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i D = depth of f low 
1 d = subsc;ipt denoting divergence 

E = energy 
e = subscript denoting eddy loss 
f = denoting functional relationship. Darcy Weisback Friction Factor 

m d  subscript denoting fr ict ion loss 
g = :  acceleration of gravity 

I H = head loss , 
h = head r k = Nikuradse sand roughness 
L = length and subscript denoting loss 

I M = eddy loss factor 
m = subscript denoting measuring station 
1.1 = viscosity 
o = subscript denoting dimensionless 
P = wetted perimeter 
$ = convergence and divergence angle 
Q = discharge 
R = hydraulic radius 
r = subscript denoting reach 
P = density 
s = subscript denoting submergence measuring stations 
a = standard deviation 
t = subscript denoting throat 
0 = side slope angle 
V = velocitv 



/ 
These studies ,,were made to  help determine the the laboratory test range the v'alidity o f  the equation is 

feasibility of k i n g  flat-bottom venmri flc:;les as limited by: 

water-Steasuring devices in Bureau of Reclamation ;.: 
projects and to obtain some experience to aid in the f,, 

1.2<Q0< 17.5 

development of designing and discharge rating of these 1 '  

flumes. Furthermore, the submergence characteristics of the 
flume, equations (7) and (a), are further limited to: 

BACKGROUND lhslhm) < 0.88 

Because of the increasing need for-better utilization where thS) is downstream submergence in the canal. 

and conservation of water resources, a continuing 
The sensitivity of the flat-bottomed trapezoidal venturi. 

watermeasurement program was formulated to refine. flume and the lft, Parshall with respect to 
standardize, and simplify the design of watermeasuring 
devices. Bureau personnel on irrigation projects became the effect of an error of plus or minus 0.01 f t  (0.305 

aware of studies of flat-bottomed trapezpidal venturi centimeters (cm)) in measuring head was determined. ,--- 
The resulting error in discharge for Parshall flume i s  flumes conducted by other Government organizations about or minus percent at 0.5 cubic feet per 

and universities. The investigators and users o f  these 
flumes cite many advantages of this particular second (cfs) (14.2 liters per second (Ips)) and plus or 

water-measuring device. Because of these pur(;orted minus 1-112 percent at 5.0 cfs (147.6 lpsl. The 
resulting error for the trapezoidal flume i s  abou? plus advantages, the Eureau-'canducted preliminary studies 
or minus 5.112 and plus.or minus percent at the same of one flat.bottomed trapezoidal venturi flume as part 
discharges. , . o f  the Water Measurement Program. The studies were 

directed toward providing a more generalized 
procedure for design and discharge rating of 
flat-bottom trapezoidal venturi flumes. The results of 
these preliminary studies are included in this report. 

SUMMARY OF LABORATORY STUDlES 

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

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

The dimensionless calibration equation for free f lowin  
the sanded flume is: 

The measuring station head is (h,) and (bt) is'the 
bottom throat width. The dimensionless discharge (ao)  

Boundary roughness has a s~gnlf~cant effect on the 
measuring head. The calibration head for the 
sandcoated flume was about 2-113 percent greater 
than for the painted wood flume at a d~scharge of 0.5 
cfs 114.2 Ips) and about 1-114 percent greater a: 5.0 cfs 
(141.6 Ips). The percent error caused by applying the 
d~scharge equation for the pamted wood flume to  the 
sand-coated flume i s  about 4-112 percent at 0.5 cfs 
(14.2 Ips) and 2-112 percent at 5.0 cfs i141.6 Ips). 

Ackers' and Harrison's2* method was applied to  both ::, 
flumes. Measuring station heads computed by this 

' 

method were from 1-1/4 to 4 percent low for:'the 
painted wood flume and from 2 to  4-112 percent low 
for the sanded flume. . . . . 
Using the backwater method produced measurC5g 
station heads that agreed with data to  vlithir;,o!us or . . ::~4 -. 
minus 1.0 percent for (a/@ ) greaTer:han 2.5. 

Reiativs roughness should be accounted $0: when 
applylng backwater computations to determine 
measuring statlon heads. 

Two combinations of eddy loss (M) and Darcy Weisbach 
friction factors I f )  were found by the standard step 
backwater computation mexhod 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  i f )  and (M) factors. 

*Numbers refer to references at end of text 



Before the backyater computation can be effecti.:ely flumss. However, the effects of frictional dr;g should 
used for calibrasng venturi flumes. prior knowledge o f  be included in the analyses. 
friction and eddy loss factors i s  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 l . f t  (30.5-cm) Parshall flume 
were compared with the losses in the painted wood 
f la t .bot tom trapezoidal  ventur i  flume for 
approximately the same discharge range. The loss for 
the trapezoidal flume was about 50 percent of the loss 
for the Parshall flume at 0.5 cfs (14.2 Ips) and about 
30 percent at 5.0 cfs (141.6 ips). 

