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Review of Literature on the Testing of Point-Velocity 
Current Meters

By Kirk G. Thibodeaux

Abstract

The U.S. Geological Survey is in the proc­ 
ess of evaluating point-velocity current meters. 
As part of this evaluation process, a review of 
the literature pertaining to the testing of point- 
velocity current meters was conducted. A listing 
of current-meter testing found in the literature 
was compiled and is grouped according to the 
type of meter tested and the type of test con­ 
ducted. Meter types included in the review were 
vertical- and horizontal-axis mechanical current 
meters and electromagnetic and acoustic elec­ 
tronic current meters. Laser current meters are 
not included in the review because there are no 
practical laser meter designs for field velocity 
measurements. The results of the literature re­ 
view indicated that there has not been a compre­ 
hensive testing of the commonly available cur­ 
rent meters since the 1920's.

INTRODUCTION

Many types and makes of point-velocity current 
meters are available for use in taking velocity meas­ 
urements and making discharge measurements. How 
well these current meters work under varying and 
adverse conditions has been a concern since the 
beginning of their widespread use for velocity and 
discharge measurements. How well the current 
meters in use around the world today work under 
varying conditions is of concern to the U.S. 
Geological Survey (USGS).

The development of new instrumentation tech­ 
nology, such as the acoustic and electromagnetic 
current meters, and renewed interest in the perform­ 
ance of older instrumentation prompted the USGS in 
1990 to create a committee to investigate current 
meters. As part of the initial investigations, the 
committee performed two tasks: a review of litera­ 
ture from previous current meter studies and a survey

of the characteristics of discharge measurements 
made by the USGS. This paper presents the results 
of the first task, the review of literature from previ­ 
ous current meter studies. The second task, a survey 
of the characteristics of discharge measurements 
made by the USGS for water year 1990 (October 1, 
1989 to September 30, 1990) has been completed and 
is reported on by Fulford (1992).

The review of the literature on the testing of 
point-velocity current meters was undertaken to de­ 
termine what kinds of tests were conducted on these 
meters and how the tests were conducted. The 
reanalysis of the data presented in the literature was 
not conducted as part of the literature review. Those 
tests that were conceived, planned, and executed with 
great care and understanding of the physical proper­ 
ties of the meters being tested will be evaluated by 
the USGS for use in its ongoing test of point-velocity 
current meters. Those tests that were ill conceived, 
poorly planned, or not executed with care will be 
studied by the USGS so as not to repeat the mistakes 
made in earlier testing.

The results of the literature review will be given 
under two major groups: mechanical current meters 
and electronic current meters. The mechanical cur­ 
rent meter section will cover the testing of vertical- 
and horizontal-axis meters. The electronic current 
meter section will cover the testing of electromag­ 
netic meters and acoustic meters. Laser current 
meters will not be covered in the literature review 
because there are no practical laser meter designs for 
field velocity measurements.

Literature covering the history of current-meter 
design and use includes works by Murphy (1904), 
Hoyt (1910), Kolupaila (1960), and Frazier (1967 
and 1974). Papers that contain extensive lists of ref­ 
erences covering current-meter testing include 
Kolupaila (1961), Dickinson (1967), and Pelletier 
(1988). These works are mentioned because the 
reader may be interested in aspects of current meters 
other than the testing of meters.

Introduction 1



MECHANICAL CURRENT METERS

Mechanical current meters fall into two catego­ 
ries, vertical-axis current meters and horizontal-axis 
current meters. Both of these meter types use 
mechanical means to determine the water velocity. 
Common examples of the mechanical current meters 
are the Price-type meter, a vertical-axis meter, and 
the Ott-type meter, a horizontal-axis meter. A Price 
type AA current meter is shown in figure 1 and an 
Ott model C-31 current meter is shown in figure 2. 
Additional photographs of current meters and current 
meter developers and researchers can be found in the 
appendix.

Vertical-Axis Meters

In all but a few of the papers reviewed, the 
meter associated with the vertical-axis label is the 
Price-type current meter. Some of the early testing 
of vertical-axis meters include meters other than the 
Price-type.

