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SYNOPSIS 

The Parshall critical depth flume has been used extensively in the western 
United States and other parts of the world since about 1925 and is accepted as 
a standard measuring device in open channel irrigation. 

The original design, which was somewhat empirical, has been maintained 
until now; also the results have been presented as a number of empirical for­
mulae covering widths ranging from 1 in. to 50 ft. For these reasons engineers 
have hesitated to use sizes of flumes other than those specified and have felt 
that great care must be taken to build the flumes according to the dimensions 
given. 

In this paper, dimensional methods have been used to develop a semi­
theoretical equation relating flow and depth for all flumes from 1 in. to 50 ft. 
Excellent agreement between this equation and all published data is found. This 
will permit using flumes of non-standard sizes and will broaden the field of 
application for this type of measuring device. 

INTRODUCTION 

The Parshall flume as used in 1961 is based on experiments that were con­
tinued over several years. The results of the first experiments for flumes of 

Not e .- Published essentially as printed her e in December 1961 in the J ournal of the 
Irrigation and Dra inage Division as Proceedings Paper 3006. Positions and titles 
given are thos e in effect when the paper or discuss ion was approved for publication in 
Transactions. 

1 Technica l Specia list, Hydrodynamics Dept., Ocea.nics Div. , Aerojet-General Corp. , 
Azusa, Calif. 
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400 FLUME DATA 

throat widths 1 ft to 8 ft were presented2 in 1926. Subsequently, data were 
given3,4 for flumes of sizes 10 ft to 50 ft, 3 in., 6 in. and 9 in. and in5 1957 1 
in. and 2 in. All the data was presented as empirical formulas, seven in num­
ber, of the form 

(1) 

with the values of Ke and n are given in Table 1. In Eq. 1 Q refers to the dis­
charge, Ke is a discharge coefficient to be defined, b denotes the throat width, 
and Yt is the depth at measuring section. The "inch" flumes were constructed 
of steel, the 1 ft to 8 ft flumes, of wood and the largest 10 ft to 50 ft flumes of 
concrete. 

The flume dimensions were chosen in an arbitrary manner. Referring to 
Fig. 1, all flumes have the same side angle e - tan-1 0.2, and dropdown angle 
ff, - tan-1 0.375. The other important dimension as far as this paper is con­
cerned is x1, the centerline distance from the throat crest to the upstream 

Throat Width 

1 in. 
2 in. 
3 in. 
6 in. 
9 in. 

lftto8ft 
10 ft to 50 ft 

TABLE 1.-VALUES OF Ke AND n IN EQ. 1 

4.06 
4.06 
3.97 
4.12 
4.09 
4 

3.6875 + 
2b5 

n 

1.55 
1.55 
1 .547 
1.580 
1.530 
1.522 b0,026 

1.6 

measuring section. For the "foot" flumes this is related to the throat width by 
the equations, 

Xl = 0.327 b + 2.615 .............. (2a) 

and 

b1 = 1.131 b + 1.046 . . . . (2b) 

For the "inch" flumes there are no corresponding relationships. 
The empirical nature of this work has discouraged theoretical analysis, and 

such attempts as have been made seem to have been unsuccessful.6 For the 

2 "The Improved Venturi Flume," by Ralph L. Parshall, Transactions, ASCE, Vol. 
89, 1926, p. 841. 

3 "Parshall Flumes of Large Size," by Ralph L. Parshall, Colo. Agric. Experiment 
Sta., Bulletin No. 386, May, 1932. 

4 "The Parshall Measuring Flume," by Ralph L. Parshall, Colo. Agric. Experimental 
Sta., Bulletin No. 423, March, 1936. 

5 "Parshall Measuring Flumes of Small Sizes," by A. R . Robinson, Tech. Bulletin 
No . 61, Agric. Experimental Sta., Fort Collins, Colo., October, 1957. 

6 "Critical Flow Meters (Venturi Flumes)," by A. Balloffet, Proc . Paper No. 743, 
ASCE, Vol. 81, July, 1955. 
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same reason It is necessary to keep rigidly to the specified dimensions, 7 which 
has obvious disadvantages. In this paper the seven empirical formulas are re­
duced to one comprehensive formula which, as will be explained, gives a de­
gree of flexibility in the choice and design at the flume , 

All calculations are based on original data which differ slightly from those 
published in tables. 

Notation. -The letter symbols adopted for use in this paper are defined where 
they first appear, in the illustrations or in the text, and are arranged alpha­
betically, for convenience of reference, in the Appendix. 

THEORY 

The portion of a Parshall flume between the upstream measuring point and 
the throat is a transition section with straight converging walls and a horizontal 
floor. However, the hydraulics of the flume is complicated by the dropdown at 
the throat causing curvature of the stream lines and a resulting reduction in 
pressure below hydrostatic at and near the throat. 