PRELlhilNARY lNVESTlGATiONS 
". 

Review of  Llterdture 
, . 
. , 

Although this laboratory study i s  restricted fu  . , 

flat-bottom trapezoidal venturi flumes, literature was ". 

reviewed on other types o f  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 
particular use. Few investigators have made as 
extensive attempts to unify data such as ~ a v i s '  did for 
Parshall flumes or to  develop comprehensive general 
design procedures similar to Ackers and Harrison.' 

APPLiCATlONS 

Flat-bottom trapezoidal venturi flumes can be used 
where head must be conserved. Unlike the Parshall 
flumes, they do not have a floor drop. They will pass a 
greater range of discharges than Parshall flumes for a 
gvden range of head because of their trapezoidal cross 
section. The trapezoidal flume i s  more convenient to  
f ~ t  to the usual canal shape. 

A. R. Robinson and A. R. Chamberlain4 have studied 
small trapezoidal flumes covering the range 0.02 to 2.0 
cfs (0.56 to 56.3 Ips). Their flllmes had side slopes (6') : 

: ranging from 30° to 60°, throat bottom widths varying 
' from 0 t o  4 inches (10.2,c,~:j'and convergence angles 

($1 varying between So and 2Z0. I f  their recommended 
dimensions are carefully followed, the flumes should 
be adequate for use without field calibrations. 

Dimensional Analysis :I 

A dimensional analysis was made assuming the relevant 
variables (list c f  symbols and Figure 1) are related 
functionally as: 

I ! I 
The one flume studied by the USER can be used for i 1 J I (  

'4 the discharge range from 0.5 to 5.0 cfs (14.1 to 14.6 A .  
Ips), providing the dimensions used in this study are . . .  

carefully reproduced. Equation (7) can be used for 
calculating fables i f  the boundary surface roughness is 
similar to  the painted wood flume studied in the S E C T I O N  A - A  
laboratory. 

Further studies are required before a more-generalized L,! i L* I id I 
t :  

--. 
procedure for design and accurate computed discharge 

hmJ- I. -+ 1 

; -  3 
rating of flat-bottom trapezoidal venturi flumes can be 
made. I t  is recommended that dimensionless 
parameters be used for correlating the data. The USE of i 
dimehionless parameters permit the full use and 

w.7 

4 advantage of similitude and model scaling rather'than Figure 1. Schematic sketch of laboratory flat-bottomed- 
obtaining individual calibration for many variousl, rrapezoidalventuriflume. 



I t  i s  recognized that (p&b,! and ( ~ ~ / ~ b ~ ~ )  are 
peculiar forms of Reynolds, and Froudz numbers. 
However, a more familiar form of Reynolds number 
can be obtained by using continuity of flow. 
introducing hydraulic radius (R,) of the measuring 
station denoted by the subscript (ml and writing: 

where (Vml and (A,) are ?lie velocity and area of the 
measuring stations. kmlPm)where (Pml i:z 
the ,wetted perimeter at the measuring station and by 
regrouping 

replaced by the Darcy-Wehach frictson factor If1 
determmd from a convent~onal plpe f r ~ c t ~ o n  factor 
curve 

The square root of the Froude number (C12/gbt5) was 
taken to  obtain Davis'discharge parameter. However, i t  
was not fu:ther manipulated to avoid having measuring4 
head and discharge within one dimen;ionlesr term. 

Downstream submergence i s  usually expressed with 
respect to measuring head. Therefore (hs/b:j was 
divided (hm/bt) and replaced by the quotient. -. 

The compactequation after these transformations is 

where 

by geometry 

Pm b t+  2 LC Tan ($4 + 2 hm Cosc 10) = 
-= 
b t  bt  

Therefore 
d 

However, the effects of friction, losses are often 
neglected by investigators. For convenience of design 
and calibration the (L/btl terms could be held constant 
throughout a set o f  flumes. Since .only one flume 
geometry was studied, the ' parameters entirely 
dependent upon geometry were not varied. However. 
the remaining parameters are convenient for expressing 
and plotting results. 

Computed Callbration by Ackers' 
and Harr~son's Method 

Multiplying by four, then 

hm .) 
Ackers and narrison2 outline a method for computing 

= 

(4 

p"m% LC 
-, m, 6.- h e  discharge-head relationship for critical depth 

Pbt P ' bt bt flumes. The method accounts for frictional drag by 
assuming all friction loss occur's in the throat. The data 
from the present study were used ro compare 

Therefore (i:) - can be replaced by . computed and measured discharge-head relationship. 



