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3YMBOLS AND NOMENCLATURE

= Area
= width .
subscript denoting convergence
depth of flow
subscript denoting dwergence
energy
subscript denoting eddy loss
denoting functional relationship, Darcy Weisback Fractlon Factor
and subscript denoting friction loss
* acceleration of grawtv
= head loss
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Nikuradse sand roughneas
length and subscript denoting Ioss
eddy loss factor
= subscript denoting measurlng statlon
= viscosity
subscript denoting dimensionless
wetted perimeter
= convergence and divergence angle
= discharge
hydraulic radius
subscript denoting reach’
= density
= subscript denoting submergence measuring stations
= standard deviation
subscript denoting throat
side slope angle
= velocity
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PURPOSE

These studies. were made to help determine the
feasibility of. using flat-bottom venturi flvines as
water-measuring devices in Bureaw of Reclamation
projects and to obtain some experience to aid in the
development of designing and discharge ratmg of these
flumes.

BACKGROUND

Because of the increasing need for better utilization
and conservation of water resources, a continuing
water-measurement program was formulated to refine,
standardize, and simplify the design of water-measuring
devices. Bureau personnel on irrigation projects became
aware of studies of flat-bottomed trapezoidal venturi
flumes conducted by other Government drganizations
and universities. The investigators and users of these
flumes cite many advantages of this partlcular
water-measuring device, Because of these purfiorted
advantages, the Bureau’ canducted preliminary studies
of une flat-bottomed trapezoidal venturi flume as part
of the Water Measurement Prograra. The studies were
directed toward providing a more generalized
procedure: for design and discharge . rating of
fiat-bottom trapezoidal venturi flumes. The results of
these prediminary studies are included in this report.

SUMMARY OF LABORATORY STUDIES

Laboratory studies were conducted in one flume with
two different boundary roughness forms: The effect of
boundary roughness on measuring head of a flume was
determined by comparing results of a painted surface
“with the same surfaces coated with sand._

The dimensionless calibration equation for free flow in
the painted wood flume is:

: 2,240
Q =0.820 bt D

The dimensiontess calibration equation for free flow in
the sanded flume is:

h 2.260
— it 1}
QO =0.782 (bt ) : (8)

The measuring station head is th,) and (b, is'the

bottom throat width, The dimensionless discharge (Qo)

*Numbers refer to references at end of text.

in these equations is equal to (Ql\/gbt5 . Because of _

the laboratory test range the validity of the equatlon is
limited by:

o

1.2<Q,< 175

\\I
Furthermore the submergence characteristics of the
flume, equations {7) and (8), are further limited to:

(hg/hm) < 0.88

where thg} is downstream submergence in the canal. =
The sensitivity of the flat-bottomed trapezoidal ventut:.

fiurme and the 1-foot {ft) Parshall flume with respect to
the effect of an error of plus or minus 0.01 ft {0.305 -

centimeters {cm)} in measuring head was determined. ..~

The resulting error in discharge for Parshall flume is

. about plus or minus 4 percent at 0.5 cubic feet per

second (cfs) (14.2 liters per second {Ips)} and plus or
minus  1-1/2 percent at 5.0 cfs (141.6 'lps}. The
resuiting error for the trapezoidal flume is abou” plus
or minus 5-1/2 and plue or minys 2 percent at the same
discharges, T

Boundary roughness has a significant effect on the
measuring head. The calibration head for the
sand-coated flume was about 2-1/3 percent greater
than for the painted wood flume at a discharge. of 0.5
cfs (14.2 ips) and about 1- 1/4 percent greater at 5.0 cfs
{147.6 Ips). The percent error caused by applying the
discharge equation for the painted wood flume 1o the
sand-coated flume is about 4-1/2 percent at 0.5 cfs
{14.2 Ips) and 2-1/2 percent at 5.0 cfs {141.6 ips).

Ackers” and Harrison’sz’.rnethod was applied to both
flumes. Measuring station heads computed by this
method were from 1-1/4 to 4 percent Jow for the
painted wood flume and from 2 to 4-1/2 percent low
for the sanded flume. NI
Using the backwater method produced n.{.asur‘"ug
station heads that agreed with data to wuhrr n!us or

minus 1.0 percent for (Q/'\/gb1 ) greater 'han 2.5,

Fleiatlve roughness should be accounted ‘Io. when
applying backwater computations to - ‘determine
measuring station heads. B

Two combinations of eddy loss (M) and Darcy Weisbach
friction factors (f) were found by the standard step
backwater computation method that resulted in
common water surface profiles, Any number of other
combinations are possible because relative roughness.
effect was not accounted for, causing water profiles to
vary linearally with respect to {f} and (M) factors,




Before the backwater computation can be effectively

- . . o
used for catibrading venturi flumes, prior knowledge of

friction and eddy loss factors is required.

The ratio of change of. measuring station head to
change of assumed critical depth location was 0.0032.
The backwater computation method was relatively
insensitive to assumed. locations for critical depth for
* the flume studied.

The energy losses for the 1-ft {30.5-cm} Parshall flume
were compared with the losses in the painted wood
flat-bottom trapezoidal venturi flume for
approximately the same discharge range. The loss for
the trapezoidai flume was about 50 percent of the loss
for the Parshail flume at 0.5 cfs {14.2 Ips) and about
30 percent at 5.0 cfs {141.6 ips).

APPLICATIONS

Fiat-bottom trapezoidal venturi flumes can be used
where head must be conserved. Unlike the Parshalt
flumes, they do not have a floor drop. They will pass a
greater range of discharges than Parshall flumes for a
given range of head hecause of thair trapezoidal cross
section. The trapezoidal flume is more convenient to
fit to the usual canal shape.

A. R, Robinson and A. R, Chamberiain® have studied
small trapezoidal flumes covering the range 0.02 10 2.0

cfs {0.56 to 56.3 tps). Their flumes had side slopes {#) -

“ranging from 30° to 60°, throai bottom widths varying
from 0 to 4 inches {10.2 cm}; and convergence angies
(¢) varying between-89 and 220, |f their recommended

dimensions are carefully followed, the flumes should .

be adequate for use without field calibrations,

The one flume studied by the USBR can be used for
the discharge range from 0.5 10 5.0 cfs {14.1 t0.14.6
Ips), providing the dimensions used in this study are
carefully reproduced. Equation (7} can be used for

calculating tables if the boundary surface roughness is

similar to the painted wood flume studied in. the
laboratory.