Research carried out on the free overfall in parallel channels8,9 shows the 
pressure reduction causes the critical depth for hydrostatic flow to occur up­
stream of the drop at a section at which the pressure is approximately hydro­
static. The critical depth is given by 

-~Q2 Yen - -
2
--

bcn g 
(3) 

in which bcn is the channel width at which critical depth occurs, Q denotes the 
discharge, and g is the acceleration due to gravity. In the present case, a sim­
ilar effect may be expected but with the complication that Yen occurs at a sec­
tion of unknown width bcn· This has been shown experimentally by V. L. Haus­
er ,10 (See also Fig. 1). The problem is made more difficult by possible fric­
tional effects near the throat where the velocity is very high. 

Neglecting scale effect it may be assumed that the variables involved in the 
Parshall flume are: Q, b, Yl, x1, g, e, and ¢ (See Fig. 1) in which Yl is the 
depth at distance x1 from the throat crest, that is 

( 4) 

7 "Water Measurement Manual," Bur. of Reclamation, May, 1953. 
8 "Analyzing Hydraulic Models for Effect of Distortion," by M.P. O'Brien, Engineer­

ing News-Record, McGraw-Hill Publishing Co., Inc., New York, Vol. 109, September 15, 
1932. 

9 "Discharge Characteristics of the Free Overfall," by Hunter Rouse, Civil Engineer­
~. Vol. 6, No. 4, 1936. 

10 "The Relationship Between the Length of the Converging Section and the Free Flow 
Equation for the Venturi Flume," by V. L. Hauser, thes is presented to the Univ. of Cali­
fornia, in Davis, Calif., in 1957, in partial fulfilment of the requirements for the degree 
of Master of Science . 
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By dimensional analysis Eq. 4 may be reduced to 

For Parshall flumes e and ¢ are constant, therefore, 

Q 
----- = f3 (Qo, xo) 
g1/2byt3/2 

(6) 
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in which 

(7) 

and 

( 8) 

in which f2 and f3 are unknown functions, so that 

(9) 

in which Kp is a discharge coefficient. 
Using the published data, Kp has been calculated and plotted against Q0 for 

various flume widths or for what amounts to the same thing, for various values 
of x 0 , because x 0 is different for each flume (see Fig. 2). 

It is seen that not only does Kp differ for each flume, but there is a variation 
with Qo for the same flume. The reason for the variation will be explained 
subsequently. 

Using dimensional analysis once again, Eq. 4 may be expressed as 

or 

in which 

Q = f (Yl x1) 
gl/2 b5 / 2 4 b' b 

.......•..•. (10) 

Yl 
Yo= b 

. . . . . . . . . . . . . . . . ( 11) 

• . . . . . . . . . . . . . . . ( 12) 

If two geometrically similar flumes A and B were being compared, then XoA 
and x0 B would be equal and Eq. 11 implies that if the depths at the measuring 
section are such that YoA = YoB then Q 0A = Q 0 B· 

In general each different size Parshall flume has a different value of x 0 • 

Fortunately, Hauser has measured the flow profiles in a 1 ft flume for four dif­
ferent flows. He used piezometers for measuring the depths, so it should be 
possible to compare these results with Parshall' s which were obtained by the 
same method. 

The flow profiles are shown plotted (non-dimensionally) in Fig. 3, each 
curve corresponding to the non-dimensional flow parameter Qo. In addition, 
values of x 0 and y0 have been calculated for each Q0 from different size flumes; 
a plot of these values is a lso shown. 
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Example.-Consider Q0 = 0.0666. For the 20 ft flume this corresponds to 
an actual flow of 

(0.0666) (gl / 2) (205 / 2) = 677 cfs 

From published data3 the depth Yl corresponding to this flow is 3.9 ft, 

therefore, 

Yl 3.9 
y0 =b= 20 =0.195 

Also for this size flume x = 9.15 ft, therefore, 

x1 9.15 
Xo = b = 2Q = 0.4575 

It may be seen from the plot that any particular value of Q0 does not cover the 
. full range of flume sizes. 

The excellent agreement between the derived points and the experimental 
plotting suggests a further step. If, at any measuring section, parallel uniform 
flow is assumed, then: 

Q12 
E1 = Yl + -----

2 g yl 2 bl 2 
............. ( 13a) 

or 
Qf 

E1 = Yl + ---------
2 g y12 (b+0.4 x1)2 

........... (13b) 

in which E1 is the specific energy head. Dividing by b yields 

or 
Q2 

0 Ea =yo+--------
2 y0

2 (1 +0.4 x0) 2 

.......... (14a) 

.......... (14b) 

For each value of Q0 , Eo was calculated for the various values of x0 and y0 • 

It is seen from Table 2 that E0 is almost constant for each Q0 which means that 
energy losses in the flumes between 0.392 < x0 < 9.35 are negligible and that 
any appreciable loss that may occur must be close to the throat. The non­
dimensional energy head was further calculated for flows and flumes of all 
sizes. The resulting plot of E0 versus Q0 on log-log paper ( Fig. 4) produced 
a straight line whose equation was found to be 

Ea= 1.351 Qo0.645 ............... (15) 
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or 

Q2 
y + 0 = 1.351 Q 0.645 

0 2 2 0 
2y0 (l+0.4x0 ) 

. . . • . . . . ( 16) 

( The points from which Eq. 15 is derived are not shown in Fig. 4; almost with ­
out exception the points fall within the thickness of the line.) 

