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THE RATING AND USE OF
CURRENT METERS!

By CarRL ROHWER, ASSOCIATE IRRIGATION ENGINEER

Bureau of Agricultural Engineering, United States
Department of Agriculture

Since Woltman invented the revolving current meter for meas-
uring velocities of flowing water at different depths in 1790, many
changes have been made in current meters, but the fundamental prin-
ciple remains the same. DMeters of this kind have a rotating element
whose speed depends on the velocity of the water. They are of two
types and are known as cup meters and propeller meters. Many con-
flicting claims have been made as to the advantages and disadvantages
of these meters, and from time to time the accuracy of current-meter
measurements in general has been questioned. For these reasons a
series of tests was carried on by the Colorado Agricultural Experi-
ment Station, in cooperation with the Bureau of Agricultural Engi-
neering, of the United States Department of Agriculture, to investi-
gate the behavior of these two types of meters and to determine the
aceuracy of current-meter measurements.

This investigation was divided into two parts; the first was de-
voted to the study of the action of the different types of current
meters when rated under various conditions, and the second to the
comparison of the discharge determined by different kinds of current
meters under various conditions, using different methods of measure-
ment and that from a standard Francis weir. The results of the study
are summarized in this report. In view of the great mass of infor-
mation colleeted in making the study, and since it was not possible
to present all of the data in the report, it was necessary to seleet
only the more important information.

Woltman’s current meter was an adaptation of the float wheel
invented by Borda and Dubuat so that it would be possible to measure
the veloecities at different depths. It was of the propeller type and

(1) This bulletin was preparved under the direction of Mr. W. W. McLaughlin,
Chief of the Irrigation Division of the Bureau of Agricultural Engineering. The work
was carried on under a cooperative agreement between the United States Department
of Agriculture and the Colorado Experiment Station. This project was started by
V. M. Cone, formerly in charge of the Irrigation Investigations in Colorado. The
experimental data pertaining to meter ratings were obtained by R. L. Parshall,
Senior Engineer, and the data pertaining to current-meter nmeasurenments were ob-
tained by the author. Messrs. Thomas MeCarthy, T. L. Doyle, M. L. Lightburn and
Duane C. Kelso (deceased) also assisted in the work. Manufacturers and other in-
terested partles gave valuable assistance by loaning meters for the tests, and the
Jackson Ditch company by providing facilities for conducting the tests at the Bell-
vue laboratory.
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the revolutions of the propeller were registered on dials. Several
attempts were made to improve the meter, but it was not until D. F.
Henry replaced the registering dials by an electrical recording device
that the meter attained a form sufficiently sensitive for accurate work
and convenient enough for evervday use.

The invention of the electric revolution indicator for current
meters was followed by other improvements, and the meters in use at
the present time are the result of these developments. Two distinet
types of meters were evolved: The cup meter. which is primarily an
American type, was developed by Henry, Ellis and Price; the pro-
peller meter, which is used principally in European countries, was
perfected by Amsler, Stoppani, Haskell, Ritchie, Fteley, Ott and Hoff.
Many others contributed to the development of the current meter,
but the names are given of only those who perfected meters which
attained general use.

Of these instruments, the Price cup meters and the Ott propeller
meters are at present most extensively used. Due to the adoption of
the Price meter as standard equipment by the United States Geologi-
cal Survey and by the state engineering departments engaged in
stream gaging, the use of this meter has become almost universal in
the United States. It is also used in England and Canada. In
Europe and parts of South America, the Ott propeller meters are
most generally used. Other meters, such as the Haskell and the Hoff
n the United States, and the Amsler and the Stoppani in Europe
(all of which are of the propeller type) have been used extensively in
the solution of speeial problems or have attained local importance.

TyprES or METERS STUDIED

The Price meter was originally designed by W. G. Price in 1885.
A modified form of the meter was adopted soon thereafter as the
standard meter for the United States Geological Survey, and the type
in use at the present time, known as the Improved Price Meter, is
the result of the experience gained by many engineers under a great
variety of conditions. Plates 1 and 2 show the latest-type Price
meter. The improved Price meter consists of six conical-shaped cups
concentrically arranged about a vertical axis which is supported by a
C-shaped yoke to which the tail of the meter and the handling rod
or cable are attached. The lower end of the shaft rotates on a pivot
bearing and the upper end in a eylindrical bearing. The upper end
of the shaft also carries the electrie revolution-indicating device. In
the latest models of the Price meter, the indicating device is so ar-
ranged that it registers either each revolution or every five revolu-
tions of the eup wheel. This change is accomplished by merely chang-
ing one of the leads of the electrical cireuit from one terminal on the
meter head or contact chamber to the other. In the older models, in-



























TecuNIcAL BULLETIN No. 3 15

3cale of Feat

\

\—’—

Hydraulic Loboratory

Hoodgate,
1 _Car Rai

}728

Rating Channe!z (B Meadgete
Z Power] Wirs Record! W/rgsf : g ﬁJ
Stiling Wall = 8 e s511t1ing ot I

2107
. PLAN
8
X
7B

car Rail~

‘1 S Sotted Hola

Water Surface

L A
< HE—
BOLT DETAIL i L

ST -
oot - - 323 "]

W

ol

s Az _a o

o
°

SECTION B-B

Power Wire 5 —

Hyarauic Loborst

—Heodgate Car Ro J[ﬁeadgafe
il R T I R e

ELEVATION SECTION A-A

Reservor: |

Figure 1.—Tangent rating station at the hydraulic laboratory at Fort Collins,
Colorado.

current, 5 hp. motor thru a train of interchangeable gears. In addi-
tion to the variations in speed made possible by shifting gears, still
further changes could be made by varying the rheostats on the motor
and on the direct-current generator set. Changes in direction of the
car were brought about by reversing the motor. The motor drew its
current from an overhead wire thru a street-car-type trolley. The
rails on the walls of the rating channel provided the return circuit.
The brakes on the car consisted of cast-iron shoes which were forced
into contact with the rails by a lever. This arrangement eliminated
the possibility of wearing flat spots on the wheels due to applying
the brakes. The eurrent meter was held by a bracket, shown in Fig-
ure 2, which could be tilted horizontally and vertically.

The revolutions of the current meter and of the wheels of the
car which showed the distance traversed, were transmitted to the
recording apparatus by a separate trolley attached to the car which
ran on three wires supported by the same poles and brackets which
carried the power wire for the car motor. As originally designed,
these conductors were affixed to a wooden rail at the side of the rat-
ing channel, and the contact was made thru three sets of rollers on a
bracket attached to the side of the car. This system did not prove
satisfactory, however, because the lateral movement of the car broke
the contact at times.
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The time record was taken from the clock shown in Plate 13.
This eloek had a second’s pendulum which was equipped to make an
electrical contact each second by means of an electro-magnet attached
to the end of the pendulum which pulled together two small iron
weights, thereby bringing two platinum electrodes into contact which
permltted the current to flow thru the circuit and operate the record-
ing mechanism, see Plate 14. In order to protect the platinum con-
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rotary station. The type of record obtained is shown on the paper tape.

In making a standard rating, the meter was first adjusted and
the contacts tested. The rod was then clamped in the meter bracket
on the rating car in the desired position. For the ordinary rating
with the rod vertical, the rod was plumbed by making the rod and
its image in the water appear as a straight line. The meter was set
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parallel to the rating channel by bringing the axis of the meter par-
allel to the image of the trolley wire in the water. The special settings
of the meter were made with a protractor and level. For cable rat-
ings, the cable instead of the rod was clamped in the meter bracket.
Under these conditions the meter could only be set in the position it
naturally took in the water. As soon as the position of the meter was
satisfactorily adjusted, a short preliminary run was made with the
rating car to see if all the equipment was functioning properly.
When everything was adjusted so the pencils made a good record of
each contact on the record tape, the rating of the meter was started.

The ratings were always made beginning with the lowest veloeity
and increasing to the maximum thru the sucecessive veloeities, so the
agitation of the water due to the passage of the meter would be as
small as possible. For velocities higher than 5 feet per second, an
interval of about 5 minutes was allowed between trips of the rating
car in order to give the water ample time to come to rest. As the
meter was not removed for the return frip of the rating car. the re-
turn speed of the car was kept low so as not to disturb the water un-
necessarily. When possible, changes in the speed of the rating car
were made by varying the setting of the rheostats, but changes which
could not be made by the rheostats were made by changing gears on
the car. After trying out the rating equipment, it was found that the
rheostat control was so effective that only two gear ratios, the highest
and lowest, were required to obtain all the desired speeds. The gears
for making intermediate changes in the speed were unnecessary and
were removed. With this equipment it was possible to run the car with
the motor at speeds from 0.2 to 10.5 feet per second. Lower speeds
were obtained by using a crank on the motor shaft and turning it by
hand.

Ordinarily in making the ratings, the range of velocities covered
was from 0.5 to 8 feet per second. In this range from 6 to 3 points
were usually taken. On account of the greater eurvature of the rat-
ing curves at the lower velocities, smaller intervals were used between
veloeities in this portion of the rating.

Altho the rating channel was 210 feet in length, the entire length
was not covered by the rating car in determining each point on the
rating curve. The length of the run was inereased as the velocity in-
creased, and for high velocities it was necessary to use the entire avail-
able length of the channel because the car had to travel some distance
before it attained the desired speed at the start, and also before it
could be stopped at the end of the run. Under these conditions, the
maximum length of the channel available for the highest velocity de-
terminations was 150 feet. For the low velocities, practically the en-
tire length of the channel was available for velocity determinations
because only a short distanece was required to bring the car up to
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speed and to stop it. For this reason, two observations were made in
a single trip of the car for all the low veloecities.

In making a rating, the recording mechanism was set in motion
Just as soon as the rating car started, but the switehes in the time,
distance and revolution circuit were not closed until the operator of
the car gave the signal that the desired speed had been reached. The
switches were opened again before the signal to stop the car was given.
As a result a graphical record was obtained of only that portion of
each observation in which the velocity of the car was constant. BEx-
cept for very low velocities, test of the umiformity of the velocity
showed that the variation in the velocity was negligible. Even at low
velocities, the lack of uniformity was so small that it has had but
little effect on the results because the rating curves for most meters
are nearly straight lines and, consequently, a small variation in the
velocity would have a very small effect on the results. If the rating
curve were a straight line, the variation in the velocity of the car
would. of course, have no effect on the accuracy of the rating. Figure
4 shows a portion of the record of a typical rating of a Price meter.

The recorder tape gave a simultaneous graphical record of the
time in seconds and revolutions of the meter and of the rating-car
wheels. Before it was possible, however, to plat the rating curve,
it was necessary to convert these data into feet per second and revo-
Iutions per second. This was accomplished by determining the dis-
tance traversed and the number of revolutions of the meter in a given
time. The actual operation was performed by drawing a line at the
beginning and the end of the record at right angles to the lines made
by the recorder pencils. These lines were drawn so that the end por-
tions of the records were excluded from the part of the reecord for
which the velocity and revolutions of the meter were to be computed.
After the desired portion of the record was segregated by the right-
angled lines, the number of contacts in each record was counted and
the fractional portions computed. The required information was then
obtained by dividing the distance traveled and the number of revolu-
tions of the meter by the elapsed time. For convenience in making
this computation, the right-angled lines were usually drawn thru
contact points on the time record. As a result, there were no frac-
tional parts of a second. However, when rating meters having con-
tact ratios greater than unity, the right-angled lines were drawn thru
the meter contact points so chosen as to include a complete revolution
of the contact wheel or some multiple thereof,

After computing the velocity and revolutions per second, these
data were plotted to a large scale on cross-section paper, using the
revolutions per second as ordinates and the velocities as abscissas.
The eurve which best fitted the plotted points was then drawn. If
any points did not follow the curve, these values were recomputed.
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Points that did not fall on the curve after recomputing were disre-
garded because previous experience had shown that the points would
fall on a smooth curve unless something unusual had happened to the
meter.

The equation of the rating curve was determined either by graph-
ical methods or by the method of least squares, and for the purpose
of comparison some were determined by both methods. The graphical
method is best suited to the determination of the equations of the
meters for which the portions of the curves under consideration are
straight lines. It cannot be used in the determination of the equation
of a curve. The method of least squares may be used to determine the
equations of both straight lines and curves.

The equations of the meters with straight-line rating curves were
expressed in the slope form,

V=MR+C (1)
in which V = velocity in feet per second
M = slope of the line
R == revolutions of the meter per second
C = intercept on the velocity axis, somtimes

called the friction constant.

In this equation M and C are the unknowns. When using the
graphical method, the value of C, the intercept on the velocity axis,
was determined by reading the V coordinate of the point of interseec-
tion of the rating curve with the veloeity axis, and the value of M
was determined by taking the mean value obtained by subtracting C
from the abscissas of a number of points along the line and dividing
the resulis by the ordinates of the respective points. When the least-
sguares method was used, the observed data were substituted in equa-
tion 1 to form the observation equations, and from the observation
equations the normal equations and the values of M and C were de-
termined in the usual manner.

If the rating curve is not a straight line, the equation may be
expressed in the form

V—AR'+BR 4 CRo2 +K (2)

and by increasing the number of terms any desired accuracy can be
obtained. Usually, however, the form of the equation for a particular
tvpe is known. and in this case it is merely necessary to determine
the parameters of the equation. This was done by the method of least
squares in the manner deseribed fov the straight-line equation. Equa-
tions which did not fall into the two general classes mentioned before
were determined by special methods.

Altho the equations of all the meters rated were determined, only
those which illustrate a particular point are given in the report. All
the data are shown graphically instead, because comparisons can be
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made more easily by studying the plotted results. As will be noted,
the same scale was used when possible in plotting the results, but
since the ordinates do mnot cover the same range, this fact should be
given consideration when comparing results from different meters.

TANGENT-STATION RATINGS

Typical ratings of the principal kinds of current meters are
shown in Figure 5. These ratings were all made under similar condi-
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tions at the tangent rating station, and the consistency with which the
observed points fall on the curves indicates that it was possible to get
aceurate results with the rating equipment. All the lines drawn in
the figure are straight except the one for the Ritchie-Haskell meter
which is straight only for velocities greater than 1.2 feet per second.
The lines for some of the other meters also are not exactly straight
when plotted to a large scale, but the eurvature is so slight that it does
1ot show up in a small seale figure.

A question which frequently arises concerning the rating of cur-
rent meters is whether the same results are always obtained when rat-
ing the meter under the same conditions. This was tested by rating
the meters several times under identical conditions, except that the
meters were removed from the clamp on the car between the ratings.
For Price meter number 15,188, which is a rod meter with tail similar
to the meter shown in Plate 16, the equations resulting from the repli-
cate ratings are as follows:
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plotted against the velocity of the meter. Since the feet of travel of
the meter per revolution are nearly constant regardless of the velocity,
the data may be plotted to a scale large enough to show small varia-
tions which would otherwise pass unnoticed. Figure 6 shows the re-
sults of the ratings plotted in this manner. It will be noted that all
the points fall near the same line except those for velocities less than
1 foot per second, and these apparently become more scattered as the
velocity decreases.

Duplicate ratings were also made on Price meter number 1728,
which is likewise a rod meter with a tail, similar to the one shown in
Plate 16. The meter was removed from the car and reset between rat-
ings. The equations of the rating curves by both the least-squares
and the graphical methods are as follows:

No. 537 ... graphical = 2.199 R + 0.022
least square V = 2.200 R -+ 0.020

538 graphical V = 2.192 R + 0.030
least square V == 2193 R - 0.026

539 graphical V = 2.201 R 4 0.027
least square V = 2.201 R 4 0.028

540 graphical V = 2.194 R - 0.027
least square V = 2.192 R 4 0.033

541 graphical = 2192 R 4+ 0.037

least square V = 2.196 R -+ 0.030

These equations differ but slightly and it is interesting to note
that the equations derived by the two methods are almost identical.

