be 263 ft3/s, on the assumption of
critical depth at the head of the throat reach equal to the 4.0-foot height of
the side walls. It is recommended that an additional freeboard height of
0.3 foot be provided in future construction to ensure that flows of that
magnitude will be'contained. It is expected that the head discharge relation
will not be affected by submergence, as long as submergences do not exceed
80 percent. Percentage of submergence is defined as the ratio, expressed as
a percentage, of the stage in the natural channel immediately downstream from
the throat reach to the head at the measurement section, both being referred
to zero datum of the floor of the flume.

The original design of the l-foot flume specified a 5 percent bed slope
for the entire structure, including the approach reach, and extremely low
discharges passed through the entire structure at supercritical depth. It is
recommended that the bed of the approach reach be placed at zero slope to
induce the deposition of large debris upstream from the more vital converging
and throat reaches, whose bed slopes will remain supercritical. This change

in the approach reach, however, may not alter the situation wherein extremely

low discharges pass through the converging reach at supercritical depths.




Three—-Foot Trapezoidal Flume

The 3-foot trapezoidal supercritical-flow flume (figure 17) was designed
to extend the range of the l-foot trapezoidal flume. The 3-foot flume has
about the same configuration as the smaller flume, the horizontal dimensions
having been generally increased threefold. However, because of practical
limitations, there were notable departures in scale in the single prototype
that was built. The throat reach was made 6.5 feet long instead of 15 feet
as called for by a threefold increase in scale. The dimensions of the approach
reach have been demonstrated to have no significant effect on the stage-
discharge relation; therefore, in the interest of expediency, the approximate
configuration of the converging reach of the prototype structure was extended
upstream, by the use of rock fill, to meet the natural channel banks. A
level concrete floor was placed in this modified approach reach for use as a
site for current-meter measurements of discharge.

The discharge rating curve for the 3-foot flume is shown in figure 21.

The dashed line represents a theoretical rating curve that was developed from
the discharge rating for the l-foot flume by using the Froude number criterion.
The plotted points shown by the symbol x represent paired values of head and
discharge that correspond to five selected values of critical depth at the
entrance of the throat; they were computed in accordance with the method

described previously using equations 8 through 11, The computed values

closely agree with the theoretical rating curve.




Figure 21.--Discharge rating curve for 3-foot trapezoidal supercritical~

flow flume




The solid line in figure 21 is the actual discharge rating curve for the
structure, as defined by discharge measurements. Poor agreement exists
between the theoretical and actual rating curves, but it is difficult to
assign a reason for the discrepancy. The modification of the approach section
may be discounted. The fact that the throat reach is 6.5 feet long, as
compared to the 15-feet reach that is called for by the threefold scaling of
the dimensions of thg l1-foot flume, is no explanation because the theoretical
computations of discharge were based on a throat reach of 6.5 feet. The most
likely explanation for the discrepancy betwen theoretical and actual ratings
is that the short throat length places the head-measurement site too close
(3.25 feet) to the critical-depth cross section. Thus, measured depths are
approaching those for critical depths. This is borne out by the fact that
the recorded heads, for all but very low flows, are higher than would be
expected from theoretical comnsiderations. It is recommended that for the
3-foot flume, a throat reach 10 feet long be used in subsequent installations.
This would place the head-measurement site 5 feet downstream from the entrance
of the throat; it would also lower all ratings somewhat in figure 21.

Theoretical and observed discharge ratings for a throat length of
6.5 feet appear to agree at a discharge of 560 ft3/s. That value is the
maximum discharge that can be contained between flume walls, based on the
assumption of critical depth at the entramce of the throat equal to the
5.0 feet height of the sidewalls. It is recommended that an additional
freeboard height of 0.3 foot be provided in future construction to ensure
that flows of that magnitude will be contained. The discharge rating for a

3~-feet flume to be reliable for discharges as low as 1 £t3/s.
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Eight~-Foot Trapezoidal Flume

To further extend the discharge range, and hence the applicability of
the trapezoidal supercritical-flow flume, one with a throat 8-feet wide was
built and field tested by the authors. The dimensions of the flume are given
in figure 17; the discharge rating curve as defined by discharge measurements
is shown in figuré 22. Also shown in figure 22 are the head and discharge F’i 22
corresponding to five selected values of critical depth at the entrance to n-_Lere
the throat reach. The plotted values were computed using equations 8 through
11 and show close agreement with the measured rating curve.

The discharge measurements that were made indicate that the rating is
reliable for discharges as low as 3 ft3/s. The maximum discharge that can be
contained between the flume walls is 900 ft3/s, when critical depth at the
head of the throat reach equals the 4.5-foot height of the sidewalls. It is
recommended that an additional freeboard height of 0.3 feet be provided in
future installations to ensure that flows of that magnitude will be contained.

The low-flow discharge measurements plotted in figure 15 show that the
low-water end of the discharge rating shifted during a floodflow that
transported a heavy load of rock and sediment through the flume. Some of the
rocks were as large as 1 foot in diameter. The resulting erosion, particularly
of the concrete floor of the flume, caused a small increase in cross—-sectional
area that had significant effect at low flows. The erosion, which can be
seen on the exposed sidewall in figure 23, has shown little increase since

that floodflow, which occurred during the first year of operation of-the flume.
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Figure 22.--Discharge rating curve for a 8-foot trapezoidal supercritical-

flow flume.




Figure 23.~--Erosion of concrete on the floor and walls of the throat of a

trapezoidal flume.




FLUME SELECTION AND PLACEMENT

Selection

After it has been decided that the use of a flume is desirable for a
particular site, a decision must be made as to whether to use a critical-flow
flume or a supercritical-flow flume. Both types of flume will transport
debris of considerable size without deposition in the structure, but if the
transported rocks are excessively large they may be deposited at or immediately
upstream from the critical-depth section of either critical or supercritical-
flow flumes. For a critical-flow flume, there will be a change in the
discharge rating since head is measured upstream of the critical-depth section.
Therefore, where the situation is likely to occur, a supercritical-flow flume
should be selected for use as head is measured downstream of the critical-
depth section. Because of the greater sensitiveness of the trapezoidal
supercritical—~flow flume, it is considered preferable to either the San Dimas

or modified San Dimas flumes, which are also supercritical-flow flumes.
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If a critical-flow flume will pass the transported sediment load, that
type of flume should be selected for use because the discharge rating for a
critical-flow flume is more sensitive than that for a supercritical-flow
flume. Of the critical-flow flumes, the HS, H, and HL flumes have the smallest
capacities but are highly sensitive; they are used almost exclusively for
research studies in small experimental watersheds. The Parshall flume is
invariably selectéd for all other situations where the use of a critical—~flow
flume is indicated. Discharge ratings for the Parshall flumes meet the U.S.
Geological Survey criterion for sensitiveness in that a change in head of
0.01 foot results in a change in discharge no greater than 5 percent. That

criterion is barely met at extremely low flows; at higher discharges the

Parshall flume rating are highly sensitive.