Eq. 16 is the general Parshall flume equation relating Q, y, b, and x for 
flumes of any size. The solution to this equation is laborious, but it has been 
solved using a computer at the Cornell University Computing Center, Ithaca, 
N, Y., for various values of x 0 • The solution for some values of x 0 corre­
sponding to flumes of standard widths are shown plotted in Fig. 4. 

TABLE 2.-VALUES OF NON-DIMENSIONAL FLOW, DEPTH AND ENERGY FOR 
DIFFERENT SIZES OF FLUME 

Qo 0.0666 0.222 0.476 0. 710 

b X Yo E Yo E Yo E yo E 
0 0 0 0 0 

1 in. 9.31 - - 0.510 0 .514 0.829 0.836 1 .08 1.0 89 
2 in. 5.33 - - 0 .500 0 .510 0.816 0.833 1.058 1.0 80 
3 in . 4.00 - - 0.500 0.515 0.811 0.836 1.050 1.084 
6 in. 2.67 - - 0 .487 0 .511 0.790 0.832 1.020 1.078 
9 in. 2.52 - - 0.485 0.511 0. 764 0 .812 0.995 1.057 
1 ft 2.94 0 .220 0. 230 0.470 0 .494 0. 780 0.829 1.01 1.072 
2 ft 1.64 0.215 0 .233 0.46 5 0.507 0. 755 0.827 0.975 1.070 
3 ft 1.20 0.211 0.234 0.444 0.501 0.744 0.837 0.960 1.080 
4 ft 0 .983 0.208 0.234 0.440 0.505 - - - -
6 ft 0.763 0.206 0 .237 - - - - - -
8 ft 0 .654 0 ,205 0.23 8 - - - - - -

10 ft 0.589 0 .201 0. 23 7 - - - - - -
12 ft 0.546 0.199 0 .23 7 - - - - - -
20 ft 0.458 0.195 0 .235 - - - - - -
40 ft 0 .392 - - - - - - - -

Mean= 0.235 0 ,508 0.833 1.077 

Comparisons between the solution of Eq. 16 and the original data show agree­
ment with an error of less than 1% for the majority of points and less than 2% 
for the rest with some very few exceptions ( see Table 3). 

DETERMINATION OF THEORETICAL FLOW 

Considering the flume as an open channel transition, assume ( 1) flow at the 
measuring section uniform and parallel, and ( 2) flow at the throat non-uniform 
and curved. Having obtained a relationship for the actual flow rate, a theoret­
ical expression will now be derived. Referring to Fig. 1 

2 
V1 

E1 = Yl + 2g ............ . ... ( 17a) 



Flume Size 

1 in. 
2 in. 
3 in. 
6 in . 
9 in . 
1 ft 
2 ft 
3 ft 
4 ft 
6 ft 
8 ft 

10 ft 
12 ft 
20 ft 
40 ft 

FLUME DATA 

TABLE 3.-ACCURACY OF EQ. 16 

Error, in 
percentage 

< 1 
< 1 
< 1 
< 1 

Approx . 5 
- 2 to 3 

2 
< 1 
< 1 
< 1 
< 1 
< 1 
< 2 
< 1 
< 1 

Remarks 

< - 2% large flows 
< + 2% l arge flows 
Original calibration suspect ed 
Scatter of original data. a 
Scatter of original data. a 

< 2% small flows 

Scatter of original data. 
2% small flows 

407 

a Parshall reported trouble with ice at time of calibration. 

in which E1 is total energy head at the measuring point x1, and V1 is the mean 
velocity at the measuring section, or 

••.•.•...•••.•• (17b) 

also 

2 
Ye= Al 3 E1 •...•....••...•.. (18) 

and 

Ve= A2 VgYc •.•..••••....•.•• (19) 

in which Al and A2 are factors correcting for non-hydrostatic pressure, fric­
tion and non-uniform velocity distribution, and V c is the critical velocity. Sub­
stituting for Ye from Eq. 18, Eq. 19 becomes 

1 
2_~ 

Vc=A2Al " 3 gEt • • . . . . • • • . • • • (20) 

Also 

Q=bVcYc 

Substituting from Eqs. 18 and 20 and writing A2 Al3/2 = A 
3 

. . . • . (21) 