Further studies are required before a more-generalized
procedure for design and accurate computed discharge
rating of flat-bottom trapezoidal venturi flumes can be
made., It is’ recommended that dimensionless
parameters be used for correlating the data. The use of
dimensionless parameters permit the full use and

advantage of similitude and model scaling rather ‘than ~

cbtaining individual .calibration for many vartous

flumes. ‘However, the effects of frictional drag should
be included in the analyses,

PRELIMINARY iNVESTIGATIONS
Review of Literature

Afthough this laboratory ‘study s restricted iU
flat-bottom trapezoidal venturi flumess, literature was
reviewed on other types of venturi flumes as well as
those on this particular type. Many universities and
Government organizations have studied venturi flumes,
These studies  usually consisted primarily of
calibrations for flumes of specific geometries for a
particutar use. Few investigators have made as
extensive atternpts to unify data such as Davis® did for
Parshall flumes or to develop comprehensive general
design’procedures similar to Ackers and Harrison.?*

Dimensional Analysis

A dimensional analysis was made assuming the relevant
variables ({list of symbols and Figure 1) are related
functicnally as: :

f <hm- me LC: Ld: hg: LSJ kr 8: q”r p-

g, O. H, bt) =0

.

L

L]
i

L

L
T

Figure 1. Schemanc sketch of laboratury ﬂat hottamed:-
trapezoidal venturi flume.




Using Q, g1, by as repeating variables the resulting
compact equation is:

o [Pm 02 5Q h, K Ly,
1 {0
by ab uby by . by by
Lelabs )
by by by

it is recognized that (pGiib,} and (Ozlgbt5} are-
peculiar forms of Reynolds and Froude numbers.’
k. However, a more familiar form of Reynolds number
can be obtained by using continuity of flow,
introducing hydraulic radius (Rm} of the measuring
station denoted by the subscript (m!} and writing:

P

where (V,,} and {A,) are the velocity and area of the
measuring stations. Since(R,, = Aq/Pm)where (Pr,) is.
the wetted perimeter at the measuring station and by .
regrouping

PQ VeuAn RmPm pVpRm Pm

ub, Kby A I By
by geametry
‘i Py by 2L, Tan (@) + 2hy, Cosc (0) =
il o, 5

L, : h_\
1+2 { =Y ten i) +2 [ Cosc (@)

by by
Therefcre
0Q _f P¥mfm Lo ) Pm
. Dy HooTb Ty
Multiplying by four, then
b, ———'—""“ By ¥ ,—"'“bt
4] pV AR
Therefare can be replaced by —mm
Hby

Therefore

By aigebraic manipulation of (k/b;} and known flume
geometry (k/b;} can be replaced by {k/4R )

ViR K
and
H 4R,

can be simply

replaced by the Darcy-Weisbach friction factor (f}
determined from a conventional pipe friction factor
curve. .

The square root of the Froude number (QzlgbIE) was
taken to obtain Davis’ discharge parameter. However, it
was not further manipuiated to avoid having measuring
head and discharge within one dimeh's'ionless-ter_m._

Downstream submergence is usually expressed with
respect to measuring head. Therefore (hy/b;) was .
divided {hm/bt} and replaced by the guotient.

The compact equétion after these transformations is

h .'hs
f .5”2 , OA/abS =2 1, ¢, 0,

t _ hrp
Imbela b - g (1
bt" b, b, S

where . : \ ’ sz
: pvmﬂflgl"; K
f=1fy (‘_‘H‘“‘-?ﬁ {2)

However, the effects of friction losses are often
neglected by investigators. For convenience pf design
and calibration the {L/by} terms could be held constant

- throughout a set of flumes. Sincé 'only cne flume

geometry - was studied, the “parameters entirely
dependent upon geometty werg not \iaried. However,
the remaining parameters are convenient for expressing
and piotting results. :

Computed Calibration by Ackers’

and Harrison's Method

Ackers and Harrison? outline a method for computing
+he discharge-head relationship for critical depth
flumes. The method accounts for frictional drag by
assumning all friction loss occurs in the throat. The data
from the present study were used 10 Ccompare
compurted and measured discharge-head relationship.
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Standard Step Method for Computing
Measuring Station Head

Water surface profiles can be computed through
ve;“turi flumes, Thus the measuring station head could
be determined. However, an adequate accounting of
losses and a known water surface elavation at a known
station are vequired. Water surface® profile
computations are based on application of Bernoullis
energy eguation to successive reaches such as shown in
Figure 2, '

The bottom slope is usually assumed small and in our
case is actually zero. Therefore.

Where (E|) is the sum of energy losses through the
reach. The friction loss slope through the reach is
assumed to be the average of the normal fiow friction
“slopes (S¢) for the geometry and hydraulics at the ends
. of the reach expressed such as

V2

:i'= _l -
St=f 4R 29 ..

where (ﬂ‘ is the Darcy-Weisbach friction factor, {R} is
the hydrautic radius and (V) is the velogity at a station.
The friction loss through the reach is taken as:

. Sf +!l!\;'5f
1 4312
He =Ly ( 2 )

where {L} is the length of reach.

Eddy losses (H,) are commanly expressed as

~where (M} is an eddy loss factor commonly taken 55
0.1 for converging flow and 0.5 for diverging flow.?

An unknown depth at the end of a reach is found by
successive approximation until both sides of equation
{3} balance to within sufficient precision.

Critical depth would be a logical place to start a water
surface profiles computation. However, determining

the location of critical depth may be as difficult as
calibrating medsknrmg heads. Also the proper selection
of {f} and the value of eddy loss factors could be a
problem. Despite” these expected difficulties water
surface profiles were computed and compared wnth
measured data.