Placement

If the decision is to use a flume, the next step is to select the
appropriate one for the flow conditions and to design for its placement in
the channel to obtain optimum results. One of the standard designs previously
discussed will usually be used, although channel conditions may make it
necessary to makelminor modification of the standard dimensions of the
structure selected. Parshall flumes of so many different standard sizes have
been built and tested that there is sure to be one available whose range of
discharge is optimum for the study site. Although trapezoidal supercritical-
flow flumes of only three different throat widths have been built and tested,
wide latitude exists with regard to the height of the sidewalls that can be
used, and hence the range of discharge that can be accomodated.

After the type and size of flume are chosen for the flow conditions
expected, the structure must be fitted for optimum compatibility with the
natural channel. One of the most common failings is the incorrect placement
of the flume; if too high, excessive scour may occur downstream; if too low,
excessive submergence may occur at higher flows, partly negating the worth of
installing a precalibrated device. If the flume is too small, excessive
backwater may result with frequent overtopping and even scour around the
sides of the flume. It is probably better to err toward the large size then
small, All flumes are a compromise between having good sensitivity and
accuracy over the entire flow range. Attempts to obtain good low—-flow records

by use of a smaller flume should be tempered if the results of high flows,

through the same structure may be excessive backwater.




The four factors--channel characteristics, range of discharge to be

gaged, sensitiveness desired, and maximum allowable head loss (backwater)--

must be considered simultaneously in the precise fitting and placement of

flumes. Two preliminary steps are necessary.

1.

Determine an approximate stage—discharge relation for the anticipated range
in stage in the unobstructed channel at the site of the proposed control.
That may be aone by the use of an open—channel discharge equation, such as
the Manning equation, in thch uniform flow is assumed for the site and

a value of the roughness coefficient is estimated. An initial field survey
to include several cross—sections and longitudinal profiles for thalweg,
existing water surface, and bankfull elevations will aid in selecting and
fitting the flume by providing the data for the Manning equation as well

as providing a means of assessing the amount of backwater that can be
tolerated. The reliability of this estimated stage—-discharge relation will
be improved if one or more discharge measurements are made to verify the
value of the roughness coefficient used in the computations. The purpose
of the computations is to determine the tailwater elevation that is

applicable to any given discharge after the flume is installed.




2. The head-discharge relations for the several flumes under consideration
are next prepared for the anticipated range in discharge. A flume is then
selected that best meets the requirements of the site in acting as a control
for as much of the range as possible, without exceeding the maximum allowable
backwater (head loss) at the higher stages and with minor submergence effect
and acceptable sensitiveness at lower stages. In other words, a high crest
elevation mihimizes submergence but maximizes backwater effect which may
cause or aggravate flooding; a low crest elevation maximizes the submergence
but minimizes backwater effect; and where flumes are concerned the attainment
of high sensitiveness at extremely low stages requires a sacrifice in
the range of discharge that can be accomodated. The engineer must use
judgment in selecting a control design that is optimum for the local
condition.
A note of caution that bears repeating is that standard artificial

controls seldom operate satisfactorily in sand channels having highly mobile

beds.
On the pages that follow sample problems are given that illustrate the

selection and placement of a Parshall flume and a trapezoidal supercritical-

flow flume.




Sample Problem——Critical-Flow (Parshall Flume)

Problem.~~Given a channel whose sediment-transport characteristics
indicate the desirability of installing a critical-flow flume; namely, a
Parshall flume. The range of discharge to be gaged is 4 to 130 ft3/s.
Freeboard (top of streambank to water surface at maximum discharge) desired
is 0.8 to 1.0 foot.

The channel Eross section is roughly trapezoidal; top width is 12 feet
and bottom width is 9 feet. A low-water channel is incised in the streambed;
the height from thalweg to top of streambank is 4.3 feet.

Solution.=-~The first step is to derive an approximate discharge rating
curve for the channel unobstructed by a flume. The rating curve in this
example is based on two low-flow discharge measurements and a few values of
medium and high discharge computed by means of the Manning equation. The
Manning equation is

Q= 1.49 a3 5 /2, (12)
n

where Q is discharge,

n is a roughness coefficient,

A is cross—-sectional area,

R is hydraulic radius, and

Sais slope.
For use in the above equation, the properties of an average cross section are
determined for each selected stage, slope is assumed to be that of the

streambed, and a roughness coefficient selected after field inspection of the

site. The derived discharge downstream from the site of the proposed flume.




This rating curve is to be compared with the flume rating curve for determing

the optimum elevation of the floor of the flume. The tailwater rating curve,

which is only approximate, is shown in figure 24, and in actuality would be :F/y S
plotted on a separate overlay sheet of graph paper. The datum used for stage R fere
on the overlay is the thalweg of the streambed (lowest point in the cross

section). The top of the streambank is also indicated on the overlay. Next,

table 3 is examined to select a Parshall flume of the most economical size to
accomodate the given range of discharge. An 8-foot Parshall flume is selected.

The free~flow discharge rating curve for an 8-foot Parshall flume is then

plotted (fig.-24) using the same coordinate scales as for the tailwater curve

except that datum for the flume floor is selected to have free flow at the

lowest flows. For higher lows, submergence is permitted, in fact desirable. At

the same time, if feasible, submergence greater than the threshold value of

70 percent for an 8-foot flume should be avoided. Hence, the free-flow rating

curve is also plotted in figure 24, this time using for the abscissa 0.7 times

the head.

The overlay bearing the tailwater rating curve is then superposed on the
graph sheet bearing the free~flow rating curve for the Parshall flume. The
sheets are positioned so that the two discharge scales coincide and the
overlay is then moved up or down to determine the optimum elevation of the
flume floor with respect to the thalweg datum. The best relative position
of the two graphs is one which causes the entire tailwater rating curve to
lie below the short—-dashed curve representing free flow whose head has been
adjusted by a factor of 0.7. The elevation for the flume floor indicated by
that positioning would ensure, within the accuracy of the computed tailwater

rating, no submergence effect on the Parshall flume rating at any stage (that

is, submergence of less than 70 percent).




Figure 24.--Graph illustrating method of selection and placement of Parshall

flume control.




In this example, if the tailwater rating curve were moved downward from
its position shown in figure 24, so as to coincide with the short—dashed
curve at a discharge of 130 ft3/s, there would be no submergence effect at
any stage, but the freeboard would be reduced to a value smaller than the
required 0.8 to 1.0 ft. In view of the uncertainity concernng the accuracy
of the tailwater rating curve, caution should be exercised in reducing the
freeboard requirement because the application of erroneous judgment there may
result in a flume installation that causes overbank flooding when high stages
occur during periods of high wind and wave action.