Standard Step Method for Computing 
Measuring Station Head 

Water surface profiles can be computed through 
vr:'turi flumes. Thus the measwing station head could 
be determined. However, an adequate accounting of 
losses and a known water surface elevation at a known 
s ta t ion are required. Water surface- profile 
computations are based on application of Bernoullis 
energy equation to  successive reaches such as shown in 
Figure 2. 

The bottom slop€ i s  usually assumed small and in our 
case is actually zero. Therefore 

Where (EL) is the sum of energy losses through the 
reach. The frlction loss slope through the reach i s  

assumed to be the average of the normal f low friction 
slopes (Sf) for the geometry and hydraulics at the ends 
of the reach expressed such as 

where If) is the Darcy-Weisbach friction factor. ( R )  i s  
the hydraulic radius and (VI  is the velocity at a station. 
The friction loss through the reach i s  taken as: 

where (LC) is the length of reach. 

Eddy losses (He) are commonly expressed as 

, , 
'& \ 

.where (MI is an eddy loss factor commonly taken as 
0.1 for converging flow and 0.5 for diverging flow.3 

An unknown depth at the end of a reach i s  found by 
successive approximation until both sides of equation 
(3) balance to  within sufficient precision. 

of (f) and the value of eddy luss  factors could be a 
problem. Despite these expected d~fticulties water 
surface profiles were computed and compared with 
measured data. 

Laboratory Study Program 

Because of alternative approaches that could be applied 
to generalizing the design of flat.bottomed trapezoidal 
venturi flumes, one laboratory flume was built t o  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-bottomed trapezoidal vnnturi flumes. To  
more fuily evabfate the effect o f  roughness, the same 
flume was artificially roughened by gluing sand on the 
flow surfaces of the flume. 

LABORATORY FLUME AND 
MEASURlNG TECHNlQUES 

Fabrication o f  Painted Wood 
Laboratory Venturi Flume 

The plane 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 
f t  (7.64 meters (m)) long, 20 inches (in.) (50.8 cm) 
deep, and 44 in. (112 cm) wide. An 8-ft (2.4-mi wide 
by 6-ft (1.8-m) deep box with a bellmouth exit calmed 
the inflow and provided a uniform flow in the canal 
section approaching the trapezoidal flume. 

Figure 2. Definition sketch for standard step reach 

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



G e o m e t ~  of Laboratory Venturi Flume 

The flat-bbttomed trapezoidal venturi flume had side 
slope angle; ( 8 )  of 45' and convergencedivergence 
angles I@) of 5'. Figure 1. The convergence, 
divergence, and thrcat lengths were each 3 f t  (91.4 
cm). The throat bottom width (bt) was 4 in. (10.20 

. cm). 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 f t  (15.24 cm) upstream 
of th3 start o f  convergence. 

Sandcoated Flume 

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

A oloseup vtew comparing the sand-coated surface w ~ t h  
the painted surface is shown in Figure 4. A resinous 
paint used in the hydraulic laboratory models bonded 
the sand t o  the flume surfaces. The sand had a mean 
diameter o f  1.7 millimeters (mm) with 73 percent by 
we~ght having a diameter equal to  or less than 2.00 mm 
and 3 percent having a diameter equal to or less than 
1.2 mm. 

T o  determine the effective boundary elevatidii of the 
sand-coated flume, a mechanical device was used to 
make random measurements of the physical roughness. 
Figure7& and was placed on the sanded surface. 
Without moving the sampling ring, point gage vernier 
readings were obtained on the test surface by randomly 

.. , . . . 
placing the spaced bars on the ring and randomly 
placing the point gage on the bars for each readiny. 
Enough point gage readings were obtained on the 
rough surface to  determine a statistically meaningful 
average point gage reading o f  the test surface 
irregularities. The point gage rested on sand particles 
for 78 percent of the readings and on painted wood for 
22 percent o f  the readings. The mean of"the pa'inted 
wood readings was subtracted from the mean of all the 
readings, giving a differenco of 0.003 f t  (0.092 mm) 

Figure 4. Compar~ron of painted wood and sand-coated 
flume surfacer. Photo PX-D.45809 

Figure 5. Devicc used for random mechanical 
Figure 3. Sand.coated flat-bottomed trapezoidal venturi measurement of physical surface roughness-(a) sampling 
flume. Photo PX-0-71000 ring-lb) spaced barr-(c) point gage Photo PX.0-51179 



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 1 percent. 

Centerline Water Surface Profiles 

Water surface elevations were measured by a poin: gage 
mounted on a support resting on the railings of the 
ch~annel containing the flume. The point gage was 
zeroed at each measuring station by reading the vernier 
when the point was resting on the bottom of t h e  
flume. The repeatability of reading the water surface 
elevation was found to be within plus or minus 0.002 
f t  (plus qr minus 0.061 cm). 