The Price type current meters used in the testing 
outlined in this section fall into three general size 
categories. These are the large Price meter with a 
7.5 in. (190.5 mm) diameter rotor with 5 cups, the 
small Price type meter (including the present version 
of this meter) with a 5 in. (127 mm) diameter rotor 
with 6 cups, and a Price pygmy meter with a 2 in. 
(51 mm) diameter rotor with 6 cups.

Oblique Flows

The concern about the effects of oblique flows 
on the performance of the vertical-axis current meter 
has been around for quite some time. The earliest 
documented study located in the USGS literature 
review was in 1899 (Newell, 1899) where the effects 
of vertical oblique flows on the calibration of a Price 
meter were determined. Because a vertical-axis 
meter will respond differently to oblique flows in the 
vertical and horizontal planes, tests using the two 
types of oblique flows will be addressed separately.

Vertical Oblique Flows

The testing of vertical-axis current meters sub­ 
jected to oblique flows in the vertical direction can 
generally be lumped into two groups. The first group 
of tests are those where the meter is fixed at a vertical

angle and is then towed or placed in flowing water to 
determine the meter's performance. This method was 
used by the Newell (1899), Brown and Nagler 
(1914), Scobey (1914), Yarnell and Nagler (1931), 
Nagler (1931), Rohwer (1933), Hjalmarson (1967), 
Engel and DeZeeuw (1979), and Fulford (1990). The 
second group of tests are those where the meter is 
moved vertically when it is being towed or placed in 
flowing water. This method was used by Lippincott 
(1902), Miller (1902), Groat (1913 and 1916), 
Scobey (1914), Leach (1931), Rohwer (1933), 
Chappell (1939), Kallio (1966a), Thibodeaux and 
Futrell (1987), Engel (1990), and Fulford (1990).

The results of tests using the first method are 
presented in the Nineteenth Annual Report of the 
U.S. Geological Survey (Newell, 1899). This work 
determines the effects of not holding the meter in a 
vertical position when taking discharge measure­ 
ments. Without giving the type of meter used in the 
tests, large Price meter or small Price meter, the re­ 
sults presented are calibration curves for the meter 
tilted at various angles. A table derived from the 
calibration curves is also presented for tilt angles of 
5, 15, 25, 35, and 45 degrees. No analysis of the data 
is presented in the report.

Brown and Nagler (1914) present the results of 
tests on a large Price meter. The meter was mounted 
on an assembly that would rotate in the vertical di­ 
rection around the meter rotor's center. Little infor­ 
mation is given on the testing. The information that 
is given covers the test setup. The meter was tested 
in a 42-inch-diameter (1.1 m) pipe flowing partially 
full, the depth of flow was kept at approximately 
13 in. (0.3 m) deep with a velocity of 4 ft/s (1.2m/s). 
During the tests the meter was rotated to angles of 
±90 degrees. No quantitative results are given in the 
paper; but, from the description of the test setup, the 
results were affected by the proximity of the meter to 
the invert of the pipe and the water surface.

The work reported on by Scobey (1914) con­ 
sists, in part, of the results of tests on a small Price 
meter tilted at angles of ±5, 15, and 30 degrees and 
towed in a flume. The results are presented in 
graphical form with the results of 13 experiments on 
1 graph. With the exception of a few data points, the 
graph is too cluttered to be of much value.

As part of an extensive set of tests, Yarnell and 
Nagler (1931) conducted vertical oblique flow tests 
on three types of vertical-axis meters; a small Price,
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Figure 1 . Price type AA current meter.