The positioning of the two graphs as shown in figure 24 is believed to
indicate the optimum elevation of the flume floor--1.0 foot above the thalweg
datum. Submergence effect will occur at discharges greater than 55 ft3/s,
but the submergence effect is very slight, as will be seen, and a margin for
error is still present if in actuality the backwater effect is greater than
that computed from the approximate tailwater rating curve. At the minimum
discharge of 4 £t3/s the tailwater stage is 0.5 foot below the the floor of
the flume, ensuring free flow at that discharge even if aggradation occurs in
the downstream channel.

The final step is to adjust the rating curve for the Parshall flume for
submergence effect at discharges equal to or greater than 55 ft3/s. (The
point at which the tailwater curve crosses the short—dashed curve representing
free flow where head has been adjusted by a factor of 0.7.) The adjustment

for submergence effect is made by trail-and-error computations using the free-

flow rating for the 8-ft Parshall flume, along with figure 10 and equation 7.




The final trial computations are shown in table 6. The adjusted values

able ¢

heuw'lner-

of discharge that were obtained are indicated by the symbol "x" in figure 24

none of those values differs by more than 4 percent from the corresponding

free-flow discharge.

Sample Problem—--Supercritical=Flow Flume

Problem.--Given a steep channel whose sediment-transport characteristics
indicate the desirability of installing a supercritical-flow flume. The
range of dischargé to be gaged is 5 to 400 ft3/s. Freeboard desired in the
natural channel upstream from the flume structure is 0.5 to 1.0 feet.

The channel cross section is roughly rectangular--width is 9 feet and
the height of the banks is 7.0 feet. The average slope of the streambed is
6 percent and the Manning roughness coefficient is 0.050.

Solution.—-The first step is to compute a discharge rating for the
rectangular natural channel by use of the Manning equation (equation 12). By
use of the data provided above, the discharge corresponding to five selected
stages were computed to provide the data points on which a rating curve is

based. The results of the computation are tablulated in columns 1l and 2 of

TABLE 7
near her

table 7 and presented in figure 25 as the tailwater rating.




Table 6.~-Submergence computations for a 8-foot Parshall flume.




Table 7.--Discharge rating table for natural channel.




Figure 25.--Rating curves used in problem- illustrating the selection and

placement of a trapezoidal supercritical-flow flume.




Next, from the data in figure 17 it is apparent that a 3-foot
trapezoidal flume best accomodates the given range of discharge without
unduly constricting the channel. The rating curves for the 3-foot flume
shown in figure 21 are those for a throat reach 6.5 feet long. However,
it has been recommended in the text that a throat length of 10 feet be
used in future installations. That change will be made, and consequently
it is necessary that a new rating table be computed for the flume, using
a length (L7/2) of 5 feet from the entrance to the throat reach to the head-
measurement section.

Equations 8 through 11 can be used to compute a rating for the 3-
foot trapezoidal flume with a 10-foot throat length. As an example of
the mechanies of the method, the computation for a single point on the
rating curve follows.

First, select some value of critical depth (d.) at the entrance to
the throat reach (See fig. 19)

3.5 feet

Let d¢

Bottom width (W) 3 foot

Top width (T.) Wr + 2(1.732)d, = 15.12 feet

(Note,——- cot 30° = 1,732)

n

Average width W (Wp + T.)/2 = 9.06 feet

Area (A,) = W4, = 31.71 £&?

Z = A [ATT; = 45.884

Q =z Jg = 260 £t3/s

Ve = Q/A. = 8.20 ft/s

v /2 = 1.045 feet

AY = flume slope x Lp/2 = 0.05 x 5 = 0.25 feet -

Total energy head = d, + ch/zg +AY = 4,795 feet




Thus for a discharge of 260 ft3/s the total energy head is 4.795 feet. A
depth (dy) at the head-measurement section whose total energy head is also
4,795 feet can now be computed by trial and error. Only the final trial

computation will be shown below.

Assume dp 2.94 feet

Top width (Tp) = W+ 2(1.732)d; = 13.184 feet

Average width (W) = (Wp+ Tp)/2 = 8.092 feet

Area (A) = W dy = 23.79 ft?
V, = Q/Ay = 10.93 ft/s
v_%/2g = 1.857 feet

2 =
dp + Vg /2g = 4.797 feet

Total energy head




The assumed depth (d,) gives a total emergy head that matches that for
the critical-depth cross section, and therefore for a discharge of
260 ft3/s the stage is 2.94 feet.

The five computed data points on which the discharge rating for the
3-ft flume is based are given in table 8. As a matter of general interest, Toble 8
the corresponding head values for a throat length of 6.5 feet are also hear hert
shown in the table for comparison with head values for the throat length
of 10 feet. For the same purpose, these five data points are plotted on
figure 21 where they are found to plot almost exactly on the model rating
curve.

This rating curve is also plotted in figure 25, arbitrarily selecting
as a first trial 1.0 feet channel datum as zero datum for the flume. It
is seen that for this trial flume datum the measured head corresponding
to the maximum discharge of 400 ft3/s would be about 3.65 feet. The
objective is to position the flume in the channel to operate submerged
but not the extent that the threshold of 80 percent is exceeded. The
higher the submergence, the less the likelihood of flows being forced out
of banks upstream due to the backwater resulting from the flume and the
less likely scour will occur downstream. By use of flume datum for both
the flume rating and the tailwater rating submergences can be computed
for selected discharges. As can be seen from figure 25, the flume
positioned at a trial datum 1.0 ft above the zero datum for the natural
channel will operate at 76 percent submergence at a flow of 400 ft3/s.

Furthermore, free fall will exist up to approximately 60 £t3/s.




Table 8.-~~Discharge rating table for a 3-foot trapezoidal flume.
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Values of d. from the preceding table were also plotted against
discharge on logarithmic graph paper and a curve was fitted to the plotted
points. The value of d. (critical depth at the entrance to the throat
reach) corresponding to the maximum discharge of 400 ft3/s is about 4.25
feets If 0.35 foot is allowed for free board at the entrance of the throat
reach, the sidewalls at this section should have a height of 4.6 feet
(flume datum = 4.85 feet).

Next, consideratioﬁ must be given to backwater effect upstream from
the flume. Althoﬁgh a sidewall height of only 4.6 feet was required at
the head of the throat reach of the flume, a greater height is required
for the sidewalls at the upstream end of the converging reach and in the
approach reach.

Upstream from the structure the maximum discharge of 400 ft3/s may
occur at a supercritical depth of 3.75 feet or a subcritical depth of
4,80 feet. If supercritical flows exists in the natural channel upstream
a hydraulic jump wil occur some distance upstream from the approach due
to the constricting effect of the flume and the 4.80 feet depth will be
realized. The channel in the approach may be expected to fill such that
their depth will apply to the flume entrance elevation of 0.75 foot gage
datum. This assumes that the length of the converging reach is 10 feet;
thus the rise from the measuring section in the throat to the entrance of
the converging section at 5 percent slope is 0.75 feet. Thus the water
surface at the upstream entrance is 5.55 feet flume datum. Since the

stream banks are at a stage of 7.0 feet or 6.0 feet flume datum, a

freeboard of 0.45 feet exists.