Transverse Wafer Surface Profiles 
for Free Flow 

Transverse water surfxe profiles were measured for 
selected discharges and at selected cross sections along 
the length of the venturi flume. These .transverse 
profiles indicated that point gage readings ,:at the 
centerline of the discharge measuring station of th t  
flume would determine the average depth with the 
same plus or minus 0.002 f t  (plus or minus 0.061 cin) 
accuracy of the point gage reading technique. However, 
in the thioat section o f  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 f t  ;plus or minus 0.305 cm) from the 
average depth. Because these deviations are not at the 
measuring station, they are o f  no consequence in 
making head-discharge measurements, but they would 
interfere in determining the location o f  critical depth 
i n  the flume. 

Measurement of Submergence Head 

To define submergence, some location downstream of 
the measuring station must be selected for measuring 
the submergence head. For design, a location where the 
flow depth i s  controlled by the downstream canal 
rather than in some internal downstream part of the 
venturi flume itself would be convenient for designers. 
The submergence head was measured 5 f t  (1.5 m) 
downstream from the downstream end o f  the flume. 

knife-edged static pressure measuring disk was 
immersed at e wave crest and another was immersed at 
a succeeding wav: trough nearest to  the submergence 
measuring station. The two static disks were connected 
to a common hook gage well. The positicning of the 
static disks with respect to  the wave anb:ihe common 
well measured rhe average water surf&;e elevation 
midway between the statlc disks. 

RESULTS OF LADORATORY 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 dizcharge settings in the sandcoated 

. flume. These caiibration data, transformed into terms 
of dimensionless discharge (0,) which is equal to  

( )  , and dimensionless measuring head 

(hm/bt) wheie (bt) is the throat bottom wldth, were 
f~ t ted  by the method least squares to  power functlon 
form. The resultmg equatlon for the pawted wood 
flume is - 

Fcr the sand-coated flume the resulting equatlon a 

Percent difference o f  equation values for (0,) from 
those computed from measured data were determined. 
Thr, irequency 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 (a )  for the painted wood 
flume is 1.4 percent and the sand.coated 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 f t  (plus or minus 0.061 
cm). The error of discharge for this deviation of head is 



e/30 r Pointed wood 
eq. ( 7 1  

Sand coated 
ea. 181 

PERCENT D E V I A T I O N  

Figure 6. Frequency d~mibutions of percent dwlations 
of equatmn from measured values of dlmenslonless 
dmharge 

Dimensionless Submergence Functions 

Submergence data were obtained for the painted wood 
flume discharges covering the range from 0.5 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 painted wood flume indiceted 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. 

Although no submergence data were obta~ned for the 
sand-coated flume, it is expected that transition to free 
flow would occur nearly a t  88 percent submergence as 
i t  does for the painted wood flume. Also, the use of 
equation (8) and the percentage discharge correction 
factor from Figwe 7 would be adequate for 
determining actual discharge through the sand.coated 
flume during submerged conditions. 

plus or minus 1 percept at 0.5 cfs (14.2 Ips) and plus or Ackers'and Harrison's Method 
minus one-half percent at 5.0 cfs (141.6 Ips). Using a Compared with Flume Data 
staff gage in a field installation, headscan be measured 
to within plus or minus 0.01 ft (plus or minus 0.305 A calibration of the venturi flume was performed by 
cm). The error of discharoe fo- this deviation of head the compuiational method of Ackers and Harrison2 



that includes a simplified method for accounting for 
frictional drag that assumes all friction loss occurs in 
the throat. The Ackers dmharge values for a given 
head were less than those obtained by laboratory 
measurement. The percent differences varied from 
about 4-112 to 2 percent for the sanded flume and 
about 4 to 1-114 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 t h e  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 boytdary surface roughness in that the water 
surface profiles for the sand-coated flume are slightly 
higher than for the painted wood flume. 

Values of critical depth were computed for the 
d~scharges 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 flume profiles are shown in the plot in 
Figure 9. 

Backwater profiles were computed through the flume 
starting at the critical depths and locations shown in 
Fiyure 9 using reach lengths from 0.3 to 0.6 of the 
throat bottom width. The eddy loss factor (MI 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 f t  (0.03 cm) and the average 
hydraulic radius for critical depth 'location to the 
measuring station. a (f) factor of 0.020 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 cm) of each other. A relatively good 
correlation between the measured and computed 
profiles waiobserved throughout the entire flume. The 
computed backwater profiles are plotted for (f) of 
0.023 and (MI of 0.1 in Fiiure 8 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 
immediately to abrupt changes of geometry whereas 
actually flowing water would tend to average out in 
adjusting to the change of geometry. 