Figure 2. Ott C-31 current meter.
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an acoustic Price, and the USGS-improved Price 
(later designated as the 622-type meter). These tests 
were conducted in a flowing flume for meter angles 
ranging to ±30 degrees in 5-degree increments. The 
results of the tests are presented graphically where 
the meter outputs are plotted against a theoretical 
cosine response. This is the first paper to present the 
results in a manner in which the meter's registered 
velocity is plotted against the theoretical cosine re­ 
sponse line. For angles producing an upward current 
on the meters, all three meters registered less than the 
theoretical response. For angles producing a down­ 
ward current on the meters, the small Price meter 
underregistered, the USGS-improved Price meter 
overregistered; and the acoustic Price meter fluctu­ 
ated between overregistering at angles less than 20 
degrees and underregistering at angles greater than 20 
degrees. The authors contend that, at the time of the 
tests (1931), the Price-type meters were as good as 
could be used.

Accompanying the paper by Yarnell and Nagler 
is an extensive collection of discussion letters by 
other people. Most of these discussions are com­ 
ments about the work done by Yarnell and Nagler 
with a few presenting results of their own experi­ 
ments. The discussion by Nagler (1931) is one that 
covers the results of experiments on various meters 
including a large Price meter and a small Price meter. 
These tests were conducted in a pipe flowing par­ 
tially full in the same manner as the tests described 
by Brown and Nagler (1914). The results are pre­ 
sented in graphical form and are of little value 
because of the difficulty in interpreting the data.

In his paper, Rohwer (1933) presents the results 
of a comprehensive set of tests to determine the flow- 
measuring characteristics of most of the current 
meters available in the United States in the late 
1920's. A portion of the testing conducted in a tan­ 
gential (straight) tow tank covered vertical oblique 
flows for vertical-axis meters. The results presented 
by Rohwer are in graphical form and consist of three 
plots for the small Price meters used. The plots pre­ 
senting the data are arranged so that the number of 
revolutions of the meter's rotor per foot of travel is 
plotted against the tow vehicle's speed; the percent 
error between the meter's registered velocity and the 
axial velocity is plotted against the angle of the ap­ 
proaching flow (meter tilt angle); and the percent 
error between the meter's registered velocity and the

cosine of the axial velocity is plotted against the 
angle of the approaching flow.

Testing of the present incarnation of the Price- 
type meter, the 622AA-type or just Price type AA, 
are reported on by Hjalmarson (1967), Engel and 
DeZeeuw (1979) and Fulford (1990). In his article, 
Hjalmarson briefly presents the results of a test 
where a Price type AA meter was rotated at various 
vertical angles ranging from 0 to 90 degrees in a 
stream flowing at 0.4 ft/s (0.12 m/s). The results, 
shown graphically, indicate that for angles of 20 
degrees or less, the meter tested deviated little from 
the theoretical cosine response.

Engel and DeZeeuw (1979) tilt the Price type 
AA meter they tested in a vertical plane. The meter 
was tilted to angles of ±5, 10 and 15 degrees and 
towed at velocities ranging from 0.06 m/s (0.20 ft/s) 
to 3.0 m/s (9.8 ft/s). The data from the tests are pre­ 
sented in both tabular and graphical form. The tables 
are presented in three types. The first type of table 
gives values for the tow carriage velocity, V0, and 
the revolutions per second, N, for all angles tested. 
The second type of table gives the V0 and the meter 
efficiency, NWO , values for all of the angles tested. 
The third type of table gives the percent error of the 
meter response between no angle and turned angles. 
As with the tables, there are three types of graphs 
presented. The first type of graph has the V0 plotted 
against the ratio of TV at various angles to TV at an 
angle of zero degrees. The second type of graph has 
V0 plotted against the percent error of the meter's 
response at the tested angles. The third type of graph 
has the angle of alignment plotted against the percent 
error of the meter response for various velocities. 
Tables and graphs for all angles above and below the 
horizontal are given.

The work presented by Fulford (1990) covers 
testing where the Price type AA meter with two types 
of rotors is subjected to oblique flows by two meth­ 
ods. The first method used falls into the category of 
tilting the meter in the vertical plane and then towing 
the meter. The meters tested were rotated ±90 
degrees in 10-degree increments. Two types of 
rotors were used in the testing: the standard open 
metal rotor and the solid polymer rotor. The results 
are presented graphically and show the characteristic 
response of the Price-type meter with the open metal 
rotor and the solid polymer rotor. The second 
method of testing, moving the meter vertically while 
towing the meter, will be discussed below.
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The earliest papers containing details of the 
second method of testing, in which the meter is 
moved vertically while it is being towed or placed in 
flowing water, are by Lippincott (1902) and Miller 
(1902). Both of these papers are discussions of a 
paper by Murphy (1902).