The feet of travel of the meter per revolution were also computed
from the original data for these ratings and plotted against the veloc-
ity, (plot not shown). Here also a very close agreement was found
between the plotted points for velocities greater than 1 foot per sec-
ond, but considerable variation was found between the points for the
Iower velocities.

A study of the equations for both meters shows that, in general,
as the coefficient of R changes there is a corresponding change in the
constant but in the opposite direction. For this reason an increase
in the coefficient is compensated by a decrease in the value of the
constant, and as a result the velocities computed by the different for-
mulas tend to remain the same. A series of ratings (not shown) made
in triplicate on small Price electric meter number 1314 at depths of
0.5, 1.0, 1.5, 2.0 and 2.5 feet beneath the surface are almost identical.

A further test on the uniformity of current-meter ratings under
1dentical conditions was made on small Price electric meter number
19,145 by repeating each veloeity determination 10 times without
changing the position of the meter. The meter was equipped with a
rod and foot plate but without a tail, and was rated in the center of
the channel with the meter submerged 1 foot.
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A series of observations was made at each of four different veloci-
ties. When the four series were completed the meter was removed
from the car and oiled, then replaced in ag near its original position
as possible, after which another series of tests was made. From the
mean values of each group of 10 observations, the probable error of a
single observation and of the mean was computed. The results are
summarized 1n the following table:

TABLE 1.—Summary of results of replicated velocity determinations at differ-
ent velocities on small Price electric meter number 19,145,

I’robable errorz in distance

Meant Mean1 per revolution
velocity distance
Rating per per Single Mean of
number second revolution observation observations
feet feet feet feet
664 0.990 2.489 : 0.00736 0.00233
1.697 2.446 00554 00175
2.699 2,428 00464 .00147
3.140 2.309 00269 00085
665 0.996 2,464 0.00670 0.00212 '
1.756 2.403 0529 00167
2,777 2384 0286 00091
3.174 2.361 00418 .00132
667 0,954 2.499 0.01301 0.00412
1.730 2.460 00638 00208
2.711 2,438 00164 00052
3.085 2,423 00447 00141

1Mean of 10 observations under identical conditions.
2All probable errors plus or minus, ~

Table 1 shows, in general, that the probable error in feet trav-
eled by the meter per revolution of the cups decreases as the velocity
increases, and this is true both for a single observation and for the
mean of the observations. The results show also that observations
under identical conditions are uniformly consistent, the maximum
probable error of a single observation being only 0.5 percent of the
observed value. Removing and resetting the meter had a more defi-
nite effect on the results than that shown by the replicate ratings of
Price meters numbers 15,188 and 1728.

When the current meter is used to measure water, the meter is
usually held at predetermined points in the channel, and as the rat-
ing of the meter is generally made at only one position in the rating
channel, there is some uncertainty as to whether the rating is appli-
cable to the conditions under which the meter was used in making
measurements. Since tests by Scobey (14) on cup current meters
showed that there was a definite change in the rating eurve dune to
the depth at which the meter was rated, particularly at points near
the water surface, additional observations were made at the tangent
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rating station at the hydraulic laboratory on several different meters
to study this phenomenon.

The meters on which the observations were made consisted of
small Price electric meters numbers 1314 and 1728, improved Price
meter number 29,502, small Ott meter number 1398 and Hoff rub-
ber-propeller meter number 2. All the meters were equipped with
tails except the Hoff meter, and were rated using the rod suspen-
sion. Meter number 1314, (see Plate 16), was equipped with a Hoff
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Figure 7.—Price meter number 1314 tangent-station ratings made at various
depths in the center of the channel. The rod suspension was used and the meter
was without a tail.
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depths in the center of the channel. The rod suspension was used and the meter
was equipped with a tail.
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combination head and special lower bearing. The Hoff head has
both the single count and the penta count mechanism in the same
contact chamber and eliminates the necessity of carrying two heads
for the meter. The special bearing consisted of a c¢ylindrical instead
of a conical pivot, the end of which was in contact with a hardened
steel ball in the meter shaft. Price meter number 1728 was a stand-
ard tail meter. The improved Price meter was of the latest type,
having a combination head and a new type lower hearing, as shown
in Plate 1. The Ott meter (see Plate 4), was of the propeller type
equipped with a guard ring. The Hoff meter was similar to the one
shown in Plate 9. All the meters were rated in the center of the
channel and under as nearly identical conditions as possible.
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Figure 9.—Price meter 29,502, tangent-station ratings made at various depths
in the center of the channel. The rod suspension was used and the meter was
equipped with a tail.

The graphical representation of the data resulting from the
plotting of the feet of travel of the meters against the velocity is
shown in Figures 7 to 11. These plots show that the ratings are
quite consistent except at low velocities, and when the meters are
very near the water surface or at the bottom of the channel. When
at the surface, see Iigures 9 and 11. the improved Price meter runs
slow at velocities less than 6 feet per second, and fast at higher ve-
locities, whereas the Hoff meter is affected so little that it may be
considered negligible. The plot indicates that when the improved
Price meter is held near the surface, rating number 1053, the results
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Figure 10.—O0tt meter number 1398, tangent-station ratings at various depths in
the center of the channel. The rod suspension was used and the meter was equipped
with a tail.
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Figure 11.—Hoff meter number 2, tangent-station ratings at various depths in
the center of the channel. The rod suspension was used and the meter was without
a tail.

are very erratic. Figure 8, rating number 74, shows the effect of
rating Price meter number 1728 near the bottom of the channel.
The plot indicates that the meter runs slow under this condition. The
other cup meters, however, do not show any effeet due to rating near
the bottom.

Altho there was considerable variation in the equations of the
small Ott meter, the plot, Figure 10, shows that the ratings were very
consistent. The indications are that the rating of this meter was not
affected by its location.

Some observations were made on small Price electric meters num-
bers 1080, 1314 and 1728, and Ott propeller meter number 1933, to
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determine the effect of the distance of the meter from the channel
wall on the rating. The small Price meters were the same as pre-
viously described except number 1080, which was of the tailless type
with rod and foot plate. The Ott meter was of the propeller type
with the vanes attached to radial spokes. The meter is shown in
Plate 3.

The results of the observations on the different meters are shown
graphically in Figures 12 to 15. These figures indicate that the
nearness to the wall of the channel had little, if any, effect on the
ratings exeept in the case of the Price meters when they were rated
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Figure 12.—Price meter number 1080, tangent-station ratings at a depth of 1.5
feet and at various distances from the walls of the channel. The rod suspension
was used and the meter was without a tail.
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Figure 14.-—Price meter number 1728, tangent-station ratings at various depths
near the walls of the channel. The rod suvspension was used and the meter was
without a tail.
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Figure 15.—Ott meter number 1933, tangent-station ratings at various depths
near the walls of the channel. The rod suspension was used and the meter was
witbout a tail.

g0 the rotating force was on the side of the meter cups away from the
wall. Under this condition, in general. the meter ran more slowly
than normally. A part of the variation in the results was probably
due to errors in setting the meters. It should be noted in this con-
nection, however, that the Ott propeller meter gave uniformly con-
gistent results when rated in the different locations.

The tests on the ratings of the meters in different locations in
the channel show that for the conditions tested. the only important
effect was produced when the Price meters were rated at or near
the water surface. This is probably true for all cup meters but not
for propeller meters, as the tests on the Hoff meter show that it was
not affected. Unfortunately the Ott meter was not rated nearer
than 0.5 foot to the surface.

In the ratings of meters in different locations in the channel,
the distances indicated in the diagrams when the meters are very
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except number 2575 have been described previously. Number 2575,
see Plate 7, was a propeller meter of the weedless type. The propeller
of the meter consisted of two blades attached directly to the hub and
reinforeed by extensions cast integrally with the hub. Meters num-
bers 1933 and 2575 were practically the same size. The principal
difference was in the propellers. Number 1933 had a propeller con-
sisting of three blades attached to radial spokes in the hub, whereas
number 2575 has a two-bladed propeller cast integrally with the hub.
All the meters were equipped with tails and were rigidly fixed on
rods while being rated.

The study of the effect of integration on the ratings of the meters
was made by comparing the results obtained by rating the meter when
it was being moved up and down with those from a standard rating.
The comparisons were made on the basis of the graphical representa-
tion of the data given in Figure 16.
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Figure 16.—Tangent-station ratings showing the effect of integrating Price
meters numbers 1728 and 1314 and Ott meters numbers 1933, 2575 and 1398 while
rating. The meters were moved up and down at a uniform rate of approximately
0.25 foot per second. They were all equipped with tails and the rod suspension was
used.

A study of Figure 16 shows that there is a marked difference be-
tween the standard and the integration ratings of the Price meters
but, strange as it may seem, the curves indicate that the meters run
slower when moved up and down while rating rather than faster, as
would be expected. The plots of the data show that integrating had
practically no effect on the ratings of Ott meters numbers 2575 and
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1398, but that there was a difference between the standard and the
integration ratings, numbers 148 and 217 of Ott meter number 1933,
particularly at velocities less than 2 feet per second. Just why this
one Ott meter is affected by the movement of the meter is not clear.
Since the propellers of the Ott meters present symmetrical surfaces
to the current on both sides of their axes when moved vertically,
there should be no tendency to either increase or retard the veloeity
due to the up-and-down movement.

As will be shown later, (see Figure 33), oblique currents do affect
the ratings of cup meters and, to a slight extent, propeller meters.
Altho in this case the meter moves thru the water obliquely, the re-
sults should be similar to the effeet produced by oblique currents
striking the meter. This may be the explanation of the results ob-
tained when making the integration ratings.*

From the foregoing it may be said that moving the meter up and
down while rating reduces the speed of rotation of Price meters and,
in general, has no effect on the Ott meters except number 1933 which
is retarded at velocities of less than 2 feet per second.

The filaments of flow in running water are seldom parallel to
the axis of the stream. As a result when a meter is held in the
water parallel to the stream axis while making a discharge measure-
ment, the current will strike the rotating element of the meter at vari-
ous angles in both the horizontal and the vertical planes, and, conse-
quently, in order to measure the mean veloeity accurately the meter
should resolve all the velocities into their axial components.

The design of the rotating element of cup meters is such that ob-
lique velocities in the horizontal plane exert praectically the same ro-
tating force regardless of the angle at which the current strikes the
meter. As a result meters of this type should over-register when
measuring the axial velocities under these conditions. Propeller
meters are, on the other hand, not subjected to the maximum rotating
force of the current unless the velocity of the water is in a direction
parallel to the axis of the meter and the rotating force decreases as
the obliquity of the current increases. This is true whether the ob-
liquity of the current is in a horizontal, vertical or intermediate di-
rection. For this reason the propeller meters seem better suited than
the cup meters to the measurement of turbulent water in which the
currents approach the meter at all angles. In respect to currents with
vertical obliquity, the cup meters are similar to the propeller meters
because the shape of the rotating element is such that the rotating
force decreases as the obliquity increases.

Many tests (2, 12, 16 and 17) have been made to determine the ae-
curacy with which different meters resolve the oblique veloeities into
their axial components. Most of these tests were made by holding the

*Unpublished memorandum by E. J. Hoff.
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meter at different angles to the current in water flowing at a known
velocity, but some were made by rating the meter in still water when
the meter was set at various angles to the direction of movement of
the car. The conclusions drawn as a result of these investigations
are substantially in accord, but in view of the importance of the sub-
ject a complete series of tests was made at the tangent rating station
at the hydraulic laboratory on different types of cup and propeller
meters when subjeeted to currents striking the meters at various hori-
zontal and vertical angles with the axis of the meter in order to pro-
vide a series of tests, all of which were made under the same con-
ditions. At each setting of the meler, a complete rating was made
covering the range of velocities normally miet with in using the meter.

During the investigation tests were made on the following meters:
Price, numbers 1314 and 1728, Ott, numbers 1933, 2575 and 1398,
Fteley-Stearns, number 1, Ritchie-Haskell, number 162, and Hoff,
number 9. The last-named meter was equipped with both a three
and four-bladed propeller, both of which were tested to determine
the effect of oblique currents. These meters are shown in Plates
3,4, 7, 8, 9,11 and 16, and have all been deseribed previously, ex-
cept the Fteley-Stearns, Ritchie-Haskell and Hoff meters. The
Fteley-Stearns meter was of the propeller type with windmill vanes,
as shown in Plate 11, and was equipped with counting gears, but
during these tests the revolutions were recorded electrically every
hundredth revolution. The Ritchie-Haskell meter, shown in Plate 8,
was designed primarily for cable suspension. For these tests, how-
ever, the meter was rated on a rod to which it was rigidly affixed.
The meter was fitted with a high-speed and a low-speed propeller,
but only the low-speed propeller was tested. Both propellers had
four blades and were of the weedless type. The Hoff was also a pro-
peller meter, and the two different propellers with which the meter
was equipped are shown in Plates 9 and 10.

All the meters were rated from rods to which they were rigidly
attached. The rods were held by the clamp on the rating car which
was so arranged that the rod could be held in any horizontal position
and tilted to any vertical angle up to 45 degrees. The adjustments
to the various horizontal angles were made by turning the rod thru
the proper angle which was determined by a protractor attached to
the ear, and a pointer rigidly affixed to the rod. The different verti-
cal angles were set by the use of a spirit level and template. The tem-
plates were eut to the desired angles. Then by holding them against
the rods in the plane of the channel axis, the desired position was ob-
tained by tilting the rod until the edge of the template was plumb,
as indicated by the level which was held against the vertical edge of
the template.

In making the comparisons, the effect of rating the meter when
held at various angles with the axis of the channel was investigated
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first. A standard rating of the meter under observation was made at
the beginning of the test, and after that the meter was rated in the
various positions for which information was desired. These data are
shown graphically in Figuves 17 to 25. They show the relation be-
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Figure 17.—Price meter number 1314, tangent-station ratings showing effeet
of turning meter to right and left. Ratings made in the center of the channel at a
depth of 1.5 feet. The meter was without a tail,
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Figure 19.—Price meter number 1728, tangent-station ratings showing effect
of turning meter to right and left when yoke was in front. Ratings made in center
of channel at a depth of 1.5 feet. The meter was without a tail and the rod sus-
pension was used.

tween the feet of travel per revolution of the meter and the veloeity of
the meter along the channel for each condition under which the meter
was rated.

The ratings of the Price meters, as indicated by the plotted re-
sults, see Figures 17, 18 and 19, show that when the meter is turned
to the right the cups rotate more slowly as the angle increases up to 90
degrees. Turning the meter to the left has, in general, a similar ef-
feet but the magnitude of the retardation is less. Tests made on Price
meter number 1728 with the yoke to the front, show that the cups ro-
tate more slowly when turned to the left, and faster when turned to
the right. This is just the opposite of what happened when the meter
was operated in the normal position, and was to be expected because
the amount of the retardation depends on whether the rotating force
is acting on the side to which the yoke was turned or away from it.
The amount of the retardation differed because, in one case, the yoke
was turned away from the side on which the rotating force was acting,
and in the other case, toward the side on which the force was acting.