Q = A (1)2 b gl/2 Ef
2 

••...••.•••.• (22a) 
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or 
3 

(~)2 b gl/2 Yl 3/ 2 
Q = ;\ -'-'3--~~--

(~11) 3/ 2 

, . , , , , , , , .. (22b) 

Comparing with Eq, 9 

K = ;\ ( 2/3) 3/ 2 

p (~llr/2 

, , , , , , , , .. , •. , , , • (23) 

The value of ;\ may be found by writing Eq. 22 as 

3 3 

Q0 =;\(})2E0
2 ..... . .......... (24) 

and comparing with Eq, 15 

;\=l.17Q0 0.0325 •••.•. • •.••..... (25) 

Eq, 23 then becomes 

K = 117Q 0,0325 (2/ 3) 3
/

2 

p . 0 (;11) 3/ 2 
, , ..•.... , (26) 

. . . Yl Yl 
It 1s thus seen that Kp 1s a funct10n of Ei and Q0 Ei can be expressed as a 

function of f3 and Q0 as follows: 
From continuity 

therefore 

or 

Ve 
Yl = - Y f3 Vl c 

, , • , • , . , ...... (27) 

••••• , ...•.••••• (28) 

(29) 

Substituting in Eq, 29 from Eqs. 19, 18, and 17b and rearranging gives 

• • • • • • • • • • • • ( 3,0) 
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Solving the cubic equation yields, for the relevant value, 

E
Yl = !

3 
cos [1 / 3 cos-1 (1-2 ;\.2 132)] + 1/ 3 .•.•... (31) 

1 

and eliminating ;
1 

from Eq. 23 
1 

A 

Kp = {cos [1 / 3 cos-1 (1- 2 ;\.2 132)] + 1; 2}3 / 2 
..••.• (32) 

Because A is a function of Q0 , it is seen that Kp depends on both {3 and Q0 • 

{3 changes from flume to flume, depending only on the geometry, while Q0 is a 
function of discharge and flume width. This accounts for the variation of Kp 
shown in Fig. 2. 

Note that for a parallel throated flume with friction neglected A = 1 then, Eq. 
30 becomes 

. • . . • . . . . . . • (33) 

and Eq. 23 becomes 

K = _( 2~/ 3_)_3/~2 

(~~) 3/2 

••.•.....••.•••. (34) 

The relationship between {3 , ;i and K as given by Eqs. 33 and 34 are shown 

plotted in Fig. 5. 
Also Eq. 32 becomes 

K = 1 

{cos [1/3 cos-1 (1-2 132)] + 1;2}3/ 2 
. • . . . . ( 35) 

It will now be shown that A is connected with the location of the nominal cri­
tical depth yen. 

Dividing both sides of Eq. 3 by b yields 

••••.•.•.•.•.•. (36a) 

or 

....•.••..•..••• (36b) 



410 

1.0 

cQ. 
I 0.0 

0 

~ 
0:::Q6 

::c 
b 
304 

0.2 

0 
0.6 

--...... 

I 
I 
I 
I 

I 
I 

[8: 
·' o• 

0.7 

FLUME DATA 

~ / 
..... 

'K--- ----- ----- ( 
I 

I 

\ 
I 

I I 
I I 
I I 
I I 
I 

' 
I 

I I 
I I 
I I 
I I 

I I 
I 

I I 
I I 
I i 

0.9 1.0 0.4 0.6 0.8 1.0 

K 

FIG. 5 

Referring once again to Fig. 3 the critical depth Yen for each flow profile 
was estimated by HauserlO using Eq. 3. Because bcn was unknown, this was 
done by a trial process. The locations of Yen are shown in the figure at the in­
tersections of the flow profile and the oblique broken lines. 

Using these four values the relationship between Y~n and Q0 is found to be 

(37) 

This checks with Eq. 15 for, neglecting friction loss, obviously 

Y~n = 2/ 3 E0 ••••••••••••••••• (38) 

Substituting Eq. 37 into Eq. 36 gives 

that is 

bcn 
;\=­

b 

•••••••••••••• (39) 

.•.••••••.•..•.••• (40) 

It is thus seen that the variation of the Parshall coefficient is due, at any 
rate for the range of Eq. 26 (Q0 = 0.0666 - O. 710), to the hydrostatic critical 
depth occurring upstream of the throat and that friction losses are negligible 
up to this section. 
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For smaller values of Q0 Eq, 26 may not apply because friction becomes 
more appreciable as Q0 diminishes, however further experiments are needed 
to verify this. 

CONCLUSIONS 

Eq, 16 

Q 2 
Yo+ o = 1.351 Qo0.645 .... .... . (16) 

2 y 0 2 (1 +0.4 x 0 )2 

closely fits all data published on Parshall flumes and may be used for calcu­
lating the flow for flumes of any size, not only those published in the literature 
but also for intermediate sizes. It may also be used for correcting the cali­
bration curves of standard size flumes that do not conform with the specified 
dimensions of throat width or upstream measuring distance. 