_Laboratory Study Program

Because of alternative approaches that could be applied

to generalizing the design of flat-bottomed trapezoidal

~ venturi flumes, orie laboratory flume was built to aid in

determining the approach of possible further research.
Any future research would of course seek to generalize
procedures for the design and calculations of discharge
rating for flat-botromed trapezoidal venturi flumes. To
more fully evaltlate the effect of roughness, the same
flume was arufumally roughened by gluing sand on the
flow surfaces of the flume,

LABORATORY FLUME AND
MEASURING TECHNIQUES

Fabrication of Painted Wood
Laboratory Venturi Flume

The piane surfaces of the venturi flume and canal
sections were made out of painted marine plywood and

- were supported by wood framing, The venturi flume

and canal sections were fabricated in an existing sheet
metal lined rectangular laboratory channel that was 25
ft {7.64 meters (m}} long, 20 inches {in.} (60.B cm}
deep, and 44 in, {112 cm) wide. An B-ft {2.4-m} wide .
by B-ft {1.8-m) deep box with a belimouth exit caimed

_the inflow and provided a uniform fiow in the canal

section approaching the trapezoidal flume,

g ——S

EL = losses
———
vg?/24

Figure 2. Definition sketch for standard step reach.




Geomety of Laboratory Venturi Flume

The flat-bbttomed trapezoidal venturi flume had side
slope angles (8) of 45° and convergence-divergence
angies (¢ of 50, Figure 1.
divergence, ‘and threat lengths were each 3 ft (91.4
cm). The throat bottom width {b,) was 4 in. {10.20
¢m). The canal, represented both upstream and

downstream of the venturi flume, had side slope angles .

{8) of 45° and a bottom width of 0.86 ft (26.21 cm).
The measuring station was 0.5 ft {15.24 cm) upstream
of tha start of convergence. ’

Sand-coated Flume

When 1ests of the flume with painted wood finish were
completed, the flat surfaces of the venturi flume and a
part of the upstream channel were coated with a layer
of sand, Figure 3. '

A rloseup view comparing the sand-coated surface with
the painted surface is shown in Figure 4. A resinous
paint used in the hydraulic laboratory models bonded
the sanhd to the flume surfaces. The sand had a mean
diameter of 1.7 millimeters {(mm) with 73 percent by
weight having a diameter equal to or less than 2.00 mm
and 32 percent having a diameter equal to or less than
1.2 mm.

To determine the effective boundary elevaticii of the
sand-coated flume, a mechanical device was used to
make random measurements of the physical roughness,
Figure 75, and was placed on the sanded surface.
Without moving the sampling ring, point gage vernier
readings were obtained on the test surface by randomly

Figure 3. Sand-coated fiat-bottomed trapezoidal venturi
flume, Photo PX-D-71000

The convergence,

placing the spaced bars on the ririg and randomly
placing the point gage on the bars for each reading.
Enough point gage readings were obtained on the
rough surface to determine a statistically meaningful
average point gage reading of the test surface
irreguiarities. The point gage rested on sand particles
for 78 percent of the readings and on painted wood for
22 percent of the readings. The mean of'the painted
wood readings was subtracted from the mean of all the

" readings, giving a difference of 0.003 fi {0.082 mm}

b
W

DF

2
[

Figure 4, Comparisen of painted wood and sand-coated
flume surfaces. Photo PX-D-45809

Figure 5, Device used for random mechanical
measurement of physical surface roughness—(a) sampling

ring—ib) spaced bars—(c) point'gag\?:, Phato PX-D-51179




-difference. This was assumed to be the offset of the
“hydraulic boundary of the sanded venturi flume from
the flume’s original painted surface.

Discharge Measurements

Flow through the trapezoidal venturi flume was
measured by ‘means of volumeterically calibrated
Venturi meters. The Venturi meters are an integral part
of the permanent hydraulic laboratory installation and
can measure discharge with an accuracy of plus or
minus.i percent.

Centerline Water Surface Profiles

Water surface elevations were measured by a point gage
mounted on a support resting on the railings of the
channel containing the flume. The point gage was
zeroed at each measuring station by reading the vernier
when the point was resting on the bomom of the
fiume. The repeatability of reading the water surface

elevation was found to be within ptus or minus 0. 002,_

f1 {plus or minus 0.061 cm).

Transverse Water Surface Profiles
for Free Flow

Transverse water surface profiles were measured for
selected discharges and at selected cross sections along
the length of the venturi fiume. These .transverse
profiles

flume would determine the. average depth with the
same plus or minus 0,002 ft {plus or minus 0.061 cin)
accuracy of the point gage reading technique. However,

_in the thiroat section of the venturi flume, standing.

waves affected the water surface depending on the
relative location of the station. These standing waves
caused centerline water surface deviations of plus or

minus 0.01 ft .{plus or minus 0.305 ¢m) from the ©

average depth. Because these deviations are not at the
measuring station, they are of no consequence in
making head-discharge measurements, but they would
interfere in determining the Iocatlon of critical depth
in the flume,. :

Measurement of Submergence Head

To define submergence, some tocation downstream of’

the measuring station must be selected for measuring
the submergence head. For design, a location where the
flow depth is controlled by the downstream canal
rather than in some internal downstream part of the
venturi flume itself would he convenient for designers.
The submergence head was measured 5 ft {1.5 m}

downstream from the downstream end of the flume. .

indicated that goint gage readings .at the»_
centerline of the discharge measuring stanon “of thé

However,” standing waves interfered with this
measurement. To alieviate this difficulty, one inverted
knife-edged static pressure - measuring disk was
immersed at a wave crest and another was immersed at
a succeeding wavs trough nearest to the submergence
measuring station. The two static disks were connected
to a commor: hook gage well. The positicning of the
static disks with respect to the wave and:iné commaon
well measured the average water surface elevation
midway between the static disks.

RESULTS OF LABORATORY STUDY
AND ANALYSES

Dimensionless Discharge Calibrations

The head at the measuring station was determined for

-30 laboratory Venturi meter discharges in the painted

wood flume. Measuring head was determined for 32
Venturi meter discharge settings in the sand-coated
flume. These caiibration data, transformed into terms
of dimensio.niess discharge {Qg} which is equal to

(C!/ gth) ., and dimensionless measuring - head

(hm/bt} whete (b} is the throat bottom width, were
fitted by the method least squares to power function
form. The resulting equation for the pamted wood

flume is
'\ 2.240
b )

Fcr the sand-coated flume the résulting equation is

he 2280
:Q,=0.782 |=—— (8

Percent difference of equation values for {Qg) from
those computed from measured data were determined.
The, jrequency distributions of these deviations for
both the painted wood flume and the sand-coated
flume are shown in Figure 6. The standard deviation
from the percent deviation (o) for the painted wood
flume is 1.4 percent and the sand- coa’(ed flume the
standard deviation is 1.3 percent.