The tests on the Ott meters, see Figures 20 and 21, also showed
that turning the meter to either side from the normal position retard-
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Figure 20.—O0tt meter number 1933, tongent-station ratings showing effect of

turning meter to right and left Ratings made in center of channel at a depth of
1.5 feet. The meter was without a tail and the rod suspension was used.
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Figure 21.—Ott meter number 2575, tangent-station ratings showing effect of
turning meter to right and left. Ratings made in center of channel at a depth of
1.5 feet. The meter was equipped with a tail and the rod suspension was used.
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ed the revolutions of the propeller, but the extent of the retardation
was much greater than in the case of the Price meters. There was
also a difference in the retardation, depending on whether the meter
was turned to the right or to the left, but in the case of the Ott meters
the retardation was greatest when the meters were turned to the left.
Altho the Ott propellers present a symmetrical face to the action of
the current whether turned to the right or left, there is apparently
some unexplained influence which causes the difference.

This same
effect has been noticed by other investigators, (16).
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Figure 22.-—Fteley-Stearns meter number 1, tangent-station ratings showing ef-
fect of turning meter o right and left. Ratings made in the center of channel at a
depth of 1.5 feet. The meter was without a tail and the rod suspension was used.
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ing effect of turning meter to right and left. Ratings made in the center of channel
at a depth of 2.0 teet. Meter equipped with tail and the rod suspension was used.
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As shown in Figure 22, the rotation of the propeller of the Fteley-
Stearns meter is retarded by turning the meter at an angle to the cur-
rent in the horizontal plane, but there is apparently no difference in
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Figure 24.—Hoff meter number 9, tangent-station ratings showing effect of

turning meter to right and left.

2.0 feet.
rod suspension was used.

The three-bladed propeller was used.

Ratings made in center of chanmel at a depth of

The meter was without a tail and the
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the effect whether it is turned to the right or the left. The Ritehie-
Haskell meter was tested only for small angles to the right and left.
A very small retardation effect on the rotation of the propellers was
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Figure 25.—Hoff meter number 9, tangent-station ratings showing effect of
turning meter to right and left. Ratings made in center of channel at a depth of
2.0 feet. The four-bladed propeller was used. The meter was without tail and the
rod suspension was used.



TecHNICAL BULLETIN No. 3 43

noticeable as the result of turning the meter thru these small angles
(see Figure 23).

The tests on both the three and the four-bladed Hoff meters show
that there is a definite retardation of the rotation of the propeller as
the meter is turned thru horizontal angles to the right and left. See
Figures 24 and 25. The amount of the retardation increases as the
meter is turned at greater angles to the normal position, and turning
the meter to the left retards the rotation of the propeller more than
turning it to the right. This is true of both the three and the four-
bladed propellers. These propellers are symmetrical about a horizon-
tal axis and present a similar surface to the current, whether turned
to the right or to the left; nevertheless there is a definite difference in
the effect of the rotating force. It should be noted that both the Ott
and the Hoff meters show a greater retardation when turned to the
left, even tho the Ott meters rotate counterclockwise, whereas the
Hoff meters rotate clockwise.

As previously stated, in order to make acecurate discharge meas-
urements in turbulent water, the meter should register only the com-
ponent of the velocity of the eurrent parallel to the axis of the stream.
The component of the velocity is equal to the obligue velocity times
the cosine of the angle which it makes with the axis of the meter.
This is known as the cosine relation in eurrent-meter measurements,
and meters that register only the axial component of oblique velocities
are said to satisfy the cosine relation.

The investigation of the effect of oblique currents on the regis-
tration of the different current meters previously made, showed mere-
ly that the meters tended to resolve the oblique currents into their
axial components, but gave no indication as to the accuracy with
which this was done.

The ratings made to determine the effect of oblique currents on
the different current meters were not made at definite velocities thru-
out the range covered by the ratings, and as a result direct compari-
sons between axial velocities and corresponding resolved velocities
were not possible. In order to make the comparison, the mean values
of the feet of travel per revolution of the meter were computed for the
standard rating, and the rating when the meter was turned at an
angle to the current. In computing the mean, the feet per revolution
for veloeities of 1 foot or more only were used, because for lower ve-
lecities the values were very erratic. The velocity of the rating car
times the cosine of the angle at which the meter is held is the veloeity
that the meter should indicate if it satisfies the cosine relation; or, in
other words, the revolutions of the meter when parallel to the axis of
the rating channel times the cosine of the angle between the axis of
the meter and the channel when rated at an angle with the current
at the same velocity, are the revolutions that the meter should make
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if it satisfies the cosine relation. Then, since the feet of travel of the
meter per revolution of the propeller or cups is equal to the velocity
divided by the revolutions per second, the feet of travel of the meter

©
-9 30 >
= /4/
-g LEGEND A
4
| <+ HASKELL NoO. 162-B. RIGHT /// /"
_E___ O —i } | I I Vs S
2 Yo LEFT —
> 1 N
S O HOFF NO. 9. 4 BLADES. RIGHT /, A
-G ® LEFT // v
@ a ¥
°_ 1340
_%__n._
_E ,/#
u
r4 . //
_8 o) : »
s \ /
2 .
é /
< AY
N,
% 10 % ER
w T ¥ Te S
N4 TN \\
4 AN
= \ ~
L A .
3_ 20 T [-O- HOFF NO. 9. 3 BLADES. RIGHT W
2 @ LEFT ] W\
'17: ¢ PRICE NO. 1728. RIGHT 'S \
i a $ LeFT l | \
.0__2-30__ N
ﬁ S A PRICE NO. 1314, RIGHT \
\
o A LeFT | | | \
B O OTT NO. 1933. RIGHT :
5 e | || ‘
£ 40 g OTT NO. 2575. RIGHT \
< A
| £ weeeer || W ¢
4 < PRICE NO. 1728. YOKE IN FRONT. RIGHT \ \‘\
QO
w FT .
8 | o teer | | L | |
_Z_ %= FTELEY-STEARNS NO. {. RIGHT \ \"
| Xk LEFT | |
2 | | |
& >
- 60: (o) 110 20 30 40—y
I I |
ANGLE OF OBLIQUITY OF CURRENlT "

Figure 26.—Error in registration of true axial component of oblique horizontal
velocities shown by tangent-station ratings of Price meters numbers 1314 and 1728,
Ott meters numbers 1933 and 2575, Fteley-Stearns meter number 1, Ritchie-Haskell
nieter number 162-B and Hoff meter number 9, when turned at various angles to the
right and left.



TecuNIicaL BUuLLETIN No. 3 45

per revolution when parallel to the axis of the rating channel, divided
by the cosine of the angle, is the feet of travel per revolution that the
meter should register when set at an angle to the current if it satisfies
the cosine relation. Therefore, in order to determine the accuracy
with which the different meters satisfied the cosine relation, the mean
values of the feet of travel per revolution of the propellers or cups
when the meter was set at different angles to the eurrent, were com-
pared with similar values determined by dividing the feet of travel
per revolution, when parallel to the axis of the rating channel, by the
cosines of the respective angles at which the meter had been set.
These later values were taken as the bases of comparison in determin-
ing the errors.

The errors in registration of the different meters at the various
horizontal angles were plotted in Figure 26 using the errors as ordi-
nates and the angles as abscissas. The plot shows that, in general, all
the propeller meters under-register and that all the cup meters over-
register. The Price meter, with the voke to the front, is the exception
to the general law. Under this condition the meter under-registers
when turned to the left, except when turned at large angles to the axis
of the channel. This is due to the fact that when the meter is turned
to the left the voke is in front of the side of the cups upon which the
rotating force aets, and the retardation increases up to a certain point
as the angle increases, and then decreases because the yoke no longer
canses so much interference. When turned to the right, the perform-
ance of the meter was similar to that occurring when the yoke was in
the normal position. Additional experiments (not shown) on another
Price meter, number 1080, with the yoke in various positions, show
that the prineipal effect due to the yoke occurs when it is on the side
on which the rotating force acts.

These plots show that the propeller meters do not resolve obligue
velocities in a horizontal plane into their axial components any better
than the cup meters do. The propeller meters under-register as much
as the cup meters over-register. For this reason it has been suggested
(3) that cup and propeller meters be used simultaneously in measur-
mg the velocity of turbulent water because the error of the meters
would tend to balance each other.

As previously stated, tests were also made to determine the effect
on the ratings when the meters were tilted at various angles in a ver-
tical plane both above and below the horizontal. The tests were made
on Price meters numbers 1314 and 1728, Ott meters numbers 1933 and
1398, Fteley-Stearns meter number 1. and Ritehie-Haskell meter num-
ber 162-B. The meters were rated at angles of 1, 2, 3, 5, 10 and 15
degrees from the horizontal, and from the observed data the feet of
travel per revolution and the velocity for each of the meters were
computed. All the meters were rated on rods in the center of the
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channel at a depth of 1.5 feet except the Ritchie-Haskell meter which
was rated at a depth of 2 feet.
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Figure 27.—Price meter number 1314, tangent-station ratings showing the effect
of tilting the meter upward and downward. Ratings made in center of channel at
a depth of 1.5 feet. Meter without tail, rod suspension used.
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Figure 28.—Price meter number 1728, tangent-station ratings showing the effect
of tilting the meter upward and downward. Ratings made in center of channel at a
depth of 1.5 feet. Meter without tail, rod suspension used.

The results of the ratings are plotted in Figures 27 to 32 which
show for each meter the feet of travel per revolution of the rotating
element at the different velocities for each angle above and below the
horizontal at which the meter was rated except those below 5 degrees,
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and for comparison, the same data for the standard rating of the
meter. The data on the ratings made with the meters tilted less than
5 degrees from the horizontal were not shown because they differed
so little from the results of the standard ratings.

The plotted data for the Price meters, (Figures 27 and 28), show
that tilting the meter has very little effect on the rating when the
angle is 5 degrees or less and that it does not make any difference
whether the meter is tilted up or down. When, however, the angle
is 10 degrees or greater, there is a definite effect due to the tilting of
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Figure 29.—Ott meter number 1933, tangent-station ratings showing the effect of
tilting the meter upward and downward. Ratings made in ecenter of channel at a
depth of 1.5 feet, Meter without tail, rod suspension used.
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the meter, and tilting the meter upward has a much greater effect
than tilting it downward. This is probably due to the fact that when
the meter is tilted upward, the cup shaft is lifted off the pivot bear-
ing by the force of the water. This increases the friction because the
thrust has to be taken up by the top bearing which offers more resist-
ance than the pivot bearing. The effect produced is to retard the
meter.

The ratings, (Figures 29 and 30) of the Ott meters when tilted at
various angles do not show the effect of tilting the meter until the
angle amounts to 10 degrees or more. The plots show that as the
angle increases, the retardation of the meter increases and the re-
tardation is greater when the meter is tilted downward than when it
i tilted upward. This is just the opposite of what occurred in the
case of the Price meters; the effect, however, is not so pronounced.

The action of the Fteley-Stearns meter when tilted at various
angles above and below the horizontal was similar to that of the Ott
meters (see Figure 31), except the retardation was less and there was
little, if any difference whether the meter was tilted up or down.
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Figure 31.—Fteley-Stearns meter number 1, tangent-station ratings showing ef-
fect of tilting the meter upward and downward. Ratings made in center of channel
at a4 depth of 1.5 feet. Meter without tail, re¢d suspension used.

Tests on the Ritchie-Haskell meter were made only at 5 degrees
above and below the horizontal. The results (Figure 32) are similar
10 those obtained from the Ott meters.

The plots of the data obtained when the different meters were
rated at various angles above and below the horizontal, show merely
the effect of these changes. In order to determine how closely the
different meters followed the cosine relation, the mean feet of travel
per revolution of the meter for velocities of 1 foot or greater were
computed from the original data for each of the meters at the various
angles above and below the horizontal, and these values were com-
pared with the feet of travel per revolution of the meter which should
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have oceurred if the meter followed the cosine relation as determined
from the data on the standard rating in the manner previcusly ex-
plained. The results are shown in Figure 33, in which the errors in
registration of each meter when tilted at various angles up and down
are the ordinates and the angles are the abseissas.

The plot of the data shows that all the meters measure oblique
velocities in the vertical plane fairly accurately when the angle is
not more than 5 degrees, but when the angle is greater than 5 degrees
the accuracy of the Price meter decreases considerably, whereas
the acecuracy of the Ott meters and the Fteley-Stearns meters remains
about the same. Unfortunately the Ritchie-Haskell meter was tested
ocly at 5 degrees above and below the horizontal, and, consequently,
the effect of greater angles of obliquity is not known. The plot shows
that in general the propeller meters resolve the oblique veloecities into
their axial components more accurately when tilted upward than
when tilted downward, whereas the Price cup meters are more accur-
ate when tilted downward, but the difference in the accuracy of the
cup meters between the two positions is more pronounced. The re-
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sults of the observations show also that the propeller meters measure
oblique velocities in the vertical plane more accurately than the cup
meters.

In order to determine the accuracy of the meters when exposed
to oblique velocities coming with equal frequency from all four di-
rections, the mean value of the error in registration for each angle was
determined by averaging the error in each of the four positions of the
meter as read from the curves. The errors were determined for only
Price meters numbers 1314 and 1728, Ott meter number 1933 and
Fteley-Stearns number 1, because these were the only meters tested
in all four positions. The results are plotted in Figure 34. Only the
angles between zero and 15 degrees are included because the tests on
the vertical angles were not carried beyond this point. These curves
show that under these conditions the Ott and Fteley-Stearns meters
under-register for all angles and that whereas Price meter number
1314 over-registers for all angles, Price meter number 1728 under-
registers for small angles and over-registers at the maximum angles.
This does not agree exactly with the results of Yarnell and Nagler
(16) whose tests show that the Price meters over-registered at all
angles and none but the propeller meters under-registered. These
curves show that the errors, due to the effect of currents striking the
raeters at all angles with equal frequency, are usually small and, for
the angles tested, are practically negligible. The curves indicate, how-
ever, that the cup meters are as accurate as the propeller meters when
exposed to currents striking the meter with small angles of obliquity
and probably more accurate at the higher angles.

Meter rods sometimes deflect to the right or left when making
gagings. Under these conditions the rotating elements of cup meters
no longer rotate in a horizontal plane. This changes the direction of
the forces acting on the bearings, and in order to determine the effect
of the changes Price meter number 1728 was rated when tilted at dif-
ferent angles to the right and left. No tests were made on propeller
meters because their axes of rotation are parallel to the direetion of
the current and are subjected to the same force, regardless of how
much the meter is tilted laterally.

The Price meter was rated in the standard position and when the
rod was tilted at 5, 10 and 15 degrees to the right and left. The feet
of travel per revolution for each condition were computed from the
original data. The results are shown graphically in Figure 35.

No systematic difference due to tilting the meter rod to the right
or left, is shown by the curves. They show, however, that the results
are erratic at low velocities, that is less than 2.5 feet per second. At
greater velocities the results are almost identical. This indicates that
the difference in friction on the bearings, due to changing the posi-
tion of the meter. has practically no effect at the higher veloeities.
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Figure 35.—Price meter number 1728 tangent-station ratings showing effect of
tilting meter rod to right and left. Ratings made in center of channel at a depth
of 1.5 feet. Meter without tail, rod suspension used.