A further investigation is needed to examine the effect of varying the side 
angle or bottom angle but by use of this non-dimensional method, the effect of 
these variables could be found by experiments on perhaps not more than three 
sizes of flume. 
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APPENDIX. -NOTATION 

The following symbols have been adopted for use in this paper: 

b, bcn, b1 Channel widths (see Fig. 1); 

Eo 

f1, f2, and so forth 

g 

K 

n 

Q 

total energy head at the measuring point x1; 

non-dimensional energy head = Eb1; 

arbitrary functions; 

accn due to gravity; 

discharge coefficient for parallel flow at throat; 

as defined in formula Q = Ke bgl / 2 y 1 n; 

discharge coefficient for curved flow at throat; 

as defined in formula Q = Ke bgl / 2 y1n; 

discharge; 
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Yo 

Ye 

Yen 

(3 

ct, 

0 

FOSS ON FLUME DATA 

non-dimensional discharge Q ; 
gl/2 b5/2 

velocity at measuring section; 

true critical velocity at throat; 

distance from throat crest to measuring section (see 
Fig. 1); 

d . · 1 d' t xl non- 1mens10na 1s ance = b; 

depth at measuring section; 

non-dimensional depth= :
1

; 

true critical depth at throat; 

nominal critical depth given by Yen=~ 2Q
2 

; 
bcn g 

factors correcting for non-hydrostatic pressure, fric­
tion and non-uniform velocity distribution; 

width ratio = b~ ; 

bottom angle (see Fig. 1); and 

side wall angle (see Fig. 1). 

DISCUSSION 

W. L. FOSS,11 M. ASCE.-This treatment of flume data serves to point up 
the complications that arise when one attempts to fit an arbitrarily dimen­
sioned structure to an accepted theory. Although Davis's success in this effort 
can be appreciated, the resulting complex equation (Eq. 16) seems to be of 
questionable value to the average user of Parshall flumes. 

Almost any person with a knowledge of hydraulics is familiar with the 
equation: 

Q =Cb H3/2 .................. (41) 

The user of a Parshall flume is interested in only two quantities, Yl and Q1 and 
any formula of the form of Eq. 41, with Yl replacing H, would be acceptable to 
him. 

11 Proj. Engr., Canada Dept. of Agric., Prairie Farm Rehabilitation Admin., Leth­
bridge, Alta., Canada. 
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However, published data indicates that C in Eq. 41 is a function of both b 
and Yl, or 

C = K f (b, Y1) .................. ( 42) 

If Davis's value of Q0 from Eq. 7 is substituted into Eq. 15, there results 

Q = 3.56 b0. 95 Ei· 55 ............... ( 43) 

However, y1, not E1, is actually measured, and although y1/E1 varies for 
different flows and different flumes, Eq. 43 suggests that one might develop a 
formula in the form of 

Q = K bn yf . . . . . . . . . . . . . . . . . ( 44) 

that would apply to all flumes, with acceptable accuracy. 
Procedure. -Therefore, 

p s 
f (b, Y1) = b y 1 .•.........•..•• ( 45) 

so that Eq. 42 becomes 

C = K bP y~ • • • . . . • . • • • • • • • • • • ( 46) 

TABLE 4. 

b, in feet Y1, in feet 
Q, from Tables 

Q, from Eq. 4 8 Difference, in 
1 and 2 percentage 

0.5 ,243 .223 .225 + 0.90 
0.5 .395 .477 ,486 + 1.90 
1,0 .220 .377 .371 -1.60 
4.0 ,832 12.07 12,01 -0.50 

20.0 3.90 677.00 680.00 +0.44 
40.0 2.00 454.00 453 .00 -0 .22 
40 .0 8 .00 4179,0 4218,0 +0.92 

To find s for a flume with a width of 4 ft, Table 2 may be used to compare the 
flow characteristics, with Q0 = 0.222 and 0.0666. From Eq. 41, replacing H 
with Yl, one gets for the flume with Q0 = 0.222, 

cl = 4\27 ( 1. 76) 3/ 2 = 4.31 

and, similarly, for the flume with Q0 = 0.0666, 

c
2 

= 3.97. 

Because the width ratio br is 1, andK is a constant,Cr = y~r, and with Cr= 
0.921 and Ylr = 0.4727, one gets 

s = log 0.921 = O.ll 

log 0.4727 
Now, to find p, take a 1-ft flume from Table 2 with Q0 = 0.222 and y1 = 0.47, 

so as to keep y O in the same order of magnitude as the base flume. Because 
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it ha s been established that Q a: y~· 11 y~ / 2, then, for the 1-ft flume, 

Q = K bn Yi.61 ....... . . . . . ...... (47) 

But because, by Eq. 7, Q = 1.26, K bn = 4.25 , or, because b = 1, K = 4.25, and 
n in Eq. 44 can be determined directly, returning to the flume with Q0 = 0.222, 

and 

bn = 40.27 (l 76)1.61 = 3 81 4.25 . . 

n = log 3.81 = 0. 963 

log 4.0 
The formula sought is, therefore, 

Q = 4.25 b0.963 Yi.61 ................. (48) 

Applying Eq. 48 to various flumes whose capacities are computed from 
data in Tables 1 and 2, Table 4 is obtained. 