The  p e r c e n t  d e v i a t i o n s  o f  computed 
backwater-cunre-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 (Q e ual and s ?  greater than 2.5. For IQo) of 2.5 the deviat~on 1s about 
minus 1 percent and becomes increasingly negative as 
(0,) decreases. This illustrates that relative roughness 
effect should have been accounted for during the 
backwater computations when (QJ was 3.0 or less. 

The variation of backwater measuring station head was 
linear with respect to (M) and,lfl,:For (Qo) of 5.52 and 
for either a (f)  of 0.020 or0.023 the change of head 
was 0.002 f t  (0.06 cm) for a 0.010 change of (M). For 
(Qo) of 5.52 and (M) of 0.105, thechange of head was 
0.003 ft (0.09 cm) for a 0.010 change of (f). The 
linsarity of head with respect to change of (MI or (f) i s  
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 crilical depth was checked by 
holding (MI at 0.1, (f) at 0.023, (ao) at 5.52 and 
assuming 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 location 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 location 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. 

Energy Losses of Flume 

Since conservation of energy is  considered one of the 
advantages of using a flat-bottomed 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 between the inlet and in the 
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downstream canal of the laboratory flume over the 
discharge range from 0.5 to 5.*cfs (14.2 to 141.6 Ips). 
The 1-ft (30.48-cm) modified Parshall flume which is  
used for about the same discharge range was selectad 
for comparison. The energy loss for the flat-bottomed 
trapezoidal venturi flume was about 50 percent of tha: 
for the 1-ft Parshall flume at 0.5 cfs and about 30 
percent at 5.0 cfs. 
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AREA 

. . . . . . . . . . .  Square inches . . . . . . . . . . . . .  6.4516(exacllyl 5quarecenlimeterr 
Square feet . . . . . . . . . . . .  '929.03 . . . . . . . . . . . . . . . . . . . .  Square centimeters 
Square feet . . . . . . . . . . . .  0.092903 . . . . . . . . . . . . . . . . . . .  Square meters 

. . . . . . . . . . . .  Square yardr . . . . . . . . . . . . . . . . . . . .  0.836127 Square meters 
Acres . . . . . . . . . . . . . . . .  '0.40469 Hectares . . . . . . . . . . . . . . . . . . . . . . . . . .  
Acres.. . . . . . . . . . . . . . . .  .4.046.9 . . . . . . . . . . . . . . . . . . . . . . .  Square meterr 
Acrer . . . . . . . . . . . . . . . .  -: '0.0040469 . . . . . . . . . . . . .  SquareKi;amewrr 

. . . . . . . . . . .  Square miles 2.58999 . . . . . . . . . . . . . . . . . .  Square kilometers 

Cubic feet . . . . . . . . . . . . .  
Cubic yards . . . . . . . . . . . .  

CAPACITY 

Fluid ounces (US.) . . . . . . .  29.5737.. . . . . . . . . . . . . . . . . .  Cubiccentimeterr 
Fluid ounce* IU.S.1 . . . . . . .  29.5729.. . . . . . . . . . . . . . . . . . . . . .  Milliliters 
Liquid pints (U.S.1 . . . . . . . .  0.473179 . . . . . . . . . . . . . . . . . .  Cubicdnimeteri 

. . . . . . . .  Liquid pints IU.S.1 0.473166 . . . . . . . . . . . . . . . . . . . . . . . .  Liters 
Quaits (u.5.1 . . . . . . . . . . .  -946.358 . . . . . . . . . . . . . . . . . . .  Cubiccentimeters 
Ouanr lU.S.1 . . . . . . . . . . .  '0.946331 . . . . . . . . . . . . . . . . . . . . .  Liters 
Gailonr lU.S.1 : . . . . . . . . . .  '3.785.43 . . . . . . . . . . . . . . . . . .  Cubic centimeters 
Osllonr lU.S.1 . . . . . . . . . . .  3.78543 Cubic decimeters . . . . . . . . . . . . . . . . . . .  
Gallanr 1U.S.l . . . . . . . . . . .  3.78533.. . . . . . . . . . . . . . . . . . . . . . . .  Liters 
Ga1lonrlU.S.I . . . . . . . . . . .  '0.00378543 . . . . . . . . . . . . . . . . . . .  Cubic meters 

. . . . . . . . . .  Gsiionr IU.K.1 4.54609 . . . . . . . . . . . . . . . . . . .  Cubio dei+terr 