The lower bearing of all small Price electric meters is adjustable
and in order to determine the effect of changes in the adjustment on
the rating of the meters, tests were made on two Price meters by rat-
ing them when the lower bearing was adjusted to different positions.
The positions were obtained by first raising the pivot until all end
play in the shaft was eliminated and then lowering the pivot by sue-
cessive guarter-turns of the serew until each of the different adjust-
nments was obtained at which a rating was desired. Both meters were
rated in the center of the channel at a depth of 2 feet, using the rod
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Figure 36.—Price meter number 1728, tangent-station ratings showing effect of
lower bearing adjustment. Ratings in center of channel at a depth of 2.0 feet.
Mceter with tail, rod suspension uscd.
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suspension. Meter number 1219 was of the tailless type and was
equipped with a foot plate. Number 1728 was a standard tail meter.

From the original data, the feet of travel of the meter per revo-
Iution were computed and plotted against the velocity, as shown in
IMgures 36 and 37. The lines drawn thru the plotted points for the dif-
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Figure 37.—Price meter number 1219, tangent-station ratings showing effect of
lower bearing adjustment. Ratings in center of channel at a depth of 2.0 feet. Meter
with foot-plate but without tail. rod suspension used.

ferent settings do not seem to bear any definite relation to the bear-
ing adjustment. The plots show. however, that in one case the loose
adjustment causes the meter to run easier, and that in the other case
the close adjustment seems to make the meter run more freely. There
iz, however, a definite indication that the effect of the bearing adjust-
ment 1s greatest at the low velocities because the ecurves are farther
apart under these conditions. One point to be considered in the ex-
planation of the results is that it is necessary to remove the meter
between adjustments of the bearing. and altho the effect of resetting
the meter is usually small, it may have been sufficient to confuse the
results due to the bearing adjustment.

In order to determine the effect of changes in the cups of the
Price meters whieh oceur thru accidents and from wear and tear,
ratings were made on Price meter number 1314 under standard condi-
tions and when the cups were bent, when one of the cups was loaded
with lead, and when the cups were greased or given a sand finish.
In making the tests to determine the effect of bending the cups. the
bottoms of two of the cups which were not adjacent to each other,
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were crushed slightly, the maximum amount being 0.25 inech. The
tests on the effect of the weighted cups were made with one of the
meter cups loaded with a mixture of wax and lead shot. The added
material weighed 5.73 grams. To test the effect of grease on the cups
of the meter, they were liberally coated with machine oil and to test
the effect of roughening the surface of the cups they were painted
with shellac and then sprinkled with number 20 sand.
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Figure 38.—Price neter number 1314, tangent-station ratings showing the effect
of bending the cups, greasing the cups, covering the cups with shellac and sand, and
adding a weight to one of the cups. Ratings made in the center of channel at a depth
of 1.5 feet, except ratings numbers 533 and 55 which were at 2.0 feet. Meter with
tail, rod suspension used.

The results are shown graphically in Figure 38 in which the feet
of travel per revolution computed from the original data are plotted
ac ordinates and the velocities in feet per second as abscissas. The
standard ratings do not agree because different sets of cups were
nsed in the meter for the different tests.

The figure shows that bending the cups had a marked effect on
the rating of the meter; that covering the cups with shellac and sand
reduced the revolutions slightly, and that greasing the cups with oil
or weighting one of the cups had little, if any, effect on the rating.
It is obvious from the curves that bending the cups would cause seri-
ous errors in the results of current-meter measurements.

‘When measuring high velocities with a rod meter of the cup type,
the meter rod bends, due to the force of the current. Guy wires are
frequently used to support the rod, and in order to determine the ef-
fect of these wires on the rating of the meter, tests were made on Price
meter number 1728 when supported by guy wires in different posi-
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tions. In the first rating the guys consisted of two 16-gage black iron
wires extending from the top of the yoke to points 36 inches apart,
32 inches in front and 28 inches above the meter. In the second test,
the arrangement was the same except that the wires were attached to
the meter rod 3 inches above the yoke. In the third test, the attach-
ment was the same but the wire was replaced by sash cord. These
data are shown graphically in Figure 39. The method of plotting is
the same as previously described.
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Figure 39.—Price meter number 1728, tangent-station ratings showing effect
of use of guy wires in supporting meter. Ratings made in center of channel at a
depth of 1.5 feet. Meter with tail, rod suspersion used.

As shown by the plotted data, the gurs cause the meter to rotate
more slowly and the maximum reduction is caused by the sash cord
guys. The wires attached near the top of the voke have a greater ef-
feet than those attached 3 inches above it. The curves show, how-
ever, that if the wires are attached 3 inches above the top of the meter,
the effect on the rating is very small.

When making the measurements with a current meter where a
rod is used to hold the meter, the equipment furnished swith the meter
is ordinarily used, but when the water is deep and swift these rods
are not strong enough, and under these conditions, it is sometimes de-
sirable to use a heavier rod. In order to determine whether the size
of rod affected the ratings, tests were made on Price meter number
15,188, when using the standard 0.5-inch rod furnished with the meter,
and in addition when using a 1-inch and a 2-inch rod. The meter was
equipped with a tail while making these tests. Pipes of the proper
diameter were used for the large rods. These pipes were slipped over
the standard rod and extended only to the top of the meter; when the
1-inch pipe was used, there was a noticeable deflection of the pipe at
the maximum velocity tested. The results of the tests are shown
graphieally in Figure 40 which shows clearly that the meter runs
more slowly as the size of the supporting rod is increased. Tests by
Schmidt (13) at Munich, on both eup and propeller meters, show a
similar effect.



56 CoLorADO EXPERIMENT STATION

z [
[O
*5 LEGEND
3-2.4 <~ NO. 740. STANDARD TANGENT RATING
o -'.;“ O NO. 757. TANGENT RATING. ROD | INCH IN DIAMETER
N
': ‘\\‘O’o A No. 758. TANGENT RATING. ROD 2 INS. IN DIAMETER
ul W
A .
'3_2 3 13 N = ~a
@ \&\-\\
< ! i
P Rk e A—d—c - A
™ -t T o
L 5-2.2 e °
5o
w
-0 1 2 ? 4 5 6 7—
[ |
l I VELOCITY IN FEET PER SECOND | l l
1 L L 2

Figure 40.—Price meter number 15,188, tangent-station ratings showing effect
of diameter of rods. Ratings made in center of channel at a depth of 2.0 feet. Meter
with tail, rod suspension used

While making the ratings when the meter was supported by a
2-inch rod, it was observed that at the high velocities a standing wave
was caused by the rod. This wave sometimes formed as far as 4
inches in front of the rod. The pressure causing this wave prob-
ably occurred at the back face of the meter cups also, and would tend
to retard the rotation of the meter. From the foregoing, it is evi-
dent that a special rating of the meter should be made, if a rod other
than the standard is to be used.

In order to find out whether ratings made in flowing water agree
with those made in still water, Price cup meter number 15,188 and
Ott propeller meter number 2909 (see Plate 23) were rated in hoth
still and flowing water at the tangent rating station at the hydraulic
laboratory. Both meters were supported on rods and were rated at a
depth of 2 feet. In making the tests in flowing water, a veloeity of .5
foot per second was maintained in the rating channel by turning a
constant guantity of water from the storage reservoir into the chan-
nel. The meters were rated in both directions at each veloeity of the
rating car at which observations were made. As a result, when the
car was traveling with the current the meter under-registered, and
when traveling against the current it over-registered, and if the
amount of over-registration equalled the under-registration, then the
mean of the ohservations in both directions wounld give the true value
of the revolutions of the meter for the velocity at which the rating car
was traveling. regardless of the velocity of the water so long as it
remained constant. This was the method used in arriving at the cor-
rect number of revolutions of the meter when rated in the flowing
water.
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Figure 41.—Price meter number 15,183 and Ott neter number 2909. tangent-
station ratings showing the effect of making ratings in flowing water. Ratings
niade in center of channel at a depth of 2.0 feet., veloecity 0.5 foot per second. Meters
with tails, rod suspension used.

Figure 41 is a plot of the data. Here, &s previously, the feet
of travel of the meter per revolution are plotted against the veloeities.
Figure 41 shows that for velocities of 1 foot or greater the results are
identical for hoth conditions for both meters. It is evident when
the rating car is going in the direction of the flowing water but at a
lower velocity, that the rotation of the meter will be due to the water
coming from the rear. This condition would cause the Price meter to
rotate in the normal direction but would cause the Ott meter to run
backwards. In either case the current approaching from the rear
would make the meter register in a different manner than when strik-
ing the meter in the normal way. This explains the erratic results
obtained at low velocities. It has been suggested that still water rat-
ings should be used with caution (3), but the close agreement between
the ratings at all but the low velocities makes it evident that for the
veloeities ordinarily encountered in eurrent-mefer measurements, it
makes no difference whether the meter is rated in still or flowing
water, at least for the conditions covered hy the tests. Had it been
possible to maintain higher velocities in the rating channel, the rat-
ings under these conditions might have brought to light differences
in the ratings which were not disclosed by the tests made.

Whenever large canals or streams are to be measured with a cur-
rent meter, it is usually necessary to use a cable meter because ordi-
narily it is not possible to hold the meter with the rod under these
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In making the cable ratings, various lengths of cable and different
sizes and positions of the weights were tried, but the standard hanger
bars furnished with the meters for cable ratings were used in all the
tests. While making the ratings of the meters with cable supports,
it was noticed that the meters were carried back by the force of the
current, sometimes as much as 6 feet when the rating car was travel-
ing at its maximum speed and when the meters were supported by
the greatest length of cable used in the tests. The Hoff meter also
drifted laterally under these conditions. It is interesting to note here
that altho the Price meter has a much greater bulk, it does not drift
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Figure 42.—Price meter number 15,188, tangent-station cable ratings showing
effect of suspending weights at different points. Ratings made in center of channel
at a depth of 2.0 feet, Meter with tail.
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Pigure 43.—Hoff meter number 2, tangent-station cable ratings showing effect

of suspending weights at different points,
depth of 2.0 feet. Meter with tail.

Ratings made in center of channel at a
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back any farther than the Hoff meter when rated with a cable sup-
port. The long buoyant tail with which the Ott meter was equipped
for cable measurements was more effective in holding the meter
steady in the water than were the old type tails. The new model
Hoff meters are equipped with longer tails to correct this condi-
tion. The results of the comparisons of the rod and ecable ratings
are shown by the plots of the data in Figures 42 to 44. The data in
the figures were obtained and plotted as previously explained.
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Figure #+£.—Ott meter number 2956, tangent-station cable ratings showing ef-
fect of length of cable. Ratings made in center of channel at a depth of 2.0 feet.
Meter with tail.

The plotted data show that, in general, all the meters run more
slowly when rated with cable supports, and that weights above and be-
low the meter retard it more than a single weight. 1If, however, as
shown by tests on the Price meter (Figure 42) a single weight is
placed above the meter, (ratings numbers 761 and 763) the meter will
revolve more rapidly than when the weight is at the bottom, number
739, altho in this case the results may have heen affected slightly by
the length of cable. Tests by the Water Resources Branch of the
United States Geological Survey on Price meters only, show similar
results, (7 and 9). Tests by Rumpf (12) show that the Price meter
runs more rapidly when rated as a cable meter. This seems unusual
because the tests at the hydraulic laboratory at Fort Collins on hoth
the cup and the propeller meters showed the reverse to be true.

The plotted data in Figure 44 show that the Ott meter operates
much more consistently when rated as a cable meter than either the
Hoff or the Price meters, and show also (Figures 42 to 44) that for ae-
curate measurements the meter should be rated with the same type of
support as is to be used in gaging.

The meters in the previous tests were supported by cables of dif-
ferent lengths, but in the case of the Price meter it was not possible
to determine the effect of the difference in cable lengths because
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other conditions varied at the same time. Tests, however, had been
made previously on Price meter number 1728 when different lengths
of cable were used and when the other conditions remained the same.
Both single and double standard weights were used. When one
vweight was used, it was attached at the bottom hole of the hanger and
the meter was attached at the center hole. When two weights were
used, they were both attached below the meter. The depth at which
the ratings were made was not recorded, but it was probably about
9 feet. The results of these tests are given in Figures 45 and 46
which show the relation between the feet of travel of the meter per
revolution and the veloecity.

No conspicuous difference in the operation of the Price meter,
due to the difference in the length of cable, is discernible in Figures
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Figure 45.—Price meter number 1728, tangent-station cable ratings showing ef-
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Figure 46.—Price meter number 1728, tangent-station cable ratings showing ef-
fect of length of cable. Ratings made in center of channel, depth not recorded.
Meter with tail; two standard weights used.
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45 and 46, but if any conclusion is to be drawn from the plotted
results it is that the rotation of the meter is retarded as the length of
the supporting cable is increased, but this conclusion is not true with-
out exception. The observations on the Hoff meter (see Figure 43)
show that the meter runs faster when the length of the cable is in-
creased, whereas the observations on the Ott meter, (see Figure 44)
gshow the opposite to be true, and in the case of the Hoff meter the
difference is large enough to require consideration when making
stream measurements.

Comparison of Figures 45 and 46, Price meter number 1728, for
conditions when one and when two standard weights were used, in
each case below the meter, shows that the two weights cause the meter
to run slower. The tests on Price meters by the Water Resources
Pranch of the U. 8. Geological Survey reported by Liddell (7) show
that two 15-pound weights instead of one, attached below the meter.
did not change the rating. It is obvious that greater variations will
oceur in cable ratings because the meter is not held rigidly, and, con-
sequently, may assume a different position each time it is rated. This
probably explains some of the incounsistencies in the results obtained
when meters with cable supports are rated.

Additional tests were made on Price meter number 1728 when
supported by a cable, in order to determine the effect of the guy wires
which are frequently used to hold meters in place when making meas-
urements where a cable support is required for the meter. In making
the tests, the length of cable used was 3.2 feet and the depth of sub-
mergence of the meter was 2.2 feet. One standard torpedo weight
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Figure 47.—Price meter number 1728, tangent-station cable ratings showing ef-
fect of guy wires. Ratings made in center of channel at a depth of 2.2 feet. Meter
with tail; one standard weight used.
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attached to the bottom hole in the hanger was used to keep the meter
from drifting with the current. The meter was attached at the cen-
ter hole in the hanger. The guy wire, which was one-sixteenth inch
in diameter, was attached to the hanger and to the rating car at dif-
ferent points to determine the effect of changes in the points of at-
tachment. The points of attachment to the car were all approximate-
ly 3.3 feet above the meter. The plotted results of the ratings are
shown in Figure 47.

This group of tests shows that, altho the effect of guy wires is
small, there is a slight tendency for the rate of rotation of the meter
to increase as a result of the use of guy wires to hold the meter in
place, and the greatest effect occurs when the guy wire is attached
to the hanger below the meter. This is true only for velocities great-
er than 1 foot; for velocities less than 1 foot, the results are erratic.
These tests show also that the meter when rated with a cable support
without guys runs slightly faster at all but the lowest velocities than
it does when held by a rod. This is contrary to the results previously
obtained, but may be due to the fact that the cable rating was not
made until a year after the rod rating.

No factors are given for correcting the results of ratings made
under one condition into the results obtained under some other con-
dition, because it is believed that the use of factors for converting
results is likely to lead to serious errors because of the differences
which occur in individual meters of the same type and make. Fur-
thermore, the plotted data show that the differences between the
ratings of the meters under various conditions change with the
velocity and, consequently, no one factor would be satisfactory. When
making eurrent-meter measurements that require special methods or
special equipment, it is believed that better results will be obtained
if the meter is rated under the conditions in whieh it is operated.