ARMANDO BALLOFFET,12 F. ASCE.-The author has succeeded in pre­
senting an equation to unify the various empirical formulas for the discharge 
measured by Parshall flumes. This equation, however, may prove somewhat 
cumbersome for use in practical applications, and the writer feels that its 
merit lies rather in the fact that it shows the similarity of the flow conditions 
for different Parshall flumes. As regards the application of the critical flow 
theory to this measuring device, the writer believes that the assumption of 
rectilinear and parallel flow made by the author is not warranted in this case. 
In the writer's opinion, the empirical formulas originally presented by Par­
shall are simpler than the author's . They might also provide a unified expres­
sion and accurate results for intermediate sizes of throat, without recourse 
to the theory. 

In the investigations mentioned in the writer's paper quoted by the author, 6 
the writer became convinced that, if the flow at both the measuring section 
and at the throat could not be considered as rectilinear and parallel, the ap­
plication of the simple critical flow theory would not produce .formulas devoid 
of functional empirical corrections. The writer studied meters formed by a 
rectangular prismatic canal with an abrupt transition to a rectangular throat, 
maintaining the channel bottom horizontal throughout the meter. Two different 
series were used, one with a throat length equal to the upstream width of the 
canal and another with the throat formed simply by a plane sheet at right 
angles with the canal sides. Upstream of the throat, the flow in the models of 
both series appeared quite in agreement with the assumption of rectilinear 
and parallel trajectories . However, the flow at the throat was obviously more 
uniform for the models of the first series than for those of the second. In fact, 
for the latter, the theoretical critical depth (that is, referred to the width of 

12 Lecturer in Civ. Engrg., Columbia Univ . and Polytech. Inst. of Brooklyn, Senior 
De sign Engr., Tippe tts-Abbett-McCarthy-Stratton, New York, N. Y. 
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the throat) was obtained downstream of the throat plane, at a place in which 
the water was flowing as a diverging jet. Whereas for the first series, the 
critical depth was measured within the throat. 

Having obtained the theoretical equations for the first series prediction of 
the measured discharge within a difference of 4% to 5% was possible. This 
difference was practically constant for each model, that is, independent of the 
discharge. Thus, the theory was, in the writer ' s opinion, quite accurate to 
describe the flow in the models of the first series. 

In the case of the first series, the departure between the theoretical equa­
tion and the measured discharges was not accidential and an empirical co­
efficient, dependent on the upstream depth (or the discharge) had to be applied 
to the theoretical formula. This was due to the fact that the flow past the throat 
was both curvilinear and non-parallel, as is the case in the Parshall flume. 

For the models of the first series, the critical submergence ratio (that is, 
the maximum ratio of the downstream and upstream depths compatible with 
control section at the throat) could be predicted with surprising accuracy by 
combining the momentum and energy equations for the flow through the meter. 
The computed value was 0.88 and the observed values varied between 0.83 and 
0.89. This proved again that the theory was, in this case, able to describe the 
flow satisfactorily. 

For the models in the second series, the observed critical submergences 
were similar to those measuredbyParshallandranged between 0.52 and 0.76, 
completely at variance with the theoretical results. 

In the writer ' s opinion, in the application of the theory to Parshall flumes, 
the effects of curvilinear flow should be taken into consideration and, to the 
writer's knowledge, this investigation has not yet (1962) been made. 

A. R. ROBINSON,13 A. M. ASCE, and HENRY LIU.14-This paper repre­
sents a contribution to understanding the operation of the Parshall measuring 
flume . The dimensionless approach in the development of the unified equation 
is unique and the excellent agreement with existing data for all sizes of Par­
shall flumes is gratifying. However, it should be pointed out that Eq. 16 is 
essentially empirical, because experimental data have been used to determine 
the constants. 

Eq. 9, which Davis obtained by dimensional analyses and reasoning, may 
also be obtained by using the energy and continuity relationships between 
point 1 and the beginning of the drop-down angle (point 2). This derivation 
assumes that Y2 = y c and 

(49) 

Eq. 49 also presupposes that the ve.locity head at point 1 is negligible. Critical 
depth actually occurs in the contraction section upstream from the throat 
section, as the author has noted. Therefore, the location and magnitude of 
critical depth is difficult to determine in this case, and Eq. 49 is not entirely 
correct. 

13 Agric. Engr ., Northe rn Plains Branch, Soil and Water Conservation Research Div., 
Agric. Research Service, U. S. Dept. of Agric., Colorado Agric. Experiment Sta., Fort 
Collins, Colo . 