. . . . . . . . . .  Gallonr IU.K.1 4.54596 . . . . . . . . . . . . . . . . . . . . . . .  Liters 
Cubic feet . . . . . . . . . . . . .  28.3160 . . . . . . . . . . . . . . . . . . . . . . . . . .  Literr 
Cubic yards . . . . . . . . . . . .  . 74.55 . . . . . . . . . . . . . . . . . . . . . . . . . . .  Liters 
Acre-feet . . . . . . . . . . . . .  '1,233.5 . . . . . . . . . . . . . . . . . . . . . . . .  Cubic meters :i 

Acre-feet . . . . . . . . . . . . .  '1,233,600 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Literr 

CONVERSION FACTORS-BRITISH TO METRIC UNITS OF hlEASUREMENT 

The foliowing eonvenian facmrs adapted by the Bureau of Reclamation are tho* publirhed by =he American 
Society for Testing and Materials IASTM Metric Prasrice Guide. E 380.681 except that additional factos (-1 
commonly u s d  in the Bureau have beenadded. Funher dircurrion of definitions of quantities and vnim is given in 
the S T M  Metric Practice Guide. 

The metric unitr and cormerrion factors adopted by the ASTM are bared on me "International Synem of Units'. 
(designated SI for Syrteme international d'Uniter1, fired by the International Committee for Weighs and 
hl~mrer:  thir rvrum is aim known as the Giorgi or MKSA (meter-kilogram 1mar.l-remnd-smmrel ryltem..Thir 
system ha3 been adopted by Ule International Organization for Sandardization in IS0 Recommendation R-31. 

The metric technical un i i  of f?ree is the kiiogram-force: thir is  the farce which, when applied to s body ha~inp a 
mas of  I kg, giver i t  an sceieration of 9.80665 mfreclrec, the standard acceleration of free fall toward the earth's 
center far rea level at 45 dey latitude. me metric unit of force in SI unitr is the newton IN!, which irdefioedas 
that  force which. when appliedta a body having a mars of 1 kg, giver it an acceleration of 1 m/sec/sz. There "nitr 
must De dirtinguirhd from the I inconNnil  lacs1 weight of a body having a mas of 1 kg, that is. theweight d a 
bady ir that farce with which a body is attracted to the earth and ir equal to the mars of a body multiplied by the 
Wceierarioo due to  pravify However, bec3u.e i t  is general praclice to ure "pound" rather than the technically 
correct rerm "pound-force:' the term "kiiogrsm" lor derived mars unit) h f .  been "red in thir guide inrtead of 
"kilogram-force" in expresing the converrion factors for forcer. The newton unit of force will find increasing use. 
and iserrentiai in SI unitr. 

Lln:te 2pp.>xamulr or n m  II.! Erg ur bn 15 are . rd  lo  e x m u  a V J  .SF or r a n p  of ud~er .  t h e  con~erled "*cr 
,?m .n ~ , w v l m n r r  ire S I C  a w r r  maw 01 nom "a Mncfc v c c h e  Cng rh w.rr ale useo. ~11e con.ert.d mptr c 
-7  ,sa te  .xp,e5,m &3 e>"a.., ! y,1can, .a  -?S 

Table I 

OUANTITIES AND UNITS OF SPACE 

Multiply BY To obtain 

LENGTH 

Mil . . . . . . . . . . . . . . . . .  25.4 lexaetiyi . . . . . . . . . . . . . . . . . . . . .  Miwon 
Irnher . . . . . . . . . . . . . . .  25.4 iexactiyi . . . . . . . . . . . . . . . . . .  Millimeterr 
Incher . . . . . . . . . . . . . . .  2.54 lexactlyl' . . . . . . . . . . . . . . . . . .  Cenrimeteri : 

Feet . . . . . . . . . . . . . . . .  30.48 (exactly) . . . . . . . . . . . . . . . . .  Centime~rn 
Feet . . . . . . . . . . . . . . . .  0.3048 lexactlyl. Meters I . . . . . . . . . . . . . . . . . . .  
Feet . . . . . . . . . . . . . . . .  0.0003048 lex r t l y l '  Kiiometerr i . . . . . . . . . . . . . .  
Yards, . . . . . . . . . . . . . . .  0.9144 lexucllyi Meters . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . .  M i i e ~  (natutel 1.609.344 lexactiyl. . . . . . . . . . . . . . . . . . . .  Meterr 
Miier . . . . . . . . . . . . . . . .  1.609344 lexaniyl . . . . . . . . . . . .  K i l o m z  ,! 