RoTary RATING STATION

A special channel must be provided when making tangent ratings
except when the ratings are made from a boat in a stream, or in a
body of still water. Since an artificial channel must be several
hundred feet in length in order to have satisfactory conditions for
making ratings, considerable expense is involved in construction.
For this reason rotary stations are sometimes used because all that
1s necessary, in addition to the operating equipment, is a body of still
water of sufficient size to permit moving the current meter in a
circular path with a maximum diameter of about 50 feet.

There is some doubt, however, whether a rating made at a rotary
station is the same as one made at a tangent station, because when
the meter is moving in a cirele, that portion of the rotating element
of the meter toward the inner side of the circular path does not
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move with the same velocity as that portion toward the outside. In
addition, the meters that rotate around a vertical axis either gain
or lose one revolution each time the boom which supports them
makes a complete revolution. By making comparisons between tan-
gent and rotary-station ratings, it was thought that the effect of
these factors could be determined, and for this reason a rotary sta-
tion was built at the hydraulic laboratory.

The storage reservoir at the laboratory, which 15 85 feet in dia-
meter and 6.5 feet deep. was utilized for the still-water pool, and in it
the apparatus for making the ratings was installed, as shown in
Figure 48 and Plate 19. A 6-inch steel pipe was firmly embedded
in concrete in the center of the reservoir to form the pivot about
which the boom for supporting the meter rotated. The boom con-
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the truck was driven by a direct-current motor thru a silent chain and
a train of interchangeable gears (see Plate 20). By using the proper
combination of gears and by adjusting the rheostat on the motor and
on the motor generator set, which furnished the current for the
tangent station, it was possible to run the truck at any desired
speed up to 20 feet per second, and by changing the direction of the
current with the starting switch it was possible to change the direc-
tion of travel. The current to the motor was carried from the steel
pole in the center of the reservoir to three circular copper condue-
tors attached to the lower side of a wooden disec fastened to the
center pole. Roller contacts attached to the boom were held against
the ecircular conductors by spring supports. The rollers were con-
nected to the leads from the motor and were attached to the boom
in such a manner that they kept in contact with the copper con-
ductors as the boom rotated. A 2-inch pipe was rigidly fastened
along each side of the boom by iron brackets, as shown in Figure 48,
The current meters were attached to these pipes by an adjustable
clamp which made it possible to set the meter at any desired radius
from the axis of rotation of the boom, and also to tilt the meter into
any horizontal or vertical position.

The recording equipment of the tangent station was also used
for the rotary station. However, in order to transmit the electric
contacts showing the revolutions of the meter, it was necessary to
provide a sliding contact at the axis of rotation of the boom between
the leads from the meter and the leads to the recording mechanism.
This mechanism consisted of two copper bands attached to the edge
of the horizontal wooden dise which was fastened to the pole in the
center of the reservoir. Two spring brushes attached to the boom
pressed against these bands as the boom rotated. The leads from the
current meter were attached to the springs and the leads to the re-
cording mechanism were attached to the bands. The distance traveled
by the meter was determined by the radius of the circular path of
the meter and the angular distance thru which the boom had ro-
tated. The angular distance was measured from contact points uni-
formly spaced on the periphery of the dise to which the bands were
attached. The electrical circuit was made thru a spring brush at-
tached to the boom, which pressed against a third copper band on
the edge of the wooden dise, and a pointer on the boom which came
in contact with the points on the periphery of the dise. The leads
from the recording mechanism were connected to the copper band
and the contact points, and the pointer and the spring brush attached
to the boom were interconnected; consequently, each time the point-
er on the boom touched a contact point there was an electrical im-
pulse sent to the recording mechanism. The time record was ob-
tained in the same manner as previously.
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cylindrical bearings with a hardened steel ball in the lower bearing
to carry the thrust from the weight of the cups (see Plate 21).
The results of the ratings of the different meters, except Price
meter number 1314, at the rotary and the tangent station are shown
graphically in Figures 49 to 53. The results from meter number 1314
were excluded because they were nearly identical with those for
meter number 8374. The figures show the relation between the veloe-
ity of the meter and the feet of travel per revolution of the meter
computed from the velocity and the revolutions per second.
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Figure 49.—Price meter number 1728, rotary-station ratings showing effect of
radius of rotation, direction of rotation, and presence and absence of a tail. Ratings
made at a depth of 1.5 feet, rod suspension used. Meter held in place by guy wires
attached 0.2 foot above center of meter.

The comparison of the ratings of the cup meters made at
the tangent and the rotary stations (see Figures 49 and 50) show
clearly that the meters run more slowly when rated in a circular
path than when rated on a tangent. This is true whether the radius
of the circular path is small or large; it is true whether the meter
is operated with or without a tail. Meters held rigidly by guy wires
and meters supported by their rods only, all show the same result.
Even when the direction of rotation around the reservoir is such
that the rotating force aects on the cups toward the outside of the
path, the meter still runs slower than it does when rated at the tan-
gent station.

In computing the results of the ratings of the cup meters at the
rotary station, no correction was made to take care of the fact that
the meter either gained or lost ome revolution each time it made a
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Figure 50.—Lietz meter number 8374, rotary-station ratings showing effect of
radius of rotation and direetion of rotation.

Meter with tail, rod suspension used.
0.57 foot above center of meter.

Ratings made at a depth of 2.0 feet.
Meter held in place by guy wires attached
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eireuit of the reservoir, depending on the direction of rotation, be-
cause the ratings were made in both directions around the reservoir
and the amount that the meter ran too fast in one direction would be
equal to the amount that it ran too slow in the other direction. The
mean of the ratings in both directions would be independent of this
factor. Since, however, the meters rotated more slowly at the rotary
station, regardless of the direction, than at the tangent station, the
mean ratings were not determined because it was obvious that taking
the mean ratings would not make the tangent and rotary-station
ratings coineide.
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Figure 52.—Ott meter number 2575, rotary-station ratings showing effect of
the radius of rotation. Ratings made at a depth of 1.5 feet, rod suspension used.
No guy wires used to hold meter.

The ratings of the Ott meters (see Figures 51 to 53) in general
show that the meters run more slowly when rated at the rotary sta-
tion than when rated at the tangent station. The only exception is
meter number 1398 which, under certain conditions, runs faster when
rated at the rotary station than when rated at the tangent station,
but the difference is small.

The figures show that as the radius of rotation decreases, Price
meter number 8374 runs slower, whereas Price meter number 1728
and Ott meters numbers 1933 and 1398 run faster. Price meter
number 1314 operates in the same manner as meter number 8374.
Ott meter number 2575 is apparently not affected by the radius of
rotation.

The ratings made with and without tails at the rotary station on
Price meter 1728 and Ott meters numbers 1933 and 1398, show that
the Price meter runs faster without than with the tail, regardless of
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Figure 53.—Ott meter number 1398, rotary-station ratings showing effect of the
radius of rotation and the presence and absence of a tail. Ratings made at a depth
of 1.5 feet, rod suspension used. No guy wires used to hold meter.

the direction of rotation of the meter, and that the Ott meters under
some conditions run faster and, under others, slower when operated
without a tail. The ratings made on the same meters, with and with-
out tails at the tangent rating station, show that the tail has little,
if any, effect under these conditions. As the ratings at the rotary
station were not made both with and without guy wires, no conclu-
sions ean be drawn as to their effect except that they did not make
the rotary and tangent-station ratings agree.

Another series of tests was made to determine whether the depths
at which the ratings were made at the rotary station were the cause
of the differences between ratings at the tangent and the rotary sta-
tions. The tests were made on Price meters numbers 1314 and 8374
on depths from 0.5 foot to 3.5 feet beneath the surface. The standard
ratings made at the tangent station for comparison were made at a
depth of 1.5 feet beneath the surface. Both meters were supported
by rods. and while making the ratings at the rotary station, the
meters were held rigidly in plaee by guy wires.

The plotted results of the ratings (see Figure 54 which is simi-
lar to the plot for meter number 8374, not shown) revealed the fact
that the meters do not run as fast when rated at the rotary station as
they do when rated at the tangent station, except for one condi-
tion. At low speeds Price meter number 1314 runs faster when
rated at a depth of 2 feet at the rotary station than when rated at
the tangent station. The plotted data show also that the revolu-
tions of the meters increase at the rotary station as the depth in-
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Figure 54.—Price meter number 1314, rotary-station ratings showing the effect
of depth. Meter with tail, radius of rotation 23.87 feet. Rod suspension used. Meter
held in place by guy wires attached 0.37 foot above center of meter.

creases up to a depth of 2 feet, and from then on the revolutions
decrease for the most part. Ratings of these meters made previously
at different depths at the tangent station showed that the depth had
very little effect on the meter under the conditions tested at the
rotary station.

Additional tests were made for the purpose of comparing the re-
sults of ratings made at the rotary station when the meter was rigidly
held, and when free to rotate on the supporting rod. Price meters
numbers 1728 and 15,188, both of which were equipped with tails,
were used in the tests. In making the ratings, the meters were run
in both directions around the reservoir so that the effect of having
the rotating force act on the inside as well as the outside cups would
be obtained. The radius of rotation was determined by running the
meter at about the average speed and then measuring the distance
from the center of the cups to the axis of rotation with a tape and
plumb-bob. When using the fixed rod, the position in which the
meter was set in going each way around the reservoir was determined
from the position taken by the meter when free to turn on the rod.
These places were marked by a pointer clamped to the rod, and when
subsequently it was necessary to bring the meter to the same posi-
tion when reversing the direction of travel, the meter was given the
desired setting by means of the pointer which was set at the proper
index point. The meters were free to take any position when on the
swivel rod, but it was observed that they always returned to the
same position when in motion. While rating meter number 1728, the
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Figure 55.—DPrice mcter number 1728, rotary-station ratings showing comparison
between ratings made with fixed and with swivel rods, the effect of turning the
turbine over in the yoke, and of changing the direction of rotation. Ratings made
at a depth of 1.5 feet except as noted. Meter with tail. Three guy wires used to
hold meter in place.

supporting rod was rigidly braced by three guy wires, but meter
number 15,188 was held only by the rod without additional support.

The results of the ratings were plotted and they show that in
general, the meters run faster when attached to the swivel rod than
when rigidly held (see Figure 553). The plot for meter number
15,188 is not shown as it is similar to Figure 55. In some instances
there is no difference hetween the results obtained under the two con-
ditions, but in no case do the meters run faster when attached to the
fixed rod than they do when attached to the swivel rod. From these
tests it seems that the meter, when free to do so, will take the posi-
tion that offers the least resistance to rotation of the cups.

The tests on the effect of turning the cups over in the yoke show
tkat this change affected the rate of rotation, but not in a systematic
manner. In the case of Price meter number 15,188 with swivel rod,
when the rotating force was acting on the inside eups, the meter ran
slower when the cups were turned over, but when the rotating force
was acting on the outside, the meter ran slower when the eups were
in the normal position. In the case of Price meter number 1728 with
fixed rod, the meter ran slower when the eups were turned over.
regardless of the direction of rotation.

An interesting faet to be noted in connection with these experi-
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ments is that when using the swivel rod and when the rotating force
is acting on the outside cups, the meters run at about the same speed
as they do when rated at the tangent station. It should be noted
also that there is considerable difference in the check ratings on Price
meter number 1728. This is probably due to the faet that the in-
terval between the ratings was 2 years.

The results of the foregoing tests at the rotary rating station
show, in general, that the meters run slower when rated at a rotary
station than they do when rated at a tangent station. An explana-
tion of this phenomenon is that the radius measured from the center
of the meter to the axis of rotation is not the radius that determines
the rate of rotation of the cups. To test this explanation, the meter,
Price meter 8374, was rated at the radius of 23.87 feet, and then at
larger radii, 0.4, 0.6, 0.8 and 1.0 percent greater than 23.87 feet.
From these data the velocity was computed on the basis of the radius
of 23.87 feet. The results are shown plotted in Figure 56. They show
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Figure 56.—Lietz meter number 8374, rotary-station ratings showing percentage
increase in radius of rotation necessary to make rotary and tangent-station ratings
agree. Ratings made at a depth of 2.0 feet except as noted. Meter with tail, rod
suspension used. Meter held in place by three guy wires attached 0.57 foot above
center of meter.

that, in general, they come nearer to the standard tangent rating
equation as the radius used in computing the veloeities is reduced
more and more up to 1 percent. From the plotted data it appears
that this meter requires for this setting a reduction of about 1 per-
cent in the radius of rotation used to compute the results to make
the rotary and the tangent-station ratings coincide.

In order to find out if the difference between the tangent and
rotary-station ratings was due to variations in the rotary-station
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ratings, a series of four ratings was made under nearly identical con-
ditions at the Fort Collins laboratory. Price meter 8374 was used
for the tests. It was equipped with a tail and supported by the stan-
dard half-inch meter rod which was held rigid by three guy wires
attached to the rod 0.57 foot above the center of the meter. The re-
sults of these ratings are shown graphically in Figure 57.
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Figure 57.—Lietz meter number 8374, rotary-staticn ratings showing compari-
son between replicate ratings and also the effect of rating in agitated water due to
the passage of the meter thru the water, Ratings made at a depth of 2.0 feet, radius
of rotation 23.92 feet. Meter with tail, rod suspension used.

The plotted data show that the ratings are not identical. The
greatest difference is shown by rating number 402, because, for some
reason, the meter ran faster during this rating. There is apparently
considerable difference in the results for veloeities less than 2 feet
per second. but this is due to the fact that no observations were taken
at about 1 foot per second, the point where a large change in the revo-
lutions of the meter per foot of travel oceurred. As a result, chords
connecting the observed points may deviate to a marked extent from
the true eurve in this region. On the whole these ratings show greater
differences than those obtained when making replicate ratings at the
tangent station. See Figure 6. replicate ratings numbers 591 to 595
on Price meter number 15,188.

Rating number 405 was made immediately after rating number
404, while the water was still in an agitated condition due to the pas-
sage of the meter thru the water during the previous rating, and the
observation on the last point observed during the rating, marked with
a solid square in Figure 57, was made after the meter had been run
around the reservoir 10 times without stopping. As shown by the

figure, the perturbed condition of the water had very little, if any
effect on the rating.
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From the foregoing experiments, it is evident that there is a real
difference between the current-meter ratings made at rotary and at
tangent stations at the Fort Collins laboratory. Experiments at the
Worcester Polytechnic Institute rotary station however, are reported *
to check those made at different tangent stations in the United States.

To check the accuracy of the ratings at the Fort Collins labora-
tory, a comparison was made between the ratings made at the tangent
and rotary stations there and a rating made at the rotary station at
the University of California, Berkeley. This station was located in a
small storage reservoir and consisted of a horizontal boom rigidly
attached to a vertical mast which acted as a pivot. The rotary sta-
tion was manually operated. Price meter, 15,186 was used in making
the tests. The meter was equipped with a tail and the rod support
was used. In making the ratings at the rotary stations the meter was
attached to a rod with a swivel joint which permitted the meier to
rotate in a horizontal plane and take a natural position with refer-
ence to the forces acting on it. The radius of rotation was deter-
mined at Fort Collins while the meter was in motion at each velocity.
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Figure 58.—Drice meter number 15,186, rotary-station ratings showing compari-
son between ratings made at Fort Collins, Colorado, and at DBerkeley, California.
Ratings made at a depth of approximately 1.0 foot except as noted. Meter with tail,
rod suspension used.