Computations using equation (7) show the sensitivity
of discharge measurement to errors of head reading. In

- the laboratory, the head measurements repeated to

within plus or minus 0.002 ft {plus or minus 0.061
cm}. The errar of discharge for this deviation of head is




Pointed wood
eq. (7}

1 1
3 4

FREQUENCY

Sond ccoted.-
eq. (8}

iN

N

PERGENT DEVIATION
‘Figure 6. Frequency distributions of percent deviations
of equation from measured values of dimensionless

discharge,

plus or minus 1 percent at 0.5 cfs {14.2 Ips} and plus or

minus one-half percent at 5.0 cfs {141.6 Ips). Using a

staff gage in a field installation, heads can be measured
to within plus or. minus 0.01 ft {plus or minus 0.30%
cm}. The error of discharge fo- this deviation of head

reading is about 5-1/2 percent at 0.5 cfs and about plus

or minus 2 percent at 5.0 cfs.. Similarly for a 1-ft
Parshall flume the error of discharge is plus or minus 4
percent and plus or minus 1-1/2 percent at the same
discharges. : ‘

To assess discharge errof due to neglecting frictional
drag, percent errors due to using heads measured in the
sanded flume, and the calibration for the painted ‘wood
flume were calzulated with equations (7) and {B). The
error in discharge was about plus 4-1/2 percent at 0.5
cfs (14.2 ips) and plus 2-1/2 percent at 5.0 cfs (141.6
ips). Experience has determined that the painted
piywood used in the fabricéti_on of the Bureau: of
Reclamation hydraulic models‘nas a {K) of 0.001 ft

(0.030 cm). Standard deviations based on physical .
.. measurements of a painied surface and a -sanded

surface were calculated. The standard deviation for the
sanded surface was 3.6 times greater than for the
painted wood surface. Therefore it was assumed that
(K} for the sand-coated flume is 0.0036 ft {(0.11.cm}
and the errors of discharge are the result of about a
3.6-fold change in {K).

DIMENSIONLES MEASURING HEAD (hy/ by )

Dimensionless Submergence Functions

Submergence datz were ohtained for the painted wood
flume discharges covering the range from 0.% to 5.0 cfs
{14.2 to 141.6 Ips). The measuring head versus
submergence head were measured for eight increments.
of submergence head for each of the five discharges.
No submergence depths were measured for the
sand-coated flume.

The data for the painterd wood flume indicated that the
free flow. equation (7} can be applied with no
significant error for submergences up to 88 percent of
the measuring stztion head. Above 88 percent
submergence the discharge decreases as the
submergence increases, Figure 7.

Althqugh no submergence data were obtained for the
sand-coated flume, it is expected that transition to free

flow would occur nearly at 88 percent submergence as
‘it does for the painted wood flume. Also, the use of

equation (8} and the percentage discharge correction
factor from Figure 7 would be adequate for
determining actual discharge through the sand-coated
flume during submerged conditions.

Ackers’ and Harrison’s Method
Compared with Flume 'Data

A calibration of the venturi flume was performed by
the computational method of Ackers and Harrison®
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Figure 7. Submergence correction factor curves for the
painted wood flume. i




that inciudes a simplified method for accounting for
frictional drag that assumes all friction loss occurs in
the throat. The Ackers discharge values for a given
head were less than those obtained by laboratory
measurement. The percent differences varied from
about 4-1/2 to 2 percent for the sanded flume and
about 4 to 1-1/4 percent for the painted wood flume.

Water Surface Profiles

At least eleven water surface elevations along the
centerline of the painted wood flume were measured
for each of seven discharges ranging from 0.5 to 5.0 cfs
{14.2 to 141.6 Ips). Nine water surface elevations along
the centerline of the sand-coated flume were
determined for each of four discharges in the same
discharge range. Dimensionless plots of the water
surface profiles for both flumes are shown in Figure 8.
As would be expected, these profiles also show the

effects of boundary surface roughness in that the water

surface profilés for the sand-coated flume are slightly
higher than for the painted wood flume.

Values of critical depth were computed for the
discharges of the profiles in Figure 8 and the geometry
of the throat section. The dimensionless location in the
throat at which these critical depths occurred on the
painted wood fiume profiles are shown in the plot in
Figure 9. . : :

Backwater profiles were computed through the flume
starting at the critical depths and !ocations shown in
Figure 8 using reach lengths from 0.3 to 0.6 of the
throat bottam width. The eddy loss factor (M} was
assumed to be 0.1. The Darcy Weisbach (f} factor of
0.023 was found by trial and error to give the best
agreement with respect to matching measured profiles
and measuring station heads. Using a Nikuradse sand
roughness of 0.001 ft {0.03 cm) and the average
hydraulic radius for critical depth “location to the
measuring station, a {f} factor of 0.02D was calculated.
Using this (f}, a (M) factor of 0.105 was found by trial
and error that resulted in the best agreement with
measured data. These two combinations of (M) and (f}
resulted in measuring station heads and intermediate
station water elevations that were within plus or minus
0.001 ft (0.03 em) of each other. A relatively good
correlation _between the measured and computed
profiles was observed throughout the entire flume. The
computed backwater profiles are plotted for {f) of
0.023 and (M) of 0.1 in Figure B for comparrison with
measured profiles, The computed water surfaces near
where the convergence of the flume ends show a
benching effect. This effect does not actually occur as

shown by the measured profiles. The benching is
caused because the . computation method responds
immediatety to abrupt changes of geometry whereas
actually flowing water would tend to average out in
adjusiing to the change of geometry.