. 
907.185 Kilogram, . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Shantans 12.0tWibl . . . . . . . .  0.907185 Metric tans . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Longlonr12.2401b) . . . . . . . .  1,018.05 Kilograms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

FORCEIAREA - 
POYMISPW  dm inch ....... a070307 . . . . . . . . . . . . . . . .  Kilogram per muarecontimeter 
Poundroer square inch . . . . . . .  0.589476 . . . . . . . . . . . . . . . . .  Newtons per m a r e  centimeter 
Poundrvcr squire foot . .  4.88243 . . . . . . . . . . . . . . . . .  Kilcgmmrper square m e w  
Poundlper w a r e  l m t  . . . . . . .  47.W03 . . . . . . . . . . . . . . . . . . . . .  Naut-unr per quare mm.r -- 

Ovnrer per cubicinch . . . . . . . .  1.72999 . . . . . . . . . . . . . . . . . . . .  Gmmsp~rc~bicccnt ime~cr 
Pounds percvbir foot . . . . . .  18.0185 Kilograms per cubicmeter . . . . . . . . . . . . . . . . . . . .  
PoundrpercuUc fool i . . . . . . .  0.0150185 . . . . . . . . . . . . . . . . . .  ~ r a m $ ~ e r c u b i c m l i m s l e r  
Tom liangl per cubic yird . . . . .  1.32894 . . . . . . . . . . . . . . . . . . . .  Grams p e r c u b i c c m h m  

MASSICAPACITY 
: 

Ounm=pergallonlU.S.I . .-. . . .  7.4893 Gram~per liter . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Ounmpergallan 1U.K.I . . . . . .  5.2362 ~vamso~r3i ter  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Poundrporgallon lU.S.1 . . . . . .  119.829 Gmmsper litec . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Paundrwgallon 1U.K.I . . . . . .  99.779  ramsp per liter . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - . , 

BENDING MOMENT OR TORQUE \ i l  ' L  
Inch-pounds . . .  ..;, ..... 0.011521 Meter-kllagrams . . . . . . . . . . . . . . . . . . . . . . . . .  
inch-pounds . . . . .  :: . . . . .  1.12985 x lo8 . . . . . . . . . . . . . . . . . . . . . .  Centimeterdynes 
Footpounds . . . . . . . . . . . .  0.138255 Met*-kilograms . . . . . . . . . . . . . . . . . . . . . . . . .  
Fmt-prrundr . . . . . . . . . . . . .  1.35592 x 107 Centimeter-dynes . . . . . . . . . . . . . . . . . . . . . .  
F m r - ~ o u n d r ~ l r l n c h  . . .  5.4431 . . . . . . . . . . . . . .  C~ntimcfer-kilograrnsp~rc~nfime~er 
O h  . . . . . .  72.008 Gramrrn8imeie1r . . . . . . . . . . . . . . . . . . . . . . . . . .  - 

VELOCITY 

Fctperv lzond 30.48 (exsrllvl Cenfimefcrr per rerond . . . . . . . .  . . . . . . . . . . . . . . .  
F-<P=~ m n d  . . . . . . . . . .  0.3M8 lexartlvl. . . . . . . . . . . . . . . . .  ~e te r rper  wtond 
F m l  per year . . . . . . . . . . . . .  T . 9 6 5 8 7 3 ~  centimctdrrper ncond . . . . . . . . . . . . . . .  
Miles P- hour . . . . . . . . . . . .  1 .~~9244  I e r ~ r u y l  ~iiometerr per hour . . . . . . . . . . . . . . . . .  
Miles pubour . . . . . . . .  0.447M l e ~ i ~ l l v l  ~ e t o r r p e r e o n d  . . . . . . . . . . . . . . . . . . .  - . . .  

ACCELERATION' 

~ e e t  per%ond2 . . . . . . . . . .  '0.3048 ~ e t e n  per rerond2 . . . . . . . . . . . . . . . . . . . . . . . . .  

Cubic f ~ e t  per recond 
IrecmdJee~I . . . . . . . . . . .  %?23317 Cubic meters per recand . . . . . . . . . . . . . . . . . . . . .  

Cvb ic fm lpu  minute . . . . . . . .  0.4719 L i t e n p e r ~ o n d  . . . . . . . . . . . . . . . . . . . . . . . . . .  
GalionslU.S.1 per minure . . . . .. 0.06309 1.. ~i tc r rper  rerood . . . . . . . . . . . . . . . . . . . . . . .  

FORCE. 

Pounds . . . . . . . . . . . . . .  'a453592 Kilcgramr . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Pounds . . . . . . . . .  '4.4482 Nmfonr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Pavndr . . . . . . . . . . .  '4.4482 x 105 oyne, . . . . . . . . . . . . . . . . . . . . . . . . . . .  

.. - 

POWER 

Horwpower . . . . . . . . . . .  745700 Watts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Bhl per hour . . . . . . . . . . .  0.293071 warn . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Foot-pntmdr per r m n d  . . . . .  1.35582 Wrnr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - -. 