The results of the ratings are shown by graphs in Figure 58. They
show that the meter was slower when rated at the rotary stations than
when rated at the tangent station, and ratings at the rotary station
differed less from each other than they did from the rating at the
tangent station. The fact that the ratings, independently made, at
the two rotary stations show the same tendency indicates that there
is a difference between ratings at rotary and at tangent stations.

sLetter from Professor Allen to Mr. Parshall
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Similar ratings (8) of Hoff current meter number 105, made at
the tangent rating station at Fort Collins, Colorado, the rotary station
at Berkeley, California, and the tangent station at Stockholm, Sweden,
resulted in the following meter equations:

Rating No. Condition Meter equation
................ Tangent rating, Fort Collins, Colorado V=0.945 R V>0.8< 4.7
............... Rotary station, Berkeley, California V=095¢ R V>12<109

................ Tangent rating station. Stockholm, Sweden V=092 R V>13<105

These tests show that this type of meter may be rated satisfaec-
torily at either type of station. It should be mentioned, however,
that to achieve these results at a rotary rating station, the face of
the propeller should be placed so as to coincide with a radial line from
the center of rotation to the propeller. The plot of the data was not
shown because the necessary data were not available.

From the foregoing tests it might be assumed that the tangent-
station ratings were in error, but ratings of Ott meter number 4184,
made at the tangent station at Fort Collins, Colorado, and checked
by Dr. Ott * at the tangent station a Kempten, Bavaria, show that
the ratings of the two stations are practically identical for all ve-
loeities greater than 1 foot per second (see Figure 59).
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Figure 59.—Ott meter number 4184, tangent-station ratings showing compari-
son of ratings made at Fort Collins, Colorado, and at Kempten, Bavaria. Botb rod
and cable suspension used. Tests made on high and on low-speed propellers,

A similar comparison was made with Price meter number 15,188
which was rated at the tangent station at Fort Collins, and at the
U. S. Bureau of Standards tangent rating station at Washington,
D. C. The results of these ratings are given in Figure 60, which shows

*Data furnished by courtesy of Dr. A. Ott.
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Figure 60.—Price meter number 15,188, tangent-station ratings showing com-
parison between ratings made by the Irrigation Investigations at Fort Collins, Colo-
rado, and the U. 8. Bureaun of Standards at Washington, D. C. Ratings made at a
depth of 2.0 feet. Meter rod in sliding-sleeve extension block instead of slot. Meter
with tail.

that, altho the ratings are not identical, the difference between them
is small except at velocities less than 1.5 feet per second.

Altho it is possible to get identical results from tangent and
rotary stations under special conditions, the observations carried on
at Fort Collins, Colorado, indicate that a correction is necessary be-
fore the ratings of meters made at a rotary station will agree with
those made at a tangent station.

CURRENT-METER MEASUREMENTS

EquirmeNT.—The ratings of the different types of current meters
made at the tangent and rotary stations show the relationms, under
the conditions of the test, between the revolutions of the rotating ele-
ment of the meters and the velocity with which they are traveling.

The sensitiveness of the meter, the consistency with which it op-
erates under similar conditions, and the manner in which it performs
when subjected to various special tests, are all indications as to the
merits of the meter, but since its purpose is to measure the velocity
of flowing water, the ultimate test of the meter is to find out how
accurately it does this under the conditions met with in practice.
This was the purpose of the second part of the study of current
meters, which consisted of an investigation of the accuracy with which
the several types of meters measured different quantities of water
under different conditions when using the various standard methods
of making gagings.

In order to make a comparison of the accuracy of the different
meters and methods, an aceurate standard of comparison was neces-
sary. As facilities for making volumetric determinations of the quan-
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tity of water measured by the current meters were inadequate -at
the hydrauliec laboratory at Fort Collins, it was decided to conduect
these experiments at the field laboratory at Bellvue, Colorado, where
quantities up to 100 cubic feet per second were available which could
he measured over a standard 10-foot Francis weir with full con-
tractions. The general arrangement of the laboratory is shown in
FMigure 61.
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Figure 61.—Hydraulic laboratory at Bellvue. Colorado, with 10-foot Francis weir.

The laboratory consists of a flume 60 feet long, 14 feet wide and
5.5 feet deep, with wooden sides and concrete floor, a concrete weir
box 24 feet long, 14 feet wide and 7.5 feet deep, and a standard 10-
foot Francis weir (see Plate 22) with the crest 5 feet above the floor
of the weir box.

The weir crest was made of 3 by 3 by 34-inch angle irons with
one edge planed straight and at right angles to the side. The head
on the weir crest was measured by hook gages reading to thousandths
of a foot, located in stilling wells on each side of the weir box at a
point 6 feet upstream from the crest. These stilling wells were con-
nected with the water in the weir box by short pieces of 3/-inch pipe
placed normal to the side of the weir box and with the outer end
flush with the side of the weir box.

The gaging station was placed 10.5 feet above the lower end of
the flume, as at this point the flow was apparently most uniform.
The depth of the water in the flume at this point was at first meas-
ured by one hook gage, but later the measurements were taken by
two hook gages located at opposite sides of the flume. These gages,
however, never showed any important difference.
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requires a head of approximately 2.2 feet, which is less than one-
third of the crest length, it would bave been possible to use Franeis’
formula (1)

Q=3.333 (L—02H) H¥2 3

for computing the discharge. Since, however, this formula requires
a correction for the velocity of approach, it was thought that it would
be more satisfactory to derive a new formula from Francis’ original
data which would take into account the velocity of approach which
exists in a weir box of the form and size used by Francis in his ex-
periments, and in the duplicate box at the Bellvue laboratory. This
formula was derived by plotting the head observed by Francis against
the discharge on logarithmic paper. This gives a straight-line dis-
charge ecurve from which the equation was easily obtained by com-
puting the slope and reading the intercept. The resulting equation is
Q=32.T01 H*C e 4

This formula was used in computing the discharge for a head of 2.1
feet and 1t was found that the quantity obtained agreed within 0.3
percent of the discharge computed by Franecis’ formula with correc-
tion for velocity of approach. This value and Franecis’ experimental
data were used in plotting a large-scale, straight-line logarithmie
discharge curve for the weir. Values taker from this eurve were re-
plotted on standard eross-section paper in order to simplify the taking
of the discharge values from the curve.

Meruop oF Maring Tests.—All the meters used in the investiga-
tion were tested according to the same general plan. Four different
methods—the vertical integration, the multiple point, the 2-and-8-
tenths, and the 6-tenths methods—were used in making the discharge
measurements with each meter. The multiple-point data were com-
puted by both the vertical velocity-curve method and the weighted
mean-veloeity method. The measurements by the 2-and-8-tenths
method and the 6-tenths method were at first made separately, but
later it was decided to compute the 2-and-8-tenths and the 6-tenths-
method discharges from the multiple-point data because the veloei-
ties at these points were always taken in the multiple-point gagings.

The meter measurements were made on discharges up to 100 cubic
feet per second ; but all the meters were not tested under such a wide
range of conditions. After completing the tests in the 14-foot flume,
the width of the flume was reduced to 8 feet by building auxiliary
walls 3 feet from the sides of the flume. The velocities were
proportionately increased. The meters were also subjected to
2 number of special tests in order to determine the effect of changes
in the meter and variations in the method of measurement. In addi-
tion, some tests were made in a small flume 25 feet wide at the Fort
Collins laboratory. For these tests the discharge measurements were
checked volumetrically in the calibration tanks at the laboratory.
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In making the tests at the Bellvue laboratory, the approximate
quantity desired was turned in at the headgate at the upper end of
the flume, and by means of the wasteway gate the head was adjusted
to the required amount, as shown by the weir gages. Only the final
adjustment was made by the wasteway gate because this gate had to
be kept open as completely as possible so that the sand coming thru
the headgate would flush out thru the wasteway. Very little diffi-
culty was experienced in keeping the head constant because of the
long spillway on the dam above the headgate; in faet, a difference
in head from one gaging to the next was seldom more than a few
thousandths of a foot.

Both the 14 and the 8-foot flumes were divided into 1-foot see-
tions and unless otherwise stated the velocity was determined in the
middle of each section in making a discharge measurement. When
the vertical-integration method was used, the meter was started just
beneath the surface of the water and at least two complete down-and-
up trips were made at each station. The meter was moved with a
uniform speed of approximately 0.2 foot per second and the revolu-
tions were taken for an interval of not less than 50 seconds. All time
intervals were taken with a stop wateh to the nearest fifth of a sec-
ord. When the multiple-point method was used, the meter was held
from 30 to 40 seconds at each point in the vertical. Six points, the
2. 4, 6 and 8-tenths depths, and points as near the top and the bot-
tom as it was possible to hold the meter without noticeably interfer-
ing with its action, were taken in each vertical. For small dis-
charges, the top and bottom points did not differ materially from the
2-and-8-tenths depths.

The hook-gage readings, both for the weir and the gaging sec-
tion, were taken once while the meter was at each section, and the
mean weir gage and depth at the gaging section were computed from
these readings. In case sand accumulated on the floor of the gaging
section, it was necessary to reduce the depth of water in the flume by
the amount of the sand. The hook gages were frequently checked
with an engineer’s level, usually every day, in order to eliminate
chances of errors due to changes in the gages, but no serious error
was ever detected.

The meters tested during these experiments consisted of Price
meter number 15,188, Ott meters numbers 2909 and 2956, Lallie meter
number 310 and Hoff meter number 2, and in addition observations
were made on Irrigation Investigations meter number 1-—an experi-
mental model—and on Price meter number 1314 when equipped with
special 4, 5, 6, 7 and 7-cup rotating elements. These meters, except
the experimental models and the Lallie meter, are shown in Plates
4,9, 16 and 23, which show clearly the details of their construetion.
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determinations were made in the center of each section unless noted
otherwise. The discharge thru each section was obtained by multiply-
ing the area of the section by the mean velocity in the section. In
the case of the vertical integration and the 6-tenths-method tests,
the mean velocity was determined direetly from the current-meter
measurement, and in the case of the 2-and-8-tenths method, the mean
was obtained by averaging the velocity determinations at the 2-tenths
and at the 8-tenths depths. The mean velocities from the multiple-
point measurements were determined in two ways. When the verti-
cal-velocity-curve method was used, the velocities were ploited as
abscissas and the depths at the points where the velocities were de-
termined, as ordinates. Curves were drawn thru the plotted points
as shown in Figure 62, and then the areas under the curves were
planimetered. These areas, divided by the depths at the respective
stations, gave the mean velocities. The other method of obtaining the
mean velocities from the multiple-point observations consisted of tak-
ing the weighted means of the observations in each section by giving
the top and bottom observations half the weight given to the obser-
vations at the 2, 4, 6 and 8-tenths depths. No corrections were ap-
plied to the velocities at the different depths for the purpose of cor-
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recting the errors, due to the fact that the meters do not function
m the same way at all depths, because this is not the method prac-
ticed in the field.

CoMPARISON OF CURRENT-METER MEASUREMENTS WITHH FRrANCIS-
Weir MeasuREMENTS.—The results of the current-meter measure-
ments and the comparison with weir discharges are shown in Table
3. So far as possible, the discharge measurements for each width of
flume are arranged in the order of their magnitude; but, as the
measurements of a series had to be arranged to show the desired com-
parisons, some minor deviations from this order occur in the table.
The name of the observer given in the table refers to the man who
operated the meter, and it will be observed that comparable measure-
ments were usually made by the same observer. In the column under
method are given the names of the methods used. The weir discharge
was determined from the mean gage height as measured by the hook
gages, and the special discharge curves derived from Francis’ origi-
nal data. The average water depth is the depth indicated by the gag-
ing station hook gages uncorrected for the sand on the floor, which
was measured at the end of each test. The average width of flume
1s the average of the measurements with a steel tape and scale at
intervals of 0.5 foot vertically at the gaging section. The meter-see-
tion area is the produet of the width and the depth corrected for the
accumulated sand. This area, divided into the weir discharge, is the
mean velocity of the water in feet per second. The remaining col-
umns in the table show the deviation of the current-meter discharge
measurements from the Francis-weir measurements in percentage, In
determining the percentages, the weir discharge was the basis of com-
parison. Negative values mean that the current-meter discharge
nieasurements were too small, as shown by the weir measurement, and
positive values mean that they were too large. The mean errors for
each meter were computed for each width of flume and for each
method of measurement. They are given at the end of the series of
tests on each width of flume, and, in addition, the range of errors is
also given.

The tests on small Price electric cup meter number 15,188, made
i the different sizes of flumes, show that there is considerable varia-
tion in the aceuracy of the individual measurements, but the mean
errors regarding signs, as given at the end of each series of tests, show
that the vertical-integration and the 2-and-8-tenths methods give the
most accurate results, and that, altho the measurements by the multi-
ple-point method are more consistent, the mean errors are larger be-
cause the meter measurements are all too small. This is true whether
the vertical-velocity-curve or the weighted mean-velocity method was
used in computing the results. The 6-tenths method gives results that
are, in general, too large. Contrary to the general belief (4) the verti-
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cal-integration method, which is supposed to give results that are too
large because integrating the meter makes it run faster, gave results
that were too small, with few exceptions. The special tests with this
meter show the same results, but the fact to be noted is that, regard-
less of the conditions, this meter measured the water with uniformly
consistent results and that the best results were obtained when using
the vertical-integration and the 2-and-8-tenths methods.

The tests on the Lallie meter, which is similar to the Price meter
except that it has five cups instead of six and does not rotate when in-
tegrating in still water, were made only in the 8-foot flume and in the
river. These tests show that the best results were obtained by the
multiple-point method. They show also that the 6-tenths method gives
results that are too large and the vertical-integration” method gives
results that are too small. These results check those obtained with the
Price meter. The special measurements made in the river were not
£0 accurate as those made with the Price meter.

The measurements made with Ott propeller meter number 2909
in the 8 and 14-foot flumes were uniformly quite accurate, but one
of the measurements made in the river section was considerably in
error. These tests show the vertical-integration method gave the best
results, and that the 2-and-8-tenths method was more accurate than
the multiple-point method. The 6-tenths method gave results that
were, in general, too large.

The tests on Ott meter number 2956 show that the errors were
uniformly small. The multiple-point method gave the best results on
the 14-foot flume, whereas the vertical-integration method gave the
best results on the 8-foot flume. The 6-tenths method gave results
that were consistently toe large. The volumetric tests at the Fort
Collins laboratory on the small flume did not differ very materially
from those made in the larger flumes at the Bellvue laboratory,
where the discharges were measured over a Francis weir. The spe-
cial tests, both in the flume and in the river, gave reasonably accur-
ate results.

The measurements made with Hoff propeller meter number 2 in
the 8 and 14-foot flumes check the Francis-weir discharges very
closely, with the exception of those tests made when the velocities
were less than 0.5 foot per second, and the agreement is excellent for
all methods of measurement. F. Kuntschen (6) experimenting in
Switzerland with propeller meters, coneluded that measurements made
with this type of meter were unreliable for veloeities less than 1 foot
per second. The special tests with the Hoff meter are more erratic,
but as the errors are both positive and negative, the mean results are
quite good. The tests made with the meter turned 10 degrees to the
right show that the meter under-registers when it is not parallel to
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the direction of the current, whereas the Price meter is unaffected
by this condition.

The special test meter of the propeller type was designed and
built at the Fort Collins laboratory to see whether it was possible to
improve on the present design of propeller meters. The meter was
attached to the rod so that it was free to rotate in a horizontal plane,
and adjust itself automatically to the direction of the current. The
tests show that the meter gave good results except in a few instances.
The special tests indicated that this meter would operate satisfac-
torily even under unusual conditions, but the results did not show
that the meter was superior to those already in use.