It is apparent that the elevations chose for the 3-ft flume in

figure 25 are satisfactory, but marginal considering backwater. Should

the natural channel dimensions be such that backwater from the flume

would have caused overflow into the flood plains or over and around the

flume, a larger flume might have been selected. In any case, the placement

of the structure should be such as to operate with a high degree of submergence.
With regard to sensitiveness, at a minimum discharge of 5 ft3/s, the

flume rating meets the criterion of having no more than 5 percent change

in discharge for a change of 0.0l foot in head.




CONSTRUCTION OF FLUMES
General

The portable Parshall flume and the HS, H, and HL flumes are built
of sheet metal or metal plate, as described previously. The Parshall,
San Dimas, and modified San Dimas flumes, and the trapezoidal supercritical-
flow flumes are usual;y built of reinforced concrete, but concrete block,
steel, wood, and fiberglass have also been used on occasion.

Flume dimensions, especially those of the throat reaches, must be
carefully adhered to if precalibrated discharge ratings are to be used.
Upon completion of a new flume, the throat dimensions should be carefully
measured and discharge ratings adjusted. For the trapezoidal supercritical-~
flow flume, a new rating should be computed using the actual inplace
dimensions, if they differ from the standard sizes. The complicated
configuration of the trapezoidal flume approach and converging sections
need not be rigidly adhered to as long as reasonable care is exercised to
produce a smooth transition from subcritical to supercritical flow.
Abrupt entrances may cause flow separation in the throat section and
affect the depth at the measuring section.

Flumes must be solidly built in streams having high-velocity flow
that is laden with heavy sediment and debris. The high velocities exert
uplift forces of considerable magnitude on the structures, and also cause
scour in and downstream from the structure. Good concrete and concreting
techniques must be used if erosion of the flume throat is to be avoided.
Two methods have been employed in the construction of the trapezoidal
supercritical flow flume: (1) prefabrication for assembly in the fiéld
to the site and, (2) cast in place where pre-mixed concrete could be

acquired and used at an accessible site.




Prefabricated Construction

Prefabrication of the trapezoidal supercritical flow flume using
either steel plate or concrete has been successful. When concrete was
used, the various components were formed on a flat floor (Figure 26):{22}252352222;;;
Plastic sheeting was placed under the forms; upon removal of the forms,
the sheeting was raised to form a dam around each component, which was
then flooded for 10 days to insure good curing.

Although this method reduced forming in the field and gave good
dimensional control and quality concrete, it was necessary to use heavy
equipment to transport the components and to place them in position for
welding (Figure 27). Other disadvantages in using prefabricated components
are the requirements that concrete still must be poured at the site for
footings and that the structure be bonded and waterproofed. For the

flume shown in Figure 27, the various components were welded together at Al 27
eANn heso—

the site, steel plates having been suitably placed at the time of pouring.™~—

The completed structure is shown in figures 18 and 28. f%3a4¢o-5fr

The trapezoidal supercritical~flow flume is typically used on small,

flashy, inaccessible streams because of the precalibrated feature or
because a calibration can be derived if the flume is comstructed with
reasonable adherence to the design principles already enumerated. To
improve the utility of this flume, the Colorado District (Bill Curtis,
written commun. 1981) has installed several trapezoidal flumes using
prefabricated components made from steel plate as shown in figure 29. Cey A 1LC
£ sl

This design has been kept very simple and can be fabricated in any good

machine shop. Although the use of these prefabricated steel components




Figure 26.--Forming for concreting of compoments for prefabricating

trapezoidal supercritical-flow flumes.

NV




Figure 27.-—Construction of three-foot trapezoidal supercritical-flow

flume using precast concrete components)' refe Jﬁ‘/

plates JeF /n sumdegte Zoucrede o 0 Osmit weldis.




Figure 28.-~Completed, prefabricated trapezoidal supercritical-flow flume.




Figure 29.--Supercritical-Flow Flume Prefabricated of Steel.




will simplify construction in remote sites, concrete must still be used

in forming a cutoff wall downstream. Furthermore, concrete must be placed
under the 10-foot sloping floor section to anchor it and to produce a
smooth transition in the converging section to thé entrance of the throat
sectiomn.

It should be noted that in the above design the entrance edge of the
throat section will not be in a vertical plane as is the case in the
original design of the supercritical-flow flume. This is because the
sections making up the throat are rectangular and must be tilted when
fastened to the floor section, which is placed on a 5 percent longitudinal
slope. The simplification obtained by using rectangular sections should
not materially affect the computed discharge rating. Discharge measurements
for the 1-foot prefabricated flumes installed in Colorado were found to
be in agreement with the rating shown in figure 20 (E. A. Wilson, written

commun. 1981).

Cast Inplace Construction

Concrete flumes that are cast inplace are stronger, and are simpler

and more economical to install; the use of cast-in-place concrete is

ue 30 MR

recommended where possible. Figures 30 through 35 illustrate the /€;5
recommended method, as used in constructing a trapezoidal supercritical- neprx Aa“ff:

flow flume whose throat width (Wp) is 1 foot and whose height (D) is
2,5 feet. An energy-dissipation box was built at the site as an integral
part of the flume; its construction is advisable where scouring is a

potential problem. A step-by-step description of the construction

procedures follows:




Figure 30.--Construction layout features for a one-foot trapezoidal

supercritcal-flow flume having a height of 2.5 ft.




Decide on the alinement and elevation of the flume relative to the
existing natural channel, and outline corners and other important

features with stakes and batter boards.

Perform the necessary excavation and then pour the concrete slab or

footings to suitable depth.

Roughly form and pour vertical support walls for the trapezoidal throat
reach; the sides of the trapezoidal are at an angle of 30' with the
horizontal. The top of the concrete should be approximately 0.3

foot lower than the elevation that is intended for the finished

-
concrete of the throat floor and sloping sidewalls (fig. 31). /'/9”/5(_ 3/

Before the concrete hardens, place anchor bolts, previously bolted

onto angle-iron screeds, in position in the vertical support walls; use
an engineer’s level to position the angle iron at the approximate
elevation desired for the finished concrete of the throat. Exact

elevations are not necesséry at this time.

Once concrete is set, adjust angle iron screeds to exact elevatiomns,
tightening top and bottom nuts on anchor bolts. The angle iron

screeds will remain permanently in place (fig. 32). A;j7/¢2~ S
€mr Aﬁnkz-

Install intake pipe and (or) bubble-gage orifice plate; backfill and
tamp earth between support walls in the approach reach to approximately

0.4 foot below levels intended for finished concrete surfaces.

Form the approach and converging reaches; exact dimensional control is

not necessary in these reaches.
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Figure 31.~-Vertical support walls and energy-dissipation box at early

stage of construction of l-foot trapezoidal supercritical—-flow flume,




Figure 32.--Method of obtaining accurate dimensional control by using

adjustable steel angles for concreting screeds during

construction of one-foot trapezoidal flume.