14 Graduate Asst., Civ . Engrg. Dept. , Colorado State Univ., Fort Collins, Colo . 
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An examination of Eq. 9showsthattheexponent of Yl is 1.5. From Table 1, 
the values of n are always different from 1.5, which indicates that Kp is a 
function of the depth Yl for a given size of flume. For the 6-in. flume , 

- 1.58 _ 1/ 2 1.50 Q-4.12byl -Kpg by1 ....... . . . (50) 

so that 

~ = 0.727 Y1 0.08 (51) 

Fig. 2 is actually the relationship between Kp and y1 for different sizes of 
flumes . In other words, an equation similar to Eq. 51 exists for each size of 
flume. The discharge coefficient Kp is also a function of the geometry of the 
flume, as shown by the displacement of each curve in Fig. 2. 

An examination of Table 1 and Fig. 2 raised a question as to the validity of 
the original calibration data for some of the flumes. Since the sidewall angle, 
fJ, as well as the drop-down angle, q, , are constant for all sizes of Parshall 
flumes, one would expect a definite trend in the values of Ke and n for the 
different flumes because of geometric similarity. This should be true for the 
"foot " flumes and should apply also for the "inch" flumes, despite the slight 
difference in geometrical relationships. A family of curves-possibly increas­
ing in slope with increasing throat width-would be expected in Fig. 2, but this 
is not the case. 

Because Eq. 16 has been developed from experimental data of flumes with 
constant contraction and drop-down angles, it should not be applied to those 
with different angles. Experimental verification is needed to determine the 
effect of changing the sidewall angle. With Eq. 16, the allowable changes of 
dimensions from that of the standard ones are throat width, b, and gage loca­
tion, x1, only. 

Actually the close fit of Eq. 16 to the published data for the Parshall flume 
is not surprising in view of the relatively small spread in values of Ke and n, 
as shown in Table 1. An equation of the form 

Q=4by11. 55 ... ...... . . . ...... (52) 

may be used for flumes up to 8 ft with deviations only slightly greater than 
those using Eq. 16. The importance of Eq. 16 lies in the inclusion of the vari­
able distance x1 in the discharge formula. With this relationship, the point of 
measuring upstream head may be changed from the standard one, and a new 
rating table may be determined. It is hardly foreseeable that intermediate 
sizes of Parshall flumes, other than those now in published literature, are 
needed. There is a probable need for flumes in excess of the largest size 
(50 ft) presently (1962) available. 

Eq. 16 applies only to the free-flow condition, with the flow passing through 
critical depth within the flume. A unified equation for flow under submerged 
conditions does not presently exist. Instead, empirical relationships using 
plots are utilized to determine the flow under these conditions. Because sub­
merged flow is difficult to determine accurately, special care should be used 
in installing the flumes in order that the free-flow condition exists for most 
of the flows. The elevation of the flume above the bottom of the channel must 
be set in order that there is a submergence of less than 60% for the "inch" 
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flumes and 70% for the "foot" flumes in order to maintain free flow. The in­
crease in elevation of the crest will raise the water surface upstream and 
restrict the use of Parshall flumes in channels with very flat slopes. 

Tests conducted at Colorado State University, Boulder, Colo., by the Agri­
cultural Research Service have shown that trapezoidal measuring flumes are 
at times superior in operation to the rectangular-throated Venturi or Parshall 
flumes. Advantages that were noted include the following: 

1. The trapezoidal shape fits the common canal section more closely than does 
the rectangular flume. For the lined section this simplifies the transition 
design and construction. 

2. Trapezoidal flumes operate under higher degrees of submergence than 
rectangular flumes without corrections being necessary to the standard 
rating. 

3. A large range of flows may be measured with a relatively small change in 
depth thus minimizing the amount of freeboard needed on the canal. 

Because of these advantages, it is anticipated that greater use will be made 
of trapezoidal flumes in the future. 

R. A. DODGE, JR.15-Many hydraulic engineers have felt that the design 
of Parshall · flumes could be lifted from the realm of pure empiricism by the 
use of standard similitude laws. Davis has demonstrated this possibility. 

Eq. 16 appears to be unwieldy and difficult to use because none of the var­
iables can be determined explicitly. This is substantiated by the author's use 
of a computer in solving the equation. However, a simple equation was derived 
in the following manner. In Fig. 6, X0 versus Y0 was plotted from Table 2 
using Qo as a parameter. The resulting curves were a set of straight lines of 
the same slope, having the equation form 

Y = IXn 
0 0 

................. ( 53) 

in which I= Y0 whenX0 = 1. The slope of the curves, n, was found to be 0.0494. 
I versus Q0 was plotted on log-log paper (Fig. 7) and the equation was deter­
mined to be 

I= 1.19Q 0.645 ................ (54) 
0 

Combining Eqs. 53 and 54 results in 

y =1.lgQ0.645X0.0494 ............ ( 55) 
0 0 0 

The discharge-depth relationship and the dimensioning in the range of the data 
in Table 2 for any Parshall flume model or prototype can be determined from 

15 Hydr. Engr., Hydr, Branch, U. S, Bur, of Reclarn,, Denver, Colo, 
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Eq. 55 and the following dimensionless relationships: 

Qo = g 1; 2't 5/ 2 · · · · · · · · · · · · · · · · ( 7) 

X 
0 

y 
0 

x1 
b ... ... ......... . ... (8) 

yl 
b ..... . ............. (12) 

All of these relationships can be readily solved by the use of slide rule or by 
logarithms. 