A series of tests was also made on Price meter number 1314
when equipped with special cups, in order to find out whether it
would be possible to reduce the size of the cups and also the diameter
of the rotor. The cups used were hemispherical in shape, 1.25 inches
in diameter, and varied in number from four to eight. The diameter
of the rotor was 3 inches. The rotors were interchangeable in the
meter, but the same shaft was used for all.

The tests on this meter, when equipped with the different rotors,
show that the results are erratiec. Altho some of the measurements
were quite aceurate, too many of the measurements differed mate-
rially from the weir discharge. Of the different rotors, the ones with
the 5 and 6-inch cups gave the most consistent results. The standard
Price yoke was disproportionately large for these small rotors, and it
iz believed that if all the parts of the meter were reduced in the same
proportion as the rotor, a satistactory meter would be obtained, but
the results do not indicate that it would be superior to those already
available.

The summary of the mean errors in the current-meter measure-
ments under the various conditions by the different meters and the
different methods, is given in Table 4. Excluding the experimental
models, this table shows that, taken as a whole, regardless of the type
of meter, the method of measurement, or the conditions under which
the gagings were made, the mean errors are definitely less rather
than greater than 2 percent. This is also true of the different methods
of measurement, except the 6-tenths method, for all the meters except
the experimental models. The errors were larger when the 6-tenths
method was used, and in only a few Instances were the measured
discharges too small. The table shows also that, altho the mean
errors were small, except for the experimental models, nevertheless
occasional measurements were considerably in error as shown by the
range of errors. Of all the tests, those made with the Price meter
using the 2-and-8-tenths method were the most accurate. So far as
the other meters and methods are concerned, no outstanding differ-
ences are evident. Another fact shown by this table is that the multi-
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108 CoLORADO EXPERIMENT STATION

ple-point method does not give as accurate results as some of the
other methods which are much less time consuming. This is true
whether the results were computed from the weighted mean veloei-
ties or from the vertical-veloecity curves.

All the standard meters were {ested under practically the same
conditions, and the differences shown by the results are, in conse-
quence, probably due to the characteristics of the meters. The differ-
ent methods of measurement were all used when making observa-
tions on each meter, and as the meters were tested under approxi-
mately identical conditions, these different methods of measurement
were also tested under comparable conditions and the differences
noted should be due to the differences in the meters and the methods,
rather than the variations in the conditions under which the tests
were made. As shown by the vertical-velocity curves in Figure 62
which are representative of the entire series of tests, the flow condi-
tions in the channels at the points where the gagings were made were
not ideal, but neither was the water very perturbed nor the velocity
distribution very irregular. Consequently, it cannot be said that the
conclusions drawn were based on measurements made under specially
favorable conditions.

The summary of the errors in the results obtained by the experi-
mental propeller meter, Irrigation Investigations number 1, shows
that the meter operates very satisfactorily when making vertical-
integration measurements, but that it does not operate so satisfae-
torily when making measurements by the other methods. The Price
meter with the different experimental rotors did not measure the dis-
charges as accurately as the Price meter with a standard rotor, or as
the different propeller meters. The mean errors are positive in every
case, which means that the special rotors of this type tend to over-
register. The results obtained from the experimental models, both
fromw the propeller and the cup types, as explained previously, were
not sufficiently promising in comparison with the results obtained
from the standard meters to warrant attempting to improve the pres-
ent types of current meters along these lines.

The eonclusions drawn from these tests are limited to the condi-
tions under which the tests were made, and are not assumed to be of
general application. Under conditions of extreme turbulence or
when measuring large streams, different results might be obtained.
Murphy (9) at the Cornell Hydraulic Laboratory, with a small Price
meter under conditions comparable to those at the Bellvue laboratory,
showed that the multiple-point method (‘‘ordinary method’’) agreed
with the weir discharge within 1 percent under favorable conditions,
that the 6-tenths method gave results that were too large, and that
the integration method as a rule gave results in excess of those given
by the weir. The last conclusion does not check the Bellvue experi-
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ments. Kirschmer and Esterer (5), making comparisons between vol-
umetric measurements and multiple-point measurements with Ott
current meters in a concrete channel, found that the Ott meters
checked the discharges determined volumetrically very closely and
gave more aceurate results than the salt-velocity method but not such
accurate results as the salt-concentration method. Similar tests by
F. Kuntschen (6) on propeller meters, when using the multiple-point
method, show that the results obtained with the current meters com-
pare favorably with the salt-titration method and weir measurements
when checked by volumetric measurements of discharge.

CURRENT-METER MEASUREMENTS IN SHALLOW FLUMEs.—Current-
meter measurements must frequently be made in shallow streams and
flumes, and in view of the fact that the ratings of current meters
are not the same near the water surface as they are when submerged
0.3 foot or more, particularly in the case of cup meters. it was decided
to make a series of tests in which the measurement of flows of 1 foot
or less in depth by different types of current meters and different
nmethods of measurement, were compared with the same discharges
measured over a 4-foot rectangular Francis weir with full contrac-
tions.

These tests were carried on at the Bellvue laboratory in the re-
modelled flume shown in Figure 63 and Plate 24. The rating flume
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Figure 63.—Hydraulic laboratory at Bellvue, Colorado, with 4-foot Francis weir.

Fluahing Gates

built inside the conerete structure was 6 feet wide, 2 feet deep and 16
feet long, with the floor 2.5 feet above the floor of the conecrete chan-
nel. The floor was extended upstream from the end of the flume and
wing walls were connected with the sides of the channel by metal
transitions. as shown in this figure. The discharge was measured
over a 4-foot rectangular Franeis weir with full contractions attached
to a bulkhead in the 15-foot weir noteh in the conerete weir box. The
4-foot weir had been ealibrated previously at the Fort Collins labora-
tory by volumetric methods, and the tables prepared from the calibra-
tions were used in determining the discharge thru the rating flume.






TecuNIcAL BUuLLETIN No. 3 111

models, are shown in Plates 4, 6, 9 and 16. The depths of water in
which the measurements were made were 0.4, 0.6, 0.8 and 1.0 foot,
and the vertical-integration, 2-and-8-tenths and the 6-tenths methods
were used In gaging the discharges, except at the shallower depths
where the 2-and-8-tenths method could not be used on account of the
fact that the meters would be exposed when at the upper point and
would touch the bottom when at the lower point.

The quantities measured varied between 2 and 20 cubic feet per
second, and at each depth in the flume the quantities were varied so
as to obtain velocities ranging from 1 to 3 feet per second. In making
the tests, the desired quantity in the flume was obtained by opening
the headgate at the upper end of the flume and by adjusting the gate
in the wasteway from the concrete flume. The depth in the rating
section was regulated by the gate in the bulkhead in the concrete
channel below the rating flume. No difficulty was experienced in
maintaining a constant head, as the stage of the river was nearly con-
stant and also because the long crest of the dam over which the excess
water in the river poured, kept the pressure on the headgate supply-
ing the flume from varying appreciably, even tho the quantity of
water in the river changed slightly. The meter measurements with
each meter were made by two different observers so as to eliminate
the personal equation as much as possible from the gagings.

Each of the meters was rated at the tangent rating station at
Fort Collins during the period that the discharge measurements
were being made. The equations of the meters as determined from
the ratings are as follows:

Meter No. Condition Meter equation Limits
Price 15,188 With tail, depth 2 ft. V=2173 R+0.030

Ott 3,718 With tail, depth 2 fr. V=0.440 R+40.030 R>1.868<14.13
Ott 4,184 No rail, depth 2 ft V=081 R+40.023 R>0M < 7.0
Hoff 9 With tail. depth 2 ft. V=0.370 R+40.022 R>1.13 <16.95

All the ratings were made with the meters rigidly attached to rods.

The results of the discharge measurements are summarized in
Table 5 which is in the same form as Table 3, except that the classifi-
cation is made according to the depth in the flume instead of the
width of flume. In order to make a comparison between the accuracy
of the meters in different depths of water, the errors for each meter
and each depth and method of measurement were computed and are
shown in the table.

The outstanding fact shown by these tests is that the errors in
the results are consistently large, and that the errors inerease in gen-
eral as the depth decreases. In the case of the Price meter, the best
results were obtained when using the vertical-integration method of
measurement. Consistent results were obtained when the 6-tenths
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method was used, but with two exeeptions the results were all too
large. The same was true of the 2-and-8-tenths method except that,
with two exceptions, all the discharges measured by the current meter
were too small,

The measurements made with the Ott and the Hoff meters were
more consistent, but were without exception too large. There was,
however, a definite decrease in the errors as the depth increased. All
the propeller meters gave the best results when using the 2-and-8-
tenths method of measurement. With the two Ott meters, better re-
sults were obtained from the 6-tenths method than from the vertical-
integration method, but the latter method gave more accurate results
in most cases when the Hoff meter was used.

Altho the errors shown by these tests are large, in view of the faet
that the errors are quite consistently in one direction, and further-
more since the tests covered a considerable range of velocities, it seems
reasonable to suppose that measurements made under similar condi-
tions could have their accuracy materially increased by applying the
correction derived from these observations. In order to supply this
information in compact form, the results given in Table 5 have been
summarized and are shown in Table 6. The table gives the mean
errors with and without consideration of the sign of the error and also
the range of errors. When it is desired, however, to apply a correc-
tion to current-meter measurements made under these conditions, the
correction applied should be based on the mean error regarding the
signs of the errors.

Rarine Frumes. — Current-meter measurements in irrigation
practice are usually made in rating flumes. Most of these flumes are
rectangular in shape and are built so that they contract the water
channel to some extent. The purpose of these flumes is to define the
water channel at the point of measurement and to improve the flow
conditions. So far as defining the section where the measurement is
to be made is concerned, the rating flume is very satisfactory, but in
improving the flow the flume is frequently unsuccessful. The fact
that the rating flume is usually narrower than the canal causes eddies
to form in the flume and, due to the sudden increase in velocity caused
by the contracted section, large waves sometimes form on the water
surface. Both these conditions seriously interfere with making aec-
curate current-meter measurements.

There are indications that the condition may be considerably im-
proved by building the rating flume with converging walls which
start at the sides of the canal, thereby eliminating the end countrac-
tions and at the same time causing the velocity to increase gradually.
This is shown by a series of current-meter measurements made for
the purpose of checking the calibration of the Parshall measuring
tlume, formerly known as the Improved Venturi Flume (10), which
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SuGGESTIONS REGARDING THE UsE oF CURRENT METERS

As a result of the tests of the behavior of current meters under
various conditions, the following suggestions are made regarding their
use. These suggestions are for conditions met with in irrigation prac-
tice, and altho many of the recommendations are of general applica-
tion, they should not be used indiseriminately without regard to
conditions.

Some meter manufacturers furnish a rating table based on the
average performance of their meters. These tables may be used when
making approximate measurements, but when more accurate results
are desired, individual ratings must be used. Ratings may be made
at either tangent or rotary stations. There are, however, greater
uncertainties in connection with rotary stations, due to the necessity
at most stations of making corrections before the results will agree
with those obtained by tangent stations. Ratings may be made in
either still or flowing water, but the velocity of the water must not
exceed the rate at which the meter is being moved. Meters should be
rated under -the conditions under which they are to be used in the
field. A standard rating is satisfactory for most conditions; if, how-
ever, anv changes must be made in the method of operating the meter
or in the arrangement of the equipment, these facts must be taken into
consideration when making the rating. Execept in special cases, the
nieter should be rated at velocities ranging from 1 to 8 feet per seec-
ond. For velocities less than 1 foot per second, the registration of
most meters is unreliable, and velocities of more than 8 feet per second
are seldom encountered in irrigation practice. In making rod ratings,
care should be taken to see that the rod is vertical and that the axis
of the meter is parallel to the direction of movement.

When making cable ratings, the tail of the meter should be bal-
anced so as to hold it in a horizontal plane and sufficient weight
should be added to hold the meter in position at the highest velocities
tn be measured.

Meters in constant use should be rated often because of the wear
of the parts and the injuries sustained. Under ordinary conditions of
use, meters need be rated but once a year unless injured, but in that
event they should be rerated immediately. Injuries to the cups or
blades are of particular importance because slight changes in their
shape have a material effect on the rating. Precise bearing adjust-
ment is, for cup meters, of minor importance except at low velocities;
consequently the wear from ordinary use does not affect the rating
materially.

Ratings diselose certain facts concerning the behavior of meters
which should be taken into consideration when making current-meter
measurements. They show that the registration of cup meters is af-
fected when the meters are held close to walls or when the cups are at
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the water surface. In the latter event, the behavior of cup meters is

very unreliable. Propeller meters are apparently unaffected under
these conditions.

Integrating the meter, that is, moving it up and down at a uni-
form rate while making the rating, retards the rate of rotation of cup
meters whereas it affects the behavior of propeller meters but slightly.
Since cup meters rotate in a positive direction when moved up and
down in still water, it has been assumed that measurements made by
cup meters by the integration method would be too large. The ratings
made when moving the meter up and down show that this is prob-
ably not true. This fact was confirmed by discharge measurements
made by the integration method which were checked by Franeis-weir
measurements.

Meters should be held parallel to the axis of flow in making dis-
charge measurements. Deviations of 10 degrees or more, either in the
horizontal or vertical direction, have a material effect on the registra-
tion of most meters. Measurements in turbulent water should be
made with both cup and propeller meters, as under this eondition the
tests show that cup meters over-register about as much as propeller
meters under-register.

Guy wires to hold the meter in swift water should be attached to
the rod above the meter so as not to affect the behavior of the meter.
The size of the rod used in holding the meter affects the behavior of
the meter and should not be changed unless the meter is rerated with
tke new type of rod. When making measurements with a cable meter,
the weights should be attached in the same manner as when the meter
was rated.

Any of the meters in common use will give accurate results under
ordinary conditions, but when there are unusual features the type of
meter recommended for the particular condition should be used.

Several methods are available for making current-meter measure-
ments. Each of these methods has advantages under certain condi-
tions, and the choice of the method will depend upon the conditions
encountered.

In shallow streams and canals from 1 to 4 feet i depth with
moderate velocities, where it is possible to work from a bridge or plank
near the water surface, the vertieal integration or the 2-and-8-tenths
method should be used, if accurate results are desired. Under these
eonditions where no bridge is available and wading must be resorted
to, the 2-and-8-tenths method should be used, as it is not possible to
integrate satisfactorily when wading. Both the vertical-integration
and the 2-and-8-tenths methods are rapid and accurate methods of
making discharge measurements. When high velocities or flows of
greater depths are encountered, the 2-and-8-tenths or the 6-tenths
method should be used. For accurate results, the 2-and-8-tenths
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method is recommended, as the 6-tenths method is consistently too
high. It has the advantage, however, of being a very fast method of
gaging. When extremely high velocities are encountered, the pro-
peller meters are to be recommended as they offer less resistance
to the water.

In streams and canals where the stage remains constant for con-
siderable periods of time, the multiple-point method may be used. It
yields very consistent results under these conditions and in addition
shows the veloeity distribution in the channel. This method has the
disadvantage of being much more time-consuming than the other
methods, and if changes in stage occur while making the gaging, the
advantage gained by the use of this method is lost.

When making measurements in streams 1 foot or less in depth,
the method used will depend on the depth. If the water is around
1 foot in depth, either the vertical-integration, 6-tenths or the 2-and-
8-tenths method may be used. For the shallower depths, however,
the 6-tenths method should be used. None of these methods gives very
accurate results, but the errors are quite consistently in one direc-
tion, and if a correction is applied, more satisfactory results would
probably be obtained. In shallow water the propeller meters seem to
operate more consistently than the cup meters.