The percent deviations of computed
backwater-curve-measuring head from those computed
with equation (7} that was fitted to measured valves
are shown in Figure 10. The backwater head valves
were within plus or minus 1 percent for {Qg) equal and
greater than 2.5. For (Q) of 2.5 the deviation is about
minus- 1 percent and becomes increasingly negative as
{Qg} decreases. This illustrates that relative roughness
effect should have been accounted for during the
backwater computations when {Qg) was 3.0 or less,

The variation of backwater measuring station head was
linear with respect to (M) and (f). For (Q,} of 6.52 and
for either a (f) of 0.020 or 0.023 the change of head
was 0.002 ft (0.06 cm) for a 0.010 change of {M). For
{Qq) of 5.52 and {M) of 0.105, the change of head was
0.003 ft. {0.09 cm) for a 0.010 change of (f}. The
linzarity of head with respect to change of (M) or {f} is
due to friction and loss assumptions of the backwater
computation method which did not consider relative
roughness variation of {f}.

The sensitivity of the backwater computation method
to assumed location of critical depth was checked by

holding (M) at 0.1, {f} at 0.023, {Q,) at 5.52 and

assumning’ various critical depth locations throughout
the entire length of throat and including its end points,
The variation of computed measuring head with
respect to critical depth |ocation was linear and had a
slope, change of measuring station head to change of
location, of 0.0032. The insensitivity of the computed
measuring station head to tocation of critical depth is
due to the steepness of the slope of the water surface
profiles at the start of the throat.

Despite the relative success in applying backwater
computations to determine measuring station head in
this study, prior knowledge of friction and eddy loss
factors is required,

Eneray Losses of Flume

Since conservation of energy is considered one of the
advantages of using a flat-bortomed venturi flume,
computations were made of the energy losses of the
laboratory flume, To permit comparison with other
devices of similar discharge capacities, the energy loss
was determined bpetween 1he intet and in the
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Figure 5. Location of critical depth with respect to
discharge—Painted wood flume.
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downstream canal of the laboratory flume over the
discharge range from 0.5 to 5.0.2fs (14.2 10 141.6 Ips).
The 1-ft {30.48-cm) modified Parshall flume which is
used for about the same discharge range was selected
for comparison. The energy loss for the flat-bottomed
trapezoidal venturi flume was about 50 percent of that
for the 1-ft Parshall flume at 0.5 cfs and about 30
percent at 6.0 cfs,
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Bureau of Reclamotion

CONVERSION FACTORS--BRITISH TO METRIC UNITS OF MEASUREMENT

The following conversion factars adopted by the Bureau of Reclamation are those published by he American
Sotiety for Testing and Materials (ASTM Metriz Practice Guide, E 380-58) except that additional factors (*)
commonly used in the Bureau have been added, Further discussion of definitions of quantities and urtits is given in
the ASTM Metric Practice Guide.

The metric units and conversion facturs adopted by the ASTM are based on the *International System of Units"™"
{designated 81 for Systeme Iniernational d'Unites}, fixed by the International Committee for Weights and
Measistes; this Systemn is also known as the Giorgi or MKSA {meter-kilogram {mass)-second-ampere} system. This
system has been adopted by the International Organization for Stndardization in ISG Recommendation R-31,

The metric technical unit of faree is the kilogram-force; this fs the force which, when applied 16 & body having a
mass of 1 kg, gives it an accelerstion of 9.B0G6S m/sec/sec, the standard acceleration of free fall toward the earth’s
center for sea level at 45 dey latitude. The metric unit of force in S| units is the newton {N], which is defined as
that farce which, when applied 1o 2 bady having a mass of 1 kg, gives it an acceleration of 1 m/sec/sec. These units
must be distinguished from the (inconstani) Iocal weight of a body having a mass of 1 kg, that is, the weight of a
body is that force with which a body is attracted to the earth and is equal to the mass of a body multiplied by the
acceleration duw to gravity. However, because it is general practice to use “pound” rather than the technically
correct term “pound-forge,” the term “kilogram™ (or derived mass unit) has been used in this guide instead of
“kilogram-farce” in expressing the conversion factors for forces. The newton unit of force wil find increasing use,
andd is gssenytal in 1 units.

Where =pproximate or nominal English units are used to express a value or range of values, the converted matric
units in parentheses are also approximate ar nominal. Where precise English units are used, the converted metric
units are expressed as equally significant values, ’

Table t

QUANTITIES AND UNITS OF SPACE

Myltiply : By To obtain

LENGTH

26.4 lexactly) Micron
25.4 {exactly} . ... wve e .. Milimeters

2.54 (exactly)” . , .
30.48 (exactly)
0.3048 (exactly)™

0.0002048 {exactiy)*

0.9144 (exactly} . . .
1,609.344 {exactly)*
1.609344 {exactly)

. Centimeters
. Centimeters
v Meters
Kilometers
Meters

v Meters

AREA

Kilometers

Square inches
Square feet . .
Square feet
Square yards
Acres |

Acres ., _ .

Square miles

6.4516 {exactiyl . .
f928.03 ... ......

0.082003 . ...

0838127 ., ..

*0.40469 . .
“4048.9 , ...,

*0.0040469

2.58999

Square centimeters
Square centimeters
Square meters

. . . Sguare meters
Hectares

v .. ... Square meters

Square “iiometers
Square kilomaters

VOLUME

Cubic inches . ...
Cubic feet . , .
Cubic yards . .

16.3871 ...
0,0283168
0.764555

Cubic centimeters
Cubic meters
Cubic meters

CAPACITY

Fiuid ounces (U.5.)
Fluid punces (U.5.)

Liquid pints (US) . .. ..

Liguid pints (U.S.}
Quarts (L13.) . .
Quarts {U.5.}
Gallons (U.5) +. ..
Gallons (U.5.)
Gallans {US.} .
Gallons (U.S.) .
Gallens (UK.}
Gallons (UK.}
Cubic feet , |, .
Cubic yards . .
Acre-feet
Acre-feat

29,5737
29,6729 . . ..
0.473179
D.473166
*946.358 . .
*0.0468331 . .
*3,785.43 . ., .
378543 . . .

*0.00378543

454806 . ..
28.3160 , ,
‘10455 ... .. ...
"1,2335 ...,

*1,233800 ..., ..