In his discussion, Lippincott (1902) gives little 
information on his tests. Lippincott's tests were con­ 
ducted to determine how the discharge measured in a 
stream with a large Price meter would differ if the 
discharge was taken by moving the meter up and 
down in the vertical direction in each vertical 
(integration method). The only information given is 
that the meter determined discharge was between 
1 percent more to 2.4 percent less when the meter 
was moved at a vertical rate of motion of 0.5 ft/s 
(0.15 m/s) as compared to the discharge obtained 
with three velocity measurements at the top, mid- 
depth, and bottom of the stream. No actual compari­ 
sons of the meter velocity measurements are given.

In his discussion, Miller (1902) states that a 
large Price meter will overregister when rocked in a 
vertical direction when placed in a flowing stream. 
The very brief description of the testing indicates that 
a Price meter and a Haskell meter were suspended 
from a skiff in a stream with a current between 2 and 
3 ft/s (0.6 to 0.9 m/s) and rocked in the vertical 
direction a distance of 1 to 2 ft (0.3 to 0.6 m) by 
rocking the skiff. No quantitative data are given.

Groat (1913 and 1916) discusses testing on two 
types of Price current meters, a large Price meter in 
1913 and a small Price meter in 1916. The 1913 
tests described by Groat (1913) have the meter 
moving in the vertical direction by rocking the boat 
being used to calibrate the meter. Without any in­ 
formation on the rate of vertical movement, Groat 
states that the large Price meter's rate of rotation in­ 
creased by 15 percent over the rate of rotation with 
no vertical oscillations. There are no quantitative 
data given in this paper regarding meter testing.

In his second paper, Groat (1916) briefly de­ 
scribes the testing of a small Price current meter. 
These tests consisted, in part, of oscillating the meter 
in the vertical direction while it was being towed in a 
towing tank. The results are given in graphical form 
and show the deviation of the number of revolutions 
per foot of travel that the meter's rotor revolves when 
different vertical distances and rates of travel are im­ 
parted on the meter. Although cluttered, the figure 
does show that the small Price meter tested

overregistered to varying degrees when various 
vertical oscillations were induced on the meter.

In addition to the work done by Scobey (1914) 
of tilting a small Price meter in the vertical direction 
while towing the meter, he also oscillated, by hand, a 
meter in the vertical direction in still water. The re­ 
sults of this test, which covers various rates of verti­ 
cal motion, are given in both tabular and graphical 
form. These results show that the rotor of the small 
Price meter tested will rotate in the direction of nor­ 
mal rotation when the meter is oscillated in the 
vertical direction.

The paper by Leach (1931) is a discussion paper 
to the Yarnell and Nagler (1931) paper. In this dis­ 
cussion, Leach re-presents the data presented by 
Groat (1916) and Yarnell and Nagler (1931). Leach 
replots Groat's data in the graphical form used by 
Yarnell and Nagler to determine if the data from the 
two tests yield the same results. For relative vertical 
angles of flow less than 15 degrees, the data from 
both tests plot close together. At angles greater than 
20 degrees, however, the data points from the two 
tests diverge. Leach also gives a better description of 
Groat's test setup than Groat presented.

As part of an extensive set of tests on current 
meters, Rohwer (1933) tested a pair of small Price 
meters in a tow tank to determine the effect on the 
ratings of the meters when a constant vertical motion 
of 0.25 ft/s (0.08 m/s) was applied. This test was 
conducted to simulate taking an integration discharge 
measurement. The vertical velocity was obtained by 
hand cranking the meter mount upwards while the 
tow vehicle traveled along the tank. Rohwer presents 
his data graphically with the data from five meters 
and ten calibration runs plotted on the same graph 
creating a cluttered plot. In describing the results, 
Rohwer points out that the two small Price meters 
tested consistently rotated slower, underregistered, 
when moving in a combined vertical and horizontal 
direction as compared to moving only in a horizontal 
direction.