At low velocities, around 1 foot or less per second, neither the
cup nor the propeller meters give as reliable indications of the veloeity
as they do at higher velocities. Any of the standard methods of meas-
urement may be used in low velocities, but when using the integration
method the meter should be moved up and doun slowly in comparison
with the velocity of the water.

In deep channels and in streams at flood stage, meter rods are
unsatisfactory for holding the meter. Under these conditions the
cable suspension is used and either the 6-tenths or the 2-and-8-tenths
method, depending on existing circumstanees and the accuracy de-
sired, should be chosen for making the measurements. If the stream
is carrying considerable debris, only the surface velocities are some-
times taken in order to reduce the chances of losing the meter. To
determine the average velocity, the surface velocities must be correct-
ed by a factor based on the relation between the surface veloeity and
the average velocity. Either cup or propeller meters may be used in
making cable measurements, but regardless of the type chosen they
should be equipped with tails large enough to held them parallel to
the axis of flow, and with weights heavy enough to hold the meter
at the point desired. For this the recently developed blunt-nosed
weights have been found to be more effective than the old torpedo
weights.

The number of velocity determinations made in each gaging will
depend on the time available and the accuracy desired. For the con-



126 CoLORADO EXPERIMENT STATION

ditions met with in irrigation praectice, it is customary to take 1-foot
stations in small canals and laterals but not less than five stations;
2-foot stations in canals of medium size and small streams; 4-foot sta-
tions in large canals and medium-sized streams; and up to 10-foot
stations in the larger streams except at flood stage when a wider spae-
ing of the station is frequently adopted. Where marked changes in
the depth or velocity occur, additional velocity measurements should
be made.

A fact which sheuld not be forgotten in making current-meter
measurements is that errors in depth or gage height have just as much
effect in determining the accuracy of the measurements as errors in
the velocity. For this reason the depths should be carefully measured.

SUMMARY

TANGENT-STATION RaATiNgs.—The consistency with which the
plotted points fall on the curves of typical ratings of the prineipal
kinds of current meters made under similar conditions at the tangent
rating station, indicate that it is possible to get aceurate results with
the rating equipment.

Replicate ratings of Price meters numbers 15,188 and 1728, made
under identical conditions except that the meters were removed from
the car and reset hetween ratings, gave almost identical results for
velocities greater than 1 foot per second but show considerable varia-
tion at lower velocities.

The probable errors in replicated velocity determinations at dif-
ferent velocities of Price meter number 19,145, increase as the velocity
decreases but in no case did the error exceed 0.5 percent. Removing
and resetting the meter between ratings, however, affected the results.

Ratings of Price cup meters numbers 1314, 1728 and 29,502, and
Ott propeller meter number 1398 and Hoff propeller meter number 2
at different depths show that the depth at which the ratings were
made had very little effect on the results except in the case of the cup
meters. Under these conditions the cup meters showed some changes,
and when at the water surface, the changes were so erratic as to make
the ratings unreliable.

The Hoff meter only of the propeller meters was rated near the
surface and it showed no effect when rated in this position.

Nearness to the walls of the channel had little effect on the rat-
ings except in the case of the cup meters, as shown by ratings of Price
meters numbers 1080, 1314 and 1728, and Ott meter number 1933.
The Price meters ran more slowly than normally, in general, when the
rotating force was acting on the cups away from the wall.

Integrating the meters while making ratings, as shown by the rat-
ings of Price meters numbers 1314 and 1728, and Ott meters num-
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bers 1933, 2575 and 1398, reduced the speed of rotation of the Price
meters but had very little effect on the Ott meters.

Tests made on Price meters numbers 1314 and 1728, Ott meters
numbers 1933, 2575 and 1398, Fteley-Stearns meter number 1, Ritehie-
Tlaskell meter number 162-B, and Hoff meter number 9, to determine
the effect of oblique currents in the horizontal plane on these meters,
show that all the meters run more slowly when subjected to oblique
currents, and the amount of retardation varies with the angle of obli-
quity and also with the side from which the current comes. The tests
show also that the cup meters over-register and the propeller meters
under-register in resolving horizontal oblique currents into their axial
components. The cup meters over-register less than the propeller
meters under-register.

Tests made on Price meters numbers 1314 and 1728, Ott meters
numbers 1933 and 1398, Ritchie-Haskell meter number 162-B, and
Fteley-Stearns meter number 1, to determine how closely these meters
resolve oblique velocities in the vertical plane into their axial com-
ponents, show that the propeller meters measure the axial components
of vertically oblique currents more accurately than the cup meters,
and that the cup meters are more accurate when the ecurrent comes
from above, whereas the propeller meters are more accurate when the
current comes from below.

When the oblique velocities come with equal frequency from all
four directions, Ott meter number 1933 and Fteley-Stearns meter
number 1 under-register, and whereas Price meter number 1314 over-
registers for all angles, Price meter number 1728 under-registers at
the small angles and over-registers at the maximum angles.

Tilting the cup meters to the right and left had little effect ex-
cept at velocities less than 2.5 feet per second, as shown by the tests
on Price meter number 1728.

No definite conclusions could be drawn as to the effect of bear-
ing adjustment on the ratings of Price meters numbers 1219 and 1728
except that the effeet was small and that the greatest changes oc-
curred at the lowest velocities.

Tests on Price meter number 1314 to determine the effect of
bending the cups, of coating the cups with oil, of covering the cups
with a coating of sand and shellac, and of weighting one of the cups,
show that bending the cups had a marked effect on the rating and
that sanding the cups reduced the number of revolutions of the meter
slightly, but that covering the cups with oil or weighting one of the
cups had little, if any effect on the rating.

The effect of guys on Price meter number 1728 to hold it rigidly
in place was to cause the meter to rotate more slowly, and the greatest
effect was produced by guys of largest diameter. Guys attached near
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the top of the meter yoke had a greater effect than those attached 3
inches above it, and the effect of the latter was small.

Ratings of Price meter number 15,188, when held by rods of dif-
ferent diameters, show that the revolutions of the meter decrease as
the diameter of the rod increases.

Observations on Price meter number 15,188 and Ott meter num-
ber 2909, to determine the effect of making ratings in flowing water,
show that for veloeities greater than 1 foot per second under the con-
ditions of the test, there is no effect on the ratings.

Comparison of the ratings of Price cup meter number 15,188,
Ott propeller meter number 2,956 and Hoff propeller meter number
2, when supported by rods and by cables, show that, in general, the
meters run more slowly when rated as cable meters, and that having
weights above and below the meters retards them more than single
weights, but single weights above the meters make them revolve more
rapidly than when the weights are at the bottom. These tests show
also that the Ott meter operated more consistently when rated as a
cable meter than either the Hoff or the Price meter.

Observations on the effect of the length of cable on the rating of
Price meters number 1728, Hoff meter number 2, and Ott meter num-
ber 2956 show that, in general, the Price and Ott meters run slower
as the length of the cable increases, whereas the Hoff meter runs
faster. The difference in length of the cable causes an appreciable
difference in the rating of the Hoff meter.

Comparison of the cable ratings of Price meter number 1728,
when using one and two standard weights, both below the meter,
shows that the two weights make the meter run more slowly than
when the single weight is used.

The cable ratings of Price meter number 1728 to determine the
effect of guy wires, show that for velocities greater than 1 foot per
second there is a tendency for this meter to run faster when held by
guy wires, and the effect was greatest when the guys were attached to
the hanger bar below the meter. For velocities less than 1 foot per
second, the results were erratic.

From the foregoing tests it was concluded that when making cur-
rent-meter measurements requiring special methods or special equip-
ment, better results would be obtained if the meter was rated under
the conditions in which it was to be operated rather than by applying
coefficients to the standard ratings.

Rorary-Station Rarings.—Ratings of Price meters numbers
1314, 1728 and 8374, Ott meters numbers 1933, 2575 and 1398 made
at the rotary station under various conditions, for comparison with
those made at the tangent station, show that, regardless of the radius
of rotation, the cup meters run more slowly at the rotary station than
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at the tangent station. This is also true of the propeller meters with
the exception of Ott number 1398 which, under certain conditions,
runs faster when rated at the rotary station than when rated at the
tangent station, but the difference is small.

As the radius of rotation decreased, Price meters numbers 1314
and 8374 ran more slowly, whereas Price meter numher 1728 and
Ott meters nnmbers 1933 and 1398 ran faster. Ott meter number
2575 was apparently not affected by the radius of rotation. The cup
meters ran more slowly at the rotary station than at the tangent sta-
tion, regardless of whether the rotating force was acting on the inside
or the outside cups.

The ratings made with and without tails at the rotary station on
Price meter number 1728 and Ott meters numbers 1933 and 1398 show
that the Price meter runs faster without than with the tail, regard-
less of the direction of rotation of the meter, and that the Ott meters
under some conditions run faster and under others, slower when oper-
ated without the tail, whereas the ratings made at the tangent sta-
tion show that the tails have little, if any, effect on the ratings.

The tests show also that the addition of guy wires to hold the
meters more rigidly did not make the rotary and tangent-station rat-
ings of the meters agree.

Ratings of Price meters numbers 1314 and 8374 at the rotary
station at a constant radins hut at different depths, show that the
revolutions of the meters increase as the depth increases up to a depth
of 2 feet, and that from there on the revolutions decrease for the
most part, but with the exception of the rating of Price meter num-
ber 1314 at the 2-foot depth, the meters run slower at the rotary sta-
tion than at the tangent station.

Observations at the rotary station on Price meters numbers 1728
and 15,188 when held rigidly by the supporting rod and when free to
turn in a horizontal plane, show that, in general, the meters run faster
when free to turn and that when the rotating force is acting on the
outside cups and the meters are free to turn in a horizontal plane, the
meters run at about the same speed at the rotary station as they do
at the tangent station.

The tests made on Price meter number 8374, to find out how
muech the theoretical radius of rotation had to be increased to make
the rotary and tangent ratings coincide, indicate that, if when the
rotating force is acting on the inside eups, the meter is set on a radius

about 1 percent greater than that used in computing the velocity, the
ratings will agree.

Replicate ratings of Price meter number 8374 made at the rotary

station do not agree so closely as those of similar meters at the tangent
station.
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Ratings of Price meter number 15,186 at the rotary stations at
Fort Collins, Colorado, and Berkeley, California, when eompared with
a rating at the tangent station at Fort Collins, show that the meter
runs slower at both rotary stations than at the tangent station. Sim-
ilar ratings of Hoff meter number 105 made at the tangent-rating
stations at Fort Collins, Colorado, and Stockholm. Sweden, and the
votary station at Berkeley, California, show that the ratings of the
Hoff propeller meter at the rotary and tangent stations agree with
each other. To make the ratings agree it was, however, necessary to
set the meter so that the face of the propeller was perpendienlar to
the tangent to the path of the meter at the point.

Ratings of Ott meter number 4184, made at tangent stations hy
the Irrigation Investigations at Fort Collins, and by Dr. Ott at Kemp-
ten, Bavaria, check each other and indicate that the difference be-
tween the tangent and rotary-station ratings at Fort Collins are due
to errors in the rotary station. Tangent ratings of Price meter num-
ber 15,188 made by the Irrigation Investigations and the Bureaun of
Standards show that these ratings agree with each other except at low
velocities.

From the foregoing experiments it may he concluded that there is
a difference between ratings made at the rotary and tangent stations
at Fort Collins, Colorado, altho experiments elsewhere show that
under certain conditions ratings made at rotary and at tangent sta-
tions are identical.

CUrRrReNT-METER MEASUREMENTS.—The ratings of the enrrent
meters used in making the comparisons between the weir and the cur-
rent-meter measurements show that, altho the equations of the ratings
made at different times differ slightly, there are compensating factors
in the equations which make the velocities eomputed from the equa-
tions of ratings agree quite closely with each other.

The individual measurements made with the small Price electric
meter number 15,188 in the 14, 8 and 2.5-foot flumes, hy different
methods, show considerable variation, but the mean errors of the dif-
ferent methods show that the vertical-integration method and the
2.and-8-tenths-method measurements give the most aceurate results,
and that, altho the multiple-point measurements are more consistent,
the mean errors are larger because the meter measurements are all
too small. This is true whether the vertical-velocity curve or the
weighted mean-velocity method was used in computing the results.
The 6-tenths method gives results that are consistently too large,
whereas, contrary to the general belief, the vertical-integration meth-
od gives results that are too small. In the special tests, this meter
measured the flow regardless of conditions with uniformly consist-
ent results, but the best results were obtained with the 2-and-8-tenths
method.
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The Lallie-cup-meter tests which were made only in the 8-foot
flume, agree with the Price-meter tests except that the best results
were obtained by the multiple-point method. The special measure-
nents were not as accurate as those made with the Price meter,

The measurements made with Ott propeller meter number 2909
in the 8 and 14-foot flumes were uniformly accurate, but one of the
measurements in the river was considerably in error. The best re-
sults were obtained by the vertical-integration method, and the 2-and-
8-tenths method gave better results than the multiple-point method,
but the 6-tenths-method results were, in general, too large. The meter
nmeasurements made by Ott meter number 2956 in the 14, 8 and 2.5-
foot flumes, and the special tests in the flumes and in the river were
reasonably accurate. The tests show that the multiple-point method
gave the best results in the 14-foot flume, and that the vertical inte-
gration gave the best results for the 8-foot flume.

The Hoff-propeller-meter measurements, except those made when
the veloeities were less than 0.5 foot per second in the 8 and 14-foot
flumes, were quite accurate for all methods of measurement. The
speclal tests were more erratic and the tests with the meter turned
10 degrees to the right show that the meter under-registers under
this condition, whereas the Price meter is unaffected.

The experimental test meter of the propeller type and the Price
meter with the special rotors did not prove to be superior to the
standard type of meters.

The summary of the mean errors in the current-meter measure-
ments under the various conditions by the different methods, except
the 6-tenths, and the different meters, excluding the experimental
models, show that the mean errors are definitely less rather than
greater than 2 percent. The 6-tenths method with few exceptions
gave discharges that were too large.

The measurements by the Price meter using the 2-and-8-tenths
method were the most accurate of any of the methods.

The discharges obtained by the multiple-point method were not,
in general, as accurate as those obtained by some ot the other methods.

The tests of the meters and methods were made under comparable
conditions, representative of conditions in irrigation practice, and the
differences noted are probably due to the characteristics of the meters
and the methods, rather than the conditions under which the tests
were made.

Experiments by other investigators on the accuraey of current
meters as determined by comparison with weir or volumetriec measure-
ents, also show that reasonably accurate measurements can be made
by the use of the current meter.
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CURRENT-METER MEASUREMENTS IN SHALLOW FLumEs.—The tests
to determine the accuracy of current-meter measurements in shallow
flumes show that both cup and propeller meters are inaceurate under
this condition, and that the errors increase, in general, as the depth
decreases.

The Price cup meter gave the best results when the vertical-inte-
gration method was used, but the Ott and the Hoff propeller meters
were most accurate when the measurements were made by the 2-and-
&-tenths method.

In view of the fact that the errors in the measurements with each
meter and by each method are quite consistently too large or too
small, it seems obvious that the accuracy of the measurements in shal-
low water could be materially increased by applying the correction
derived from these tests for the meter and the method.

Ratine Frumes.—The results of a series of current-meter meas-
urements made in the converging section of Parshall measuring
flumes indicate that more accurate eurrent-meter measurements might
be made if the gagings were made in struetures with converging rath-
er than parallel walls.
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