Cubic centimeters
Milliliters

. Cubic decfmeters
e eva ... Liters
Cubic centimetars
veeua. . Liters
Cubie centimeters
Rubic decimaters
cean.. Liters
Cubic meters
Cubic decimeters
I.Iiters

Liters

... Liters
Cubic meters
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Tahle || Table |1--Continued
QUANTITIES AND UNITS OF MECHANICS Multiply By Toabiain
Muttiply By Ta abtain WORK AND ENERGY®
MASS British thermal units {Bew) .. . .. 0252 e e Kilogram caloiies
Gralns (1/7.00016) .. .. ... .. 64,70891 (exactlyl Milligrams e dhermat units B} .. . N Bae ot LI R Tl loutes. o
Trov ounces (480 grains) - « . . . 31,1035 .. Grams tuperpound . ..... e s . Glexactly) . .. ... ..... e . Joules per gram
Ounces avdg) ) , 28,3495 * Grams Footpounds ............. 135682 . .. .... e et e et v, Joules
Pounds{avdp) ... ......... 0,45359237 (exactly} ., Kilograms POWER
Short 1ons {20001 ... .., .. 907.185 Kitograms
Shortons {2,0000m) ... .. . 0.847185% . Metric tons
: S Horsepower , . . ..., ....... M5700 ... ..., e e e e e e Watts
Lang tons {2,24010b) . . EERRE 101606 ... .. Kilograms Bruperhour .. ... 023071 .. ... o Warts
’ FORCE/AREA Foot-pounds persecond .., . . 135682 . ... ... T Warts
. , HEAT TRANSFER
Pourkls per square inch- . , . ., .. 0070307 ... ............ Kilograms per square centimeter
Pounds per square inch . . ... .. 0689476 ........... e Newtgns per square centimeter Btu in/hr F2 degree F (k,
Pounds per square foot .. ... .. 488243 . ... ... ... e - Kilograms per square meter thermal conductivity) , . ... .. 1442 .. ... e « ... Miltiwatts/crn degree C
Pounds per square foot . _ . . . ., A7BE03 . ..., ... ..., N Newlons per square meter Btu inshr f12 degree F [k,
b thermal conductivity) . ... ... 01240 ..., ... L. PN Kg cal/br rp degren C
¢ 2
MASS/VOLUME (DENSITY] Btu fshr i degree F . oo, L, L *14880 . ......, e . Kgcal mihr m< degres ©
2 ] Btuftr 12 degree F {C,
Qunces per cubleinch . .. ... .- 172989, L. Perr e Grams per cublc centimeter thermal conductance) , . . .. .. 0568 ...l vv e .. Milliwatislem? degree ©
Pounds per cubic foot . ... ..., 16.01B5 e e e e Kitograms per l:uhlr.'rneler 8twihr &2 degree F (C,
Pounds per cubicfoot % . .. .. .. 00160985 . ............... - Grams pes cubic centimater thermat conductance} , . . . . .. 4BB2 . ... ... vva. .. Kgeaifhr m2 degree C
Tons {fong) per cobic yerd .. ., . 132894 , .0 .. ... ... e Grams per cubic centimeter Degree F br ft2/Bty (R, :
thermal resistonce) ... .. . L P e Degree € cm?/milllwatt
MASS/CAPACITY Bru/lb degree F (¢, heat capacity) 49868 ... e ... JgdegrenC
- - i Btultb degree F e b 1171 s S e e Cal/gram degree C
g“"';: P‘"Ba:::: i‘d-'sé" ------ ;“5333 ----- G R g::::z:: :::z: Fl the {tnermel diffusivityb .. .. - 02581 ... ... e e Ce Cm?:{sec
unces per ga P e : PECRE e R v h 008290 . .. ... .. L e
Pounds per gallon (US) .. ... 119829 ... ... DR RO Geams per fiter Eihe (thermal diftusvity) ... *0.09290 M /e
Pounds per gatlon [UK) . ... .. 99719 ... PN . Grams per I1t‘er WATER VAPOR TRANSMISSION
ROUE 3]
BENDING MOMENT QR TORO 1 Grainsfhr u2 {water vapor} . R
Inch-pounds 0011521 ... ... Meter-kilograms v fransmission} ..., ... .., .. lg.és.g ..... e e Grar:‘ns;'Ztl hrm
Inchpounde 112985 x 106 . . Centimeter-dynes ermstpetmuance) EAEEEEE A [ P i etric perms
Foot.pounds L . Meter-kilograms Perm-inches {permeatility) . . . . . 167 e AEREELEEES . Metr perm-centimetes
_Foot-pounds 136582 107 .. .. ... Centimeter-dynes R i
Foot-poundsparinch . ... .. .. 6.4431 Centameter—kllograms per centimengr
Ounce-inches . ... ......... J200B .. ... . e Ceeea e Gram-centimeter s
VELOCITY :
Feetpersscond .. ......... 3048 (exactlyt .. ........ .. «««.... Centimeters per second
Feetpersecond ., ., .. e 0.3048 {exactly}® ., ... ...... el Meaters per second
Feetperyear ., ,.....,. . "0865873x10~6 ... ... ..., ... Centimeters per second
Milesperhour ... ....,. e 1.600344 fexactly) .. ... ... .. ..., .. Kilometers per hour
Milesperhour ., ., ....... e 044704 (exdcelyl .. ... ........ e Meters per second
— Table 111
ACCELERATION" .
OTHER OQUANTITIES ANO UNITS
Feet per second? .. ... P 03048 . ... ... e s Maters pet second?
Multiply . By . To obtain
FLOW K ] -
Cuhic feet per square foat per day (seepage) . .., "3048° .....,..... Liters per square meter per day
Cubic feet per second Pound-seconds per square foot {yiscosity] .. .. . . "48824 ....... Kilogram scond per square meter
(second-feet}) . ...... o COO2B37 e .. ... Cubic meters per second Square feet per second fviscosity} L, . ... ... . "0.082903 . .. .. s+ v a4 Sguare meters per second
Cubic feet per minete , ... .. .. 04719 . . Liters per sacand Fahrenhait degrees (chanoe)™ - ..., . ... _ ... 5/ exactly , , ., Celsius or Xelvin degrees (chenge] *
Gallons {U.S.) per minute . . .. .. 0.06309 Liters per second Volspermil ...................... 003937 .......... +« Kiiovolts per mifllmeter
Luniens per square foot (foot-candles] . N 10764 L., P Lumens per square metar
FORCE* Ohm-circularmisperfoot . ... ...,.. [ o.Qote62 ... ... Ohm-square millimeters per moter
) Millicuries pereubicfoot .. ... ....... - e [0 1. v Millicuries par cebic mater
Pounds . ..,........... . 0452692 L ..., .. e e e e e , Kilpgrams Milliamps per sQuaretpol L. ... . 107639 ..., .... !+ .. Milliamps per square meter
Pounds ,,.............. Aad82 ... ....... ... e e Nmwtons Gaflons per square yard . . ., , . e 4827219, ., .. .. .. .+ . Liters per square meter
Pounds ............ Ve taaq82x08 L. e .+.. Dynes Poundsperinch , .. .. ....... e e ‘017858 .., ... ..... Kilograms per centimetar
- GFO 842 -300
x . i ks - '