10.

Pour and finish concrete surfaces as shown in figure 33. A stiff - 23
1‘#""4
Co
concrete mix should be prepared or ordeared if pre-mixed concrete peAr

is used. In the case of the latter, if long haul distances are

involved it may be advisable to haul the concrete mix in the dry
state, adding water at the construction site. This also reduces
truck weight on secondary or rural roads and bridges. A smooth

trowel finish on all surfaces is desired.

Thoroughly cure concrete to avoid later erosion of surfaces when

transporting course sediment.

Mount wire-weight gage or point gage from horizontal beam positioned
across the flume throat at midlength of the throat and directly above

orifice or intake pipe. (In figures 34 and 35 note the anchor bolts

Ty unes 34
set in the abutment for fastening the horizontal beam.) Aael TS

A




Figure 33.——Concreting of throat section of l-foot trapezoidal supercritical-

flow flume using steel angle screeds.




Figure 34.--View looking downstream at completed l-foot trapezoidal

supercritical-flow flume, less point-gage support beam.




Figure 35.~-View looking upstream at completed l-foot trapezoidal

supercritical-flow flume; intake farthest downstream is for sediment-sampling.




OPERATION OF FLUMES

Measurement of Head

The datum (elevation of zero reading) of the head gage used for each
flume is the floor of the flume at the head -measurement site. Consequently,
the head that is recorded or read is actually the vertical depth of water
at the measurement site. All (auxiliary) head gages placed downstream for
the purpose of determining submergence, should be set to the same datum
as the base gage. For head readings to be meaningful it is important
that the streamlines of flow are not disturbed in the vicinity of the
head-measurement section.

For the critical-flow flumes--Parshall, portable Parshall, HS, H, and HL
flumes—~head is read in the level converging reach where flow is subcritical.
Velocities at the head-measurement site of any of those flumes is sufficiently
low so that the thin standard U.S. Geological Survey vertical staff gage
of porcelain-enameled metal may be mounted on the flume wall at the
head-measurement section, with little danger of unduly disturbing the
streamlines of flow. However, for the standard Parshall flume, a 2 X 6-inch
plank is usually recessed in the wall to act as a backing for the staff-gage
plate. For the portable Parshall flume, which normally is not equipped

with a recording head gage, it is customary to mount the vertical gage

plate in the stilling well.




For the supercritical-flow flumes—San Dimas, modified San Dimas,
and trapezoidal flumes--head is read in the throat reach where %1ow is
supercritical. Velocities there commonly range from 3 to 20 ft/s.
Superciritcal-flow flumes are installed only on streams that carry heavy
rocks or debris, and velocities of that magnitude are required to move
the material through the flume without deposition occurring. The
combination of high velocity and heavy debris makes it impractical to
mount a staff gage on the flume wall; not only will the streamlines of
flow be disturbed to the degree that hydrostatic conditions will not
exist, but the exposed staff gages will also be subject to damage. In
that situation an overhead wire-weight gage or a bar-mounted point gage
has been used successfully to measure head.

Float-type gages having a conventional intake pipe leading to a
stilling well and bubbler—~type gages having a fixed orifice, have been
used successfully to obtain a continuous record of head. Because of the
high velocities and sediment loads, the pipe intake or bubbler orifice
must terminate flush with the streamward surface of the flume sidewall to
minimize "drawdown." This is especially important in supercritical-flow
flumes. Drawdown is a nonhydrostatic condition in which the local pressure
at the intake or orifice, because of local curvature of the streamlines,
is less than the ambient pressure in the stream, thereby causing the gage

to under-register the elevation of the water surface.



Where a stilling well is used, some drawdown is likely to be produced
despite having an intake orifice that is flush with the flume wall--
usually the smaller the opening in the wall, the less the drawdown.
However, head in the stream can be correlated with head in the stilling
well, thereby providing a basis for correcting recorded heads to give
true head in the flume. On the other hand, a well-designed bubbler

orifice~-for example, that shown in figure 17 and 29 will be virtually

free of drawdown.




If flumes are installed in flashy streams where rapid changes in
stage are expected, intake lag may be a crucial factor. Where conventional
stilling-well intakes are used, lag time by be reduced by: (1) using
large intakes, but this may intensify the drawdown problem; (2) placing
the stilling well as close to the flume as possible; (3) making the
stilling well no larger than necessary to accommodate the recorder float.
Sometimes the probleg of lag is handled by building the stilling well
immediately adjacent to the flume so that the two structures have a common
sidewall; a hydraulic connection between the stilling well and stream is
then provided by means of a vertical slot in the common wall.

The use of a bubbler gage is recommended for recording stage because
it generally responds more quickly to a rapidly changing stage than does
a float-type gage, and in addition, the bubbler gage is less susceptible
to the common problems of freezing and minor sediment deposition.

In the supercritical-flow flume one difficulty in measuring head
that cannot be surmounted; regardless of the type of recorder used, is

the turbulence of the water surface in the throat reach.

/el




Current—-Meter Measurement of Discharge

Although flumes are usually built in accordance with the dimensions
of a laﬁoratory-rated or field-rated model flume, the precaliabrated
discharge rating is usually used only as a preliminary or interim rating
for the prototype flume, and that discharge rating is subject to verification
by direct measurement of discharge, usually by current meter.
The required current-meter measurements of discharge are commonly
made in the épproach reach of the flume because that reach invariably has
a more uniform cross section than the natural channel. Although the
approach reach in the trapezoidal supercritical-flow flume is unvarying

in cross section, most other flumes have a converging approach reach in

which the cross—sectional area decreases in the downstream direction.

Several precautions are necessary to ensure the accuracy of current-
meter measurements of discharge that are made in a flume approach reach.
Those precautions are listed below:

1. The discharge-measurement cross section should be well upstream
from a critical~depth section so that the streamlines of flow
will be free from curvature in the vertical plane. \

2. Similiarly the streamlines of flow should be parallel; if they
are not, the horizontal angles at which they cross the measure-
ment cross section must be measured and used in computing the
discharge. That means that discharge measurements made in a
converging approach reach, such as the approach reach in a
Parshall flume, require the measurement of the horizontal
angles of the current. The cross section usually used for.
measuring discharge in a Parshall flume is the one at the

stage-measurement site.
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In a narrow flume, and particularly one having high-velocity
flow, the discharge measurement should not be made by wading
because of the interference to flow offered by the stream-
gager’s body. The measurement should be made from a bridge or
plank across the top of the flume, using the current meter
suspended from a rod. If velocities are high, the conventional
method of measuring depth will be inaccurate because of water
"pile upf on the rod. In this case, obtain differences in rod
readings at index points on the bridge or plank (1) when the
base plate of the rod is positioned at the water surface, and
(2) when the base plate rests on the floor of the flume.