16 
SYDNEY DAVIS , M. ASCE.-Foss, Balloffet, and Dodge comment on the 

difficulty of using Eq. 16. In the opinion of the writer, this is not serious be­
cause, in the case of standard flumes, the average user of Parshall flumes 
usually resorts to tables. The importance of Eq. 16, as pointed out by Robin­
son and Liu, is that it allows a rating curve to be determined when the up­
stream measuring point is changed from the standard one, as well as allowing 
intermediate throat widths . Thus, Eq. 48 derived by Foss cannot be used for 
flumes other than those of standard shape and size. Eq. 55 by Dodge is a 
more elegant solution but can be used only over the range of values given in 
Table 2. For flumes whose throat widths are 8 ft or larger, the formula 
overestimates the flow by as much as 5%. 

Note that Eq. 2b may be written as 

xl 
l+0.4b ............ . .. (56a) 

or 

b 1 + 0 .4 X • • • • • • • • • . . • • • • (56b) 
0 0 

in which 

bl 
bo = b ..... . ....... . .. . .. (57) 

16 Technical Specialist, Hydrodynamics Dept., Oceanics Div., Aerojet-Gener a l 
Corp., Azusa, Calif. 
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Then, Eq. 16 becomes 

DAVIS ON FLUME DATA 

y + 
0 

1.351 Q0.645 ............ (58) 
0 

On the left side of Eq. 58, the side wall angle is now eliminated. The term 
on the right side does, in general, depend on side wall angle, but experiments 
carried out at Colorado State University show that, over a certain range of 
angles, the change in this term is small. It is hoped that the results of these 
experiments will be published shortly. 

Robinson and Liu mention that "Kp is a function of depth y, for a given 
size of flume." It should be noted that the general expression for K.p was 
given by Eq. 32. The writer agrees that there is some doubt as to the validity 
of the original data. It seems that one source of error is the lack of con­
sistent entrance transitions for different size flumes. For example, the 
"foot" flumes were originally tested with the entrance transitions consisting 
of straight wing walls at 45 °. These walls were later changed to curved 
transitions, the radii of curvature for the different sizes being chosen, ap­
parently, in a somewhat arbitrary fashion. The flumes were not recalibrated, 
so far as is known. 

Balloffet states his belief "that the assumption of rectilinear and parallel 
flow made by the author is not warranted in this case." However, as far as 
the throat section is concerned, the assumption made in the paper, under the 
heading "Determination of Theoretical Flow," was that the flow was non­
uniform and curved. With regard to the measuring section, the assumption 
of rectilinear and parallel flow seems reasonable. This is seen by studying 
Table 2. The values for Eo are ultimately based on Eq. 17a. If non-uniform 
and curved flow were important at the measuring section, Eo would be varying 
with x0 for each value of Q0 , but the table shows that E0 is essentially con­
stant. Therefore, it would seem that the assumption made by the writer is 
sufficiently accurate. 

Regarding the limit of submergence to which Balloffet has drawn attention, 
there appears to be at least one error in principle in the derivation of his 
formula expressing this relationship. For any given rectangular flume, the 
channel width B and the throat width b are fixed, as is the discharge Q. 6 
Moreover, it is assumed that (1) the flow in the throat is critical; (2) the 
flow immediately upstream in the main channel is subcritical; (3) down­
stream of the throat, the flow is supercritical but returns to subcritical flow 
via a hydraulic jump; and (4) at all relevant sections, the stream lines are 
parallel and the velocity distribution uniform. Under such conditions, there 
exists only one possible depth and energy head at any given cross section. It 
follows that the difference between the upstream energy head and the down­
stream depth is uniquely determined. 

In other words, referring to Eq. 19 of Balloffet, 6 b. is shown to be a 
function of terms that are themselves functions of B, b, and Q only. Since 
B, b, and Q l).re fixed, b. is also fixed, so that a mathematical minimum for 
this cannot exist and the ·further derivation for the limit of submergence in-
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volving differentiation is not valid. Furthermore, if one of the limiting 
values of r, namely, r = 1, is substituted into Eq. 24, from Balloffet,6 the 
limit of submergence acquires a value of 1.16, approximately, which is im­
possible because the maximum theoretical value of r is unity. 
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