*abues abieyss|p Mag 3Y1 UL 4Dy Pa1UNOJJe ag PINOYS $10ay4a ssauybnos aaite|py “pannbay s
§101012) 5501 Appa pug uopaLy o ofpajmauy L0ud ‘laremo ‘uoHeasja peay Bulinseaw ajeynajes
a} pasn ag upd suolerndwod sazesoeg ‘afiuel aBieydsip alles ayl 1NOOR SBY YdIym awnjy
JIBWSIE Y- BUYY 10y S3SSO} BYF JO %05 OF OF WO4) al1g awnjp WNIUAA jepiozadest WOTI0G-1R)
ayl Jo} sassa] ABlaum ‘ownpy poom patuled ayl Joy padojsasp uollenba ayi Buisn awngy
pauayBno: pues ay) 4oy abieyosip syl Bunndiuco Uy paloajfiau §F UDIIDLY UBUM INJDD %Z/L-b
0} g/{-¢ wozy obieydsip uf sJodg awn|) Poom patuted ayy 104 ueyl spo 0°G 1@ saybiy o) pue
542 -0 18 taybiy o,z ses awn|j pauayfinogs pues 3yl J0) pedy pulINsEaW ay ) "sjdp ' 01 G0 Sem
3bueJ 3b1ey2sip 3y "AVeYINS Paleod-pues B PUB 3JRJINS PDOM POILIECQ T 10} PAYEA]) (2D SEM awn|)
ay, 'oouabisauDna 8} JO 1JEIS Byl wody weadsdn 1} jiey-aua sem uoliels Gupnseaw ayy tu
 sem UIpiam o110 1eadyl ay) Buof 3y g 010 UOIlIsURA JaIN0 pue leosyl ‘uoisuedl Jau dy ]
‘Bap g aJam uoll)suied} 183N0 3y} jo aouabiasip pue uoiisuel} JajUE ayl Jo adusblaauod jo sajbue
ay] ‘hap gy jo sa|Bue adojs apis sey awny 3yl "wesbor 3UaWIDINSElY JFlepy UDIBLWEB[DEY JD
neaing oyl Jo ted se A101eJoqE] SUI U) PRIPNIS SEMm ain|y 1Inluaa [Bplozade)) wollog-1epy aug

JIVHLEGY

rafiues aBeyasip MO AU U 103 PBILACIIR ag PIRCYS $13ayla ssauubinoy sanejay "paxinbal s
$40}2€} $50| Appa pue U01alY Jo oBpajmous Jond ‘1aAamop ‘uolieaata peay Guiinseaw ole|nojed
01 pasn aq ued suoieINdwod axemyoey ‘ebues sbleyasip swes ayl inoqe sey yolysm awnyy
|IBYSIC 1j-1L 3yl IO} §35S0| SUL }O 940G 01 Q£ WOJ) ale awn|y 14NlUas jeplozadel) WoN0G-1ey
ayl Joy sasso| ABlauj ‘awnp poom perwed ayy o) padojaasp uonenba ayy Buisn awiny
pauaybnor pues ayl 4o} abieyastp ay: Gunndwode uy pajoa)Bour 5) UWOIILYE UIYM INJID %Z/ |-t
0} Z/1-€ wouy alieydsip by s104sy "awn|y poom payned ayl 1oy ueys sgo G 3¢ saybly %1 pue
542 G'0 1@ Jaybily o4z sem awn|} pauaybnol pues syl aoj peay Guinseaty ay) "5y 0°G O G sem

afiue) abreyosip oy ) '3081NS PAIBDI-PUES B PUR 838}INS POOM paluled e a0} PEILIGIIED SEM awny)

ayy raousBiaauao ayl JO 1JEIS BYL WO} WEDNSAN 1) J|PL-0U0 SBM UOHEIs Buinseaw ayl -uj
P SEM YIPIM Wos10q 18041 3y | Buot 15 £ 34em uoyysues 1a)3ne pue 1BOMYL UOIIISUBL TajL By
‘fiap & aaM L0)1|5URLE 101100 5U)1 )0 aouablaap pue uol(suR.) 13Ul BY) 1o aauafiseauod Jo sa|bue
ay), 'Gop gf jo sajBure ado|s Dpis SBY dwn|p 8y "Welbol] JUaINSeaRy 1918A UOIIRWERRY JO
nepung oyl jo ed se Aloleloge| syl ul PARMS SEAM dnj Lintuaa epozadelt WeUeq-1e); aup

LIVULSUY

R R L I

Tvasrae

Raesnpsannuas

.
.
.
.
.
.
a
.
+
.