When the floor of the approach reach is uniformly level, as it
generally is, depths should be read to hundredths of a foot
rather than to the nearest tenth of a foot, as is done in
natural channels. If the uniform depths are rounded to the
nearest tenth of a foot, a bias will usually be introduced
into the computed discharge.

Widths should be measured accurately to the nearest tenth of a
foot using a graduated tape rather than a tag line whose
smallest graduations are 2-foot markers. The wading rod is
normally held at the tag line which thereby places the rotor
of the meter upstream from the tag line. In a cross section
through the center of the rotor positioning may be significantly
greater than the widths at the wading rod positioning. The

width at the rotor positioning should be used.




6. Vertical =—-axis current meters do not register volocities
accurately when placed close to a vertical wall. A Price
meter held close to a right-bank vertical wall will under-
register because the slower water velocities near the wall
strike the effective (concave) face of the cups. The converse
is true at a left bank vertical wall. Laboratory data suggest
that the mean vertical velocity in the vicinity of a smooth
sidewall of a rectangular channel can be related to the mean
vertical velocity at a distance from the wall equal to the
depth. The tabulation below gives values that define the
relation. It is suggested that current-meter observations be
taken no closer than 0.5 foot from a vertical wall. Values of
mean velocity at the wall and at intermediate verticals closer
than 0.5 foot from the wall can be computed by interpolation

in the table below.

Distance from wall, as a Mean vertical velocity, as
ratio of the depth related to Vp (ft/sec)
0.00 0.65Vy
.25 .90vp
.50 .95Vp
1.00 1.00vp

Note=-Vp is the mean vertical velocity at a distance from the

vertical wall equal to the depth.




Flumes that are installed in streams that carry heavy rocks

and debris may have such material deposited in the approach
reach where discharge measurements are made. If that material
is removed, similar deposition will usaully occur on the next
stream rise. If the flume is of the supercritical-flow type,
deposition of debris in the approach reach will usually have
minor effect on the head-discharge relation and the best

course of acfion is not to remove the rocks but to redistribute
them to produce both uniform streamlines of flow in the flume
and a uniform cross section for measuring discharge. If the
flume is of the critical-depth type, where head is measured
upstream in subcritical flow deposition in the approach section
will probably affect the head-discharge relation, and in that
situation removal of the debris is recommended. Regardless

of the type of flume that has been installed, if an infrequent
major flood has deposited so much debris in the upstream
approach that the rating characteristics of the flume are

greatly altered, it is best to manually remove the debris and

restore the original discharge rating of the flume.




Winter Operation

Relatively small installations such as weirs and flumes have been
successfully operated under severe winter conditions by the use of
removable roof covers and infrared-heater systems fueled by liquified gas.

The 3-foot trapezoidal supercritical-flow flume that was previously
described has yielded ice-free records through the use of such an
installation. Limited experience to date indicates that the roof and the
heater system should conform to the configuration shown in figure 36.
Extension of the roof a short distance over the approach section provides
an ice-free measuring section. The size of the infrared heater and gas

tank depend on local climatic conditions and exposure. Cost of operation

will generally range from $1.00 to $2.00 per day (1981).




Figure 36.--Trapezoidal flume with infrared heater and roof installation

for winter operation.




As mentioned earlier, when a flume is installed in a stream, it is
usually built in conformance with the dimensions of one that has been
laboratory-rated or field-rated elsewhere. The question then arises
whether to use the precalibrated rating for the new structure or to
calibrate the structure in place. There are two schools of thought on
the subject.

In many countries the precalibrated discharge rating is accepted and

discharge measurements by current meter or by other means are made only
periodically to determine whether any statistically significant changes
in the rating have occurred. 1If a significant change is detected, the
new rating is defined by as many discharge measurements as are deemed

necessarye.

PRECALIBRATED DISCHARGE RATINGS VERSUS IN-PLACE CALIBRATIONS
|




The Water Resources Division takes the position that it is seldom
desirable to accept the rating curve prepared for the model structure
without checking the entire rating of the prototype structure in the
field by current-meter measurements, or by other methods of measuring
discharge. Experience in the United States and elsewhere has been that
differences between model and prototype will exist in many instances.
Despite precautions taken in the construction of the flume, the in-place
dimensions may differ from the planned dimensions. Approach conditions
in the stream channel may also cause the in-place rating to differ from
the precalibrated rating. That occurs when the prototype structure is
located immediately downstream from some element that causes the distri-
bution of flow entering the flume to be nonuniform. Such elements in
natural channels include bends, tributatries, and stream regulatory
structures; in canals they include discharge pipes, canal junctions or
turnouts, and abrupt transitions in canal size or shape. Furthermore,
discharge ratings are subject to shift as the result of deposition of
rocks and debris and as a result of algal growth on the sturcture. In
short, the precalibrated rating or theoretical rating is preliminary or

interim for the prototype flume until sufficient discharge measurement

have been made to verify or revise the rating,




Although the above policy is general, there is ample justification
for using flumes where ratings cannot be obtained otherwise. The increased
emphasis on small basin modeling requires the measurement of flows on
small, flashy, often sediment- and rock-laden streams. The conventional
method of developing discharge rating curves by measurement of selected
discharges and stages is impractical and sometimes impossible on small
streams. There is reason to believe that reliable theoretical ratings
can be developed for supercritical-flow flumes of differing or nonstandard
dimensions as long as there is adherence to the principles outlined in
this report. This is borne out by the close agreement between theoretical
and measured ratings obtained in the field tests of the different size
trapezoidal-flow flumes discussed earlier. Where there is the need to
measure high-velocity, debris- and rock-laden flow in inaccessible areas,
nonstandard field designed flumes may be the answer. The overall design
and placement measures described herein for the 1-, 3-, and 8-foot models

should be kept in mind. Discharge measurements should still be sought as

a check on the theoretical ratings.




Shifts in the Head-Discharge Relation

After a flume has been installed as a control structure, its discharge
rating may be subject to shifting; the occurrence and magnitude of the
shifts can only be determined by measurements of discharge and concurrent

head.

Discharge~Rating Shifts for Critical-Flow Flumes

Shifts in the head-discharge relation of a critical-flow flume are
most commonly caused by changes in the approach section-—either in the
channel immediately upstream from the flume or in the contracting section
of the flume upstream from the throat. In either event, the change is
usually caused by the deposition of rocks and cobbles that drop out or
cease to pass through the flume due to decreasing velocities in the
approach. The flume throat is self-cleaning with regard to any sediment
that might be in natural transport in the stream. Manual removal of the
large debris should restore the original dishcarge rating of the critical-
flow flume.

The deposition of rocks and debris upstream from the flume may divert
most of the flow to the gage-side of the flume and the build-up of water
at the gage will result in a shift of the discharge rating to the left;
that is, the head observed for a given discharge will be greater than the
head corresponding to that discharge in the original discharge rating
table. Conversely, if most of the flow is diverted to the side of the
flume opposite the gage, the discharge rating will shift to the right,
meaning that the head observed for a given discharge will be less than
the head corresponding to that discharge in the original discharge fating

table.