HEAT TAANSFER 

Btu in.lhr h2dqree F Ik. 
thermal mndu~!ivityl . . . . .  1.442 Miiliwanrkm degree c . . . . . . . . . . . . . . . . . . . . . . .  

8fu inJhrf t2dqrce F lk. 
thermal eonductivityl . . . . .  0.1240 . . . . . . . . . . . . . . . . . . .  Kgcnllbr m dweo c 

8lu f f l h r i tZ  de&s F . : . . . . . .  '1.4890 . . . . . . . . . . . . . . . . . . . .  K g ~ a l  m/hrm2d8grsl! c 
Bhllhr n2deg.w F IC, 

lhsmal mnductanccl . . .  0.568 . . . . . . . . . . . . . . . . . . . . . . .  M i i l i ~ u t i r / ~ m ~ d e ~ ~ ~ e ~  
Bwlhr h2dqrce F IC. 

thermal mnducranr4 . . . . .  4.882 . . . . . . . . . . . . . . . . . . . . . . . .  Kgcallhrm2degrceC 
oegree F nr f?/6tu (A. 

"wmd '".'md . . . . . . .  1.781 D P B ~ ~  C ~ m ~ l m i i l l w a t t  . . . . . . . . . . . . . . . . . . . . . . .  
Blullb degree F Ic. heat caosdlvl . 4.1858 JIgdegrclC . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
B t u f l b d e ~ r ~ e  F . . . . . . . . .  '1,000 ~ol lgram degreec . . . . . . . . . . . . . . . . . . . . . . . . . .  
Ft2/hr (thermal diflusivityl . . . . .  0.2581 Cm2irec . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
rt2/hr lthermal diffu3iuityl . . . .  '0.09290 M2/hr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -- 

W A T E R F A  TRANSMISSION 

Grainrhr h2 lwam va~or l  . . 
tranlmilrionl . . . . . . . .  18.7 Gram124 hr m2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Perms l+rmuand . . . . . . .  0.659 Metric ~ e r ~ s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Perm-inches lpermeability) . . . . .  1.67 . . . . . . . . . . . . . . . . . . . . .  Metric perm-centlmetan 

Table111 

OTHER OUANTITIES AND UNITS 

Multiply BY TO obtain 

Cubicfcet~er w a r =  faotner day lne~ags l  . '3W.8 . . . . . . . . . . .  Liten per square mcferperday 
PcuMI.recond(per square foot Ivi~1oli lyl . . . . . .  '4.8824 . . . . . . .  Kilogram econd per quarcmetsr 
Square feet perrpcond lviworifyl . . . . . . . . .  '0.092903 Square mslerrpersrrond . . . . . . . . . . . .  
Fahrenheil dew- lehang?l' . . . . . . . . . .  5 m  exaelly . . . .  Cdsiur or ~ e l v i n  dcgrces ichsng~~'  
Volts pu mil 0.03937 ~ i lovo i l r  p8r mllllmeter . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  
L u m m  p r  w a r e  loot lfoot-candler1 . . . . . . . .  10.764 . . . . . . . . . . .  Lumens per muare meter 
Ohm-circularmilr per foot . . . . . . . . . . . . . .  0.001862 . . . . . .  Ohmaquare millimeterr p rmefc r  
Mlllicuries~creubicfaor . . . . . . . . . . . . . .  '35.3107 . . . . . . . . . . .  Millicvrierpercubi~~nler 
Mllliamwwrrquars l m t  . . . . . . . . . . . . . . .  .lo7839 . . . . . . . . .  ~i l l iamprper squaremeter 
G a l l o n r w w = w , k  . . . . . . . . . . . . . . .  -4.521219 . . . . . . . . . . .  ~ i f e r r ~ ~ ~ r q u a r e  ,me, 
Pounds ~ r r  inch . . . . . . . . . . . . . . . . . . .  '0.17858 . . . . . . . . . .  Kilopnmsper contimeter 





i L A B ~ ~ A  ORY STLUY OF fl.FLAT.OOTTOM TRAPF%OIOAL VERTJRl F L d k l c  
B. <L.C d m  l lep RFCEHCI2.14.  D.\ Gen Rer. AlBr 1012. d:2Jll of  R e c u n A  on. Ucnr<!. 10 

' 
P. 10 fig. 4 ref . . 

2 

, DESCRIPTORS-/ hydraulic$/ 'dischargc mearuremant/ water mcarurement/ calibration$/ 
'venturi flumes/ 'trapezoidal f lumerl head losses/ enorgy lorrer l  laboratory t c r t d  tert rerultr l  
boundaries (rurfaccrV roughnesr (hyd:aulic)l model terts 

Dodge. R A 
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