P I R

*abue. abieyosip Mol 3yl Ul 10} POIUNGO3E ag PINOYS $109)4a ssauybnod asneay poainhal sj
510308y 550| Appa pue uciouy jo abpamouy Joud “Jaramog| "uopeaala peay Bupnscaw elejnajea
0] pasn 3q ued suopeIndwod selemoeq “abues abieydsip swes ayl 1NOQE SBY UDIYM awing)
||eysied 14-1 3y} 403 $3ss0] 3yl JO %05 01 OF WOL) 34E JWN|} LiMuaa [epiozadel]l WO100-1])
ayy Joy sessof Aflaug -awnj) poom paluled ayl Joy padojaaap uoknenba ayy Busn awngy
pauayinol pues ayl Joy afieyosip ayl Buindwod u] paldajfiau 51 UDRILY Uaym 4nddo %Z/L-b
0V g/1-¢ WoJ) abieyasip uy 510443 swnj) poosm poluled ayl 10} ueyl s 0°G 18 Jayfiy o5 pue
$)9 5°Q 1@ seybiy %z sem awng) pauaybnos pues syl Joy peay Burinseaw ayj °s)o 0°G 03 G SEM
abuey abieydsIp 8y | “992)INS PAJROI-PUES B PUE JJBLINS POOM palUled B JOJ POIRIOIIRD SeAm FuIN|L
ay] -eouablaauos syt jo 1e1s ayl woyy weansdn 1y JBY-3U0 Sem ucllBls Burinseats ayy Cut
¥ Sem YIPIMm LWO30G 104Y1 ay] 'Buo| 1y £ 8J3M UDISUEL 33]IN0 PUB 1RO ‘WORISURIL 1ajus Ay
*Bap g o40M UDIMISURI] 13INE 943 JO 33uUablaap pue UoNlIsuel) Jajul Ay JO ouaflaauod jo safue
oy ‘Bap gp jo sajbue adojs apis sey awn|} ayj "Welbold Juawainsealy JAIEN UQNEWED3Y JO
neaing ay3 jo 1Jed e A1031210qe]| ay) Ul PatpnIs SEM 3Wn|j LNIURA [EploZadel wallog-lej) auQ

JIVHLSEY

P I N I

,

*abuels a‘ﬁ‘j'eq:)s!p MO| Jyl Ul 104 PaJUnoIoE 3g PNOYS 53dayta ssauyBnot aane(ay palinbal sl
5103084 550 APpa pue uonaly j0 afipajmouy Joud ‘rarsMOH "UopRAala PE3Y Burinseaw oye(najed
0} pasn aq ued sucneindwod Jalemyoeg Cabues sfizeyosip awes ayl 1noge sey Yaiym awnjy
{iBYSIeg 14-| 8y} 10} Sesso| ayl JO %OS 01 PE WO 24 UNY WNluaa [EPIOZades) wonog-e)y
ayy oy sasso| ABiaug ‘awnyy poom paluled aup 104 padojaaep uopienba ayl Buisn awny
pauaybnos pues ayl rof ableyasip ayl Bunindwoo ur paae|fisu st DB UYM N0 /it
o} z/}-Z Wosy abieydsip up 10013 *3wnyy poosm paluled ayl Jo} Ueyl 550 0°G 18 Jaybly % pue
$)3 §°p 1= 431y 9% sem dwinjy pauayBnos pues sy 1oy peay Buunseaw ayy "5} 0'G 01 G'0 Sem
abues abireyosip aU] -a0e4aNs pPaland-PUES B PUE B0BLINS POOM pPaluied € 10§ PRIBIGIED SBM AN}
ay] ‘aauabiaauod ayl o 3ie1s ayl wosp wedsnsdn 1y j{ey-duc sem UoITElS Buwnseaw syp -ul
1 SEM IPIM WO110QG 1E04YY AL | *6uoy 1} | alam UONISLED} 13[IN0 pUE 1ediyl ‘UOIHSURS 1a(Uf oy |
‘Bap g asam LID[1ISUE.] 13300 Y2 Jo aausfijanp PUE UORISUEI] 1ajul ayl JO sauabiasuod jo saffiue
ay) ‘Bap gp jo sa|Bue ados apis sey swny) ay) wWelbold JUAWAINSE JBleAy UONEWEREY O
neaing ay} $0 Lied e Aoleiode| Byl Ul P3IPNIS SBM BNyl 1Njuas [2p10zadell wolog-1R|) AUD

LOVUHLERY




REC-ERC-72-14

Dodge, R.A

LABORATORY STUDY OF A FLAT-BOTTOM TRAPEZOIDAL VENTURI FLUME

Bur Reclam Rep REC-ERC-72-14, Div Gen Res, Apr 1972. Buresu of Reclamation, Denver, 10
p, 10 fig, 4 ref

DESCRIPTORS-—/ hydraulics/ *discharge measurement/ water measurement/ calibrations/
*venturi flumes/ “trapezoidal tlumes/ head losses/ energy losses/ Iaboratorv tests/ test results/
boundaries (surfaces)/ roughness thydraulic)/ model tests

REC-ERC-72-14

Dadge, R A

LABORATORY STUDY OF A FLAT-BOTTOM TRA‘PEZO&DAL VENTUR1 FLUME

Bur Reclam Rep REC-ERC-72-14, Div Gen Res, Apr 1872, Bureau of Reclamation, Denver, 10
p, 10 fig, 4 ref

DESCRIPTORS—/ hydraulics/ “discharge measurement/ water measurement/ calibrations/
*venturi flumes/ “trapezoidal flumes/ head osses/ energy losses/ laboratory tests/ test results/
boundaries {surfaces)/ raughness {hydraulic}/ model tests

REC-ERC-72-14

Dodge. R A

LABORATORY STUDY QF A FLAT-BOTTOM TRAPEZOIDAL VENTURI FLUME

Bur Reclam Rep REC-ERC-72-14, Div Gen Res, Apr 1972, Bureau of Reclamatian, Denver, 10
p, 10 fig, 4 ref ’

DESCRIPTORS—{ hydraulics/ "discharge measurcment/ water measurement/ calorations/
*venturi flumes/ "trapezoidal flumes/ head |osses/ energy losses/ laboratary tests/ test results/
boundaries (surfaces}l/ roughness (hydraulic}/ model tests

REC-ERC-72-14

Daodge, R A

LABORATORY STUDY OF A FLAT-BOTTOM TRAPEZQIDAL VENTURI FLUME

Bur Reclam Rep REC-ERC.-72-14, Div Gen Res, Apr 1972. Bureau of Reclamation, Denver, 10

p. 10 fig, 4 ref

'il

DESCRIPTORS—/ hydraulics/ “discharge’ measﬁte_ment/ water measurement/ calibrations/
“venturi flumes/ "trapezoidal Hlumes/ head losses/ cnergy Iosses/ laboratory tests/ test results/
boundaries (surfaces)/ roughness (hydrawlic)/ model tests