{11




If rocks and cobbles are deposited at the entrance to the throat of
the flume, they may cause the discharge rating to shift because the head

at the gage may be altered due to nonuniformity of flow through the throat.

Discharge—Rating Shifts for Supercritical-Flow Flumes

The rocks and debris that are commonly deposited in the level approach
reach of a supercritical-flow flume usually have little effect on the head

discharge relation. However, when the deposition is heavy and unsymmetrical,

as in figure 37 where debris has accumulated almost entirely on the left

side of the approach reach, the head-discharge relation for flow in the
throat will be affected. It can be seen in figure 37 that the flow
pattern in the throat reach has been distorted. The head on the left
side of the throat reach‘is significantly higher than that on the right
side, and the head that will be recorded depends on the location of the

pipe intake or bubbler orifice in the head meaurement cross section.

/1L




Figure 37.--Effect of unsymmetrical deposition in flume approach on

flow in the throat.

X




Deposition at the head of the supercritical-flow reach of the flume,
even when sysmetrical, may shift the head-discharge relation to the left
by raising the elevation of critical depth at the head of the reach. It
will be recalled that the measured head for a given discharge is a function
of both the elevation of critical depth upstream and the geometry of the
flume between the critical-depth cross section and the head-measurement
section. The farther downstream the measurement section is from the
critical-depth cross section, the smaller the influence of changes in
critical—depth elevation. Although the actual shifts in head that may
occur at the measurement section will usually be small, they can be highly
significant because of the sensitivity of the head-discharge relation of
supercritical flow.

Large rocks driven by high~velocity flow through the supercritical-
flow reaches of the flume may erode the walls and floor of those reaches.
The resulting increase in roughness and decrease in elevation of the
concrete in those reaches may cause shifts in the discharge relation.

The two effects tend to be compensating; an increase in roughness will
shift the discharge rating to the left, and a decrease in elevation of
the concrete surface will shift the discharge rating to the right.

However, the latter effect usually predominates.




SUMMARY

This report discusses the theory, design, and application of various
types of flumes for the measurement of open channel flow. Emphasis is
placed on the Parshall and supercritical-flow trapezoidal type flumes.

Complete design and discharge rating information on Parshall flumes
from l-inch to 50-feet is provided for both free flow and submerged
operating conditions. Criteria and procedures for selecting and installing
Parshall flumes are provided.

In the case of the supercritical-flow trapezoidal flume, three sizes
are discussed based on field tests by the authors. Field discharge
ratings and theoretical ratings for the 1-, 3—-, and 8-foot sizes are
presented and shown to be in close agreement. Criteria and procedures
for the design, selection, fitting, construction, and operation of the

supercirtical-flow trapezoidal flumes are provided.
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EXPLANATION OF TERMS AND UNITS

(For figures 2 through 7, units have been
omitted and are in feet or as shown below)

CDL, Critical depth line
d, Depthin feet
dc, Critical depth in feet
E, Specific energy in feet P
Q, Discharge in ft7s
"’ g, Unit discharge in ft7s/ft
Se, Critical slope
So. Bed slope of flume
WS, Water surface

Figure 2.--Type I control, subcritical-flow contraction obtained

by small width reduction, horizontal bed.
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Figure 3.--Type II control, critical-flow contraction obtained

by large width reduction, horizontal bed.
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Figure 4.--Type III control, , subcritical-flow
contraction obtained by small increase in

bed elevation, horizontal bed.
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Figure 5.--Type IV control, supercritical-flow

contraction obtained by width reduction

and sloping bed.
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Figure 6.--Type V control, supercritical-flow contraction

obtained by width reduction and drop in bed.




Figure 7.--Type VI control, supercritical flow obtained

by steepening slope.
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Figure 11.--Working drawing of modified 3-inch Parshall flume.
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PRESSURE HEAD IN THROAT, H; IN FEET

5 Modifications are as suggested by
v K.J. Bermel (1950) except that total
4/ | Lt N flume lengths are shorter. Ratings are
| for free-flow conditions only. Pressure|
_F heads in stilling well and depths in
2W | = Ly/2 Wy flume are generally comparable.
6.0} | _i_ e+ M
s 6\&0\ b"\ee
3 Stilling well-intake — gl
4.0F PLAN VIEW  hole or slot & *i« N0
- /(L 0\‘ V'\ 7
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T_ /i}.evel ) HTWA / é /
e
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DISCHARGE, IN CUBIC FEET PER SECOND

Figure 16.--Configuration and discharge ratings for different
sizes of the modified San Dimas flume.







DIMENSIONS OF TRAPEZOIDAL SUPERCRITICAL FLOW FLUME
Flume Width at LENGTHS Fiume |{CAPACITIES FLOOR SLOPES
Size, Emgf;ntg Approach | Converging | Throat | Height | Min.| Max*] Approach| Converging &
Wy Reach, We | Reach Reach Reach | D, tfty*| ft¥s| f#%s | Section | Throat Section
() La.(f) Lc. (f) Ly.(f) percent percent
1 5.0 50 5.0 50 | 40 | 07| 350 5¥F 5
3 9.0 Omitted 7.5 6.5%* 50 |10 | 700 0 5
‘ 8 Channe! Omitted Variable 12.0 4.5 3.0 | 900 0 5

*Maximum discharges correspond to stages approximately 0.5 foot less than D; see text.
**Optional. may be level' see text.

**¥Throat length tested may have been too short; throat length (L1 ) of 10 feet is recommended

ISOMETRIC VIEW

Channel! for gas-purge stage
manometer system: see below

Pipe Intake Syste
see below

a. Pipe Intake System b. Gas-purge Stage Manometer System

1. Steel plate, Y2-inch-thick 5. Steel channel stitfener

2. Intake slot, %2-inch-wide, smooth-finish 6. Steel cover plate with Y4 inch diameter
3. Intake pipes, 2%-to 3-inch diameter orifice tube (7) .

4. Steel channel iron set in concrete 8. Conventional gas line plastic tubing

9. Bolts set to permit removing plate

Figure 17 - Configuration, design, and capacities of trapezoidal

supercritical-flow {lumes
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Figure 30 - Construction layout features for a 1-foot trapezoidal

supercritical-flow flume having a height of 2.5 feet
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Table 2.~-Discharge table for 2- to 9~inch Parshall flumes for free-flow conditions

Flume size
He 2 inches 3 inches 6 inches 9 inches
feet ft3/s ft3/s ft3/s ft3/s
0.1 0.02 0.03 0.05 0.09
o2 .06 . .08 .16 .26
.3 A1 .15 .31 .49
oAb 17 24 .48 .76
.5 24 .34 .69 1.06
.6 .31 45 .92 1.40
.7 40 .57 1.17 1.78
.8 .70 1.45 2.18
.9 .84 1.74 2.61
1.0 .89 2.06 3.07
1.1 2.40 3.55
1.2 2.75 4,06
1.3 3.12 4.59
1.4 3.51 5.14
1.5 5.71
1.6 6.31
1.7 6.92
1.8 7.54
1.9 8.20




Table 3.--Discharge table for 1 foot to 50 feet Parshall flumes for
free-flow conditions.

H¢ 1 foot- 1.5 feet 2 feet 3 feet 4 feet 5 feet 6 feet 7 feet 8 feet
feet cfs cfs cfs cfs cfs cfs cfs cfs cfs
0.10 0.11 0.15
.15 .20 .30 0.42 0.61
.20 .35 .51 .66 .97 1.26 1.55
.25 .3 .71 .93 1.37 1.80 2.22 2.63 3,02 3.46
.30 .64 .94 1.24 1.82 2.39 2.96 3.52 4.08 4,62
.4 .99 1.47 1.93 2.86 3.77 4,68 5.57 6.46 7.34
.5 1.39 2.06 2.73 4.05 5.36 6.66 7.94 9.23 10.5
.6 1.84 2.73 3.62 5.39 7.15 8.89 10.6 12.4 14.1
.7 2.33 3.46 4.60 6.86 9.11 11.4 13.6 15.8 18.0
.8 2.85 4.26 5.66 8.46 11.3 14.0 16.8 19.6 22.4
.9 3.41 5.10 6.80 10.2 13.6 16.9 20.3 23.7 27.0
1.0 4.00 6.00 8.00 12.0 16.0 20.0 24.0 28.0 32.0
1.2 5.28 7.94 10.6 16.0 21.3 26.7 32.1 37.5 42.9
1.4 6.68 10.1 13.5 20.3 27.2 34,1 41.1 48.0 55.0
1.6 8.18 12.4 16.6 25.1 33.6 42.2 50.8 59.4 68.1
1.8 9.79 14.8 19.9 30.1 40.5 50.8 61.3 71.8 82.3
2.0 11.5 17.4 23.4 35.5 47.8 60.1 72.5 84.9 97.5
2.2 13.3 20.2 27.2 41.3 55.5 69.9 84.4 98.9 113.6
2.4 15.2 23.0 31.1 47.3 63.7 80.3 97.0 113.7 130.7
He 10 feet 12 feet 15 feet 20 feet 25 feet 30 feet 40 feet 50 feet
feet cfs cfs cfs cfs cfs cfs cfs cfs
0.30 5.75 6.75 8.4 11,1 13.8 16.5 21.8 27.3
0.4 9.05 10.85 13.3 17.7 21.8 26.1 34.6 43,2
0.5 131 15.4 19.1 25.1 31.2 37.2 49.5 61.8
0.6 175 20.6 25.5 33.7 4]1.8 50.0 66.2 82.6
0.7 22.2 26.2 32.7 43,1 53.4 64.0 84.8 105.5
0.8 27.5 32.7 40.4 53.4 66.3 79.2 105 131
0.9 33.3 39.4 48.9 64.3 80.1 95.5 127 158
1.0 39.4 46.8 57.9 76.3 94.8 113.2 150 187
1.2 53.7 62.6 77.3 102.0 127.0 152 201 250
1.4 67.4 80.1 99.0 130.5 162 194 257 320
1.6 83.5 99.1 122.8 162 201 240 318 396
1.8 103.4 119.8 148.0 195 243 290 384 479
2.0 119.4 141.8 175.3 232 287 343 454 567
2.2 139.0 165.0 204 269 334 400 530 660
2.4 164.6 189.8 235 310 384 459 609 758
2.6 181.7 215.7 267 352 437 522 692 864
3.0 228.4 271.2 335 442 549 656 870 1084
3.5 294 347 429 566 703 840 1113 1387
4.0 363 430 531 700 870 1040 1379 1717
4.5 437 518 641 846 1051 1255 1664 2073
5.0 517 614 759 1002 1244 1486 1970 2453
5.5 885 1166 1448 1730 2295 2860
6.0 1016 1340 1664 1988 2638 3285

Note: Available data indicates that extension of the above ratings to greater heads is reliable,




Table 4.--Rating table for 3-inch modified

Parshall flume.

Gage height (It)

Discharge (% %/s) ,

Ga;:e height ({1)

Discharge (€135 )“
Y

Qage height (ft)

Divchorpe (£43%)

0.01
.02
.03
.04
.05
. GG
.07
.C8
.09
.10
.11
.12
.13
.14
.15
.16
.17
.18
.19
.20

1
0. 0008
. 024
. 0045
. 0670
. 017
. 013
. 017
. 021
. 025
. 020
. 035
. 040
. 045
. 051
. 057
. 063
. 069
. 076
. 083
. 090

0. 097
. 104
. 111
. 119
. 127
. 135
. 144
. 153
. 162
. 170
179
. 188
. 198
. 208
. 218
.228
. 238
. 248
. 259
. 269

0. 41
.42
.43
.44
.45
. 46
. 47
. 48
.49

0. 280
. 290
. 301
.312
. 323
. 334
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Table 6.--Submergence computations for 8-foot Parshall flume

Trial Subner- Computed
value gence value
Q¢ He of Qg Hy ratio Qe kg of Qg
(££3/8)  (Fr)  (££3/s) (£t) (£t3/s) (££3/s)
1 2 3 4 5 6 7 8
55.0 1.4 54.0 0.98 0.70 0.20 5.4 53.9
68.1 1.6 66.4 1.15 .72 .33 66.3
82.3 1.8 80 1.30 .72 .45 79.9
97.5 2.0 94 1.47 .735 .62 94.2
114 2.2 110 1.62 .735 .70 110
131 2.4 126 1.77 T4 .90 5.4 126

Note.~—Columns 1 and 2.

Column

Column

Column

Column

Column

Column

3.

From table 3.

Estimated discharge with submergence conditiouns corresponding

to head H..

Tailwater elevation corresponding to Qg in column 3; from

figure 24.

Hy/H, ratio.

Discharge correction corresponding to H. (col. 2) and

submergence ratio (col. 5); from figure 3.

Correction factor = 5.4 for 8-foot flume; from figure 10.

Qg = Qf = kgQq; should match trial value in column 3.




Table 7.--Discharge rating table for natural channel

Stage Discharge Head referred to
flume gage datum
(£t) (££3/s) (ft)
1 2 3
0.0 0 -1.0
1.0 58 0.0
1.5 107 0.5
2.0 164 1.0
3.0 294 2.0
4.0 , 437 3.0




a4

Table 8.--Discharge rating tablngor a 3-foot trapezoidal flumegs

(Columns 2 and 3 are used for the discharge rating; depths in columns 1

and 4 are shown for general interest.)

de Q Head at measuring section at (Lp/s)

Throat length, Lt, = 10 feet | Throat length, L, = 6.5 feet

(fFt) (£t3/s) (ft) (£t)

(1) (2) (3) (4)




