The paper by Chappell (1939) covers testing 
conducted on a Price meter to determine what effects 
vertical motion had on the meter. The vertical 
motion induced on the meter was to simulate the 
vertical motion that may be found when making boat 
and cable way discharge measurements. The meter 
was tested at one horizontal velocity by raising and 
lowering the meter a distance of 2 ft (0.6 m) by hand 
crank at various vertical velocities. The vertical
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velocities of the test ranged from approximately 
0.3 ft/s (0.09 m/s) to 2.2 ft/s (0.66 m/s) with the hori­ 
zontal velocity of approximately 2.4 ft/s (0.73 m/s). 
The results are given graphically with Chappell con­ 
cluding that for vertical velocities less than a quarter 
of the horizontal velocity, the meter's error in regis­ 
tration was "slight." The graphs show that the Price 
meter tested underregistered for vertical velocities by 
less than a quarter of the horizontal velocity 
(approximately 15 degrees) and overregistered for 
vertical velocities larger than one quarter of the hori­ 
zontal velocity.

Kallio's (1966a) tests, like Chappell's, were 
conducted to determine the effects of vertical motion 
on current meters. The vertical motion in these tests 
simulated the bobbing boat and cable way motions. 
Two of the three meters tested by Kallio were the 
vertical-axis type, a Price standard current meter and 
a vane-type current meter (see appendix for photo of 
vane-type current meter). For the testing, vertical 
motion was induced on the meters by manually rais­ 
ing and lowering the meters a distance of ±0.1 ft 
(0.03 m) to ±2.0 ft (0.6 m) at vertical velocities of 
0.4 ft/s (0.12 m/s) to 1.5 ft/s (0.46 m/s). The hori­ 
zontal velocities were generated by towing the meters 
through a tow tank and suspending the meters into a 
river. Results are given in both tabular and graphical 
form. Results of the Price meter tests show that for 
vertical velocities less than 40 percent of the horizon­ 
tal velocity (approximately 20 degrees), the Price 
meter will usually underregister the true horizontal 
velocity. At higher vertical velocities, the meter 
usually overregisters the horizontal velocity to vary­ 
ing degrees. Results of the tests on the vane-type 
meter show that this type of meter almost always 
overregisters the horizontal velocity when subjected 
to vertical motion.

Like Chappell (1939) and Kallio (1966a), 
Thibodeaux and Futrell (1987) report on vertical 
motion tests on current meters. The two meters 
tested and reported on by Thibodeaux and Futrell are 
the Price type AA current meter with a standard 
metal rotor and Price type OAA current meter with a 
solid polymer rotor. (The Price type OAA current 
meter is a Price type AA current meter with the cat 
whisker counting head replaced with an optic count­ 
ing head.) The vertical distance traveled during the 
tests were 1, 2, 3, and 4 ft (0.3, 0.6, 0.9, and 1.2 m) 
with vertical velocities of 0.33, 0.66, 1.00, and 
1.2 ft/s (0.10, 0.20, 0.31, and 0.37 m/s). All vertical

motions were generated using a hydraulic cylinder 
for steady motions. The horizontal velocities were 
obtained by towing the meter in a tow tank at veloci­ 
ties ranging from 0 to 8 ft/s (0 to 2.4 m/s). The re­ 
sults of these tests are given in graphical form and 
show that for the Price type AA meter, the results are 
similar to those obtained by Kallio. For vertical ve­ 
locities below 40 percent of the horizontal velocity 
(approximately 20 degrees), the meter underregis­ 
tered the horizontal velocity. For vertical to horizon­ 
tal velocity ratios larger than 40 percent, the meter 
generally overregistered the horizontal velocity. The 
results of the OAA meter with polymer rotor tests 
show that this meter generally always underregistered 
the horizontal velocity. Only at very high vertical to 
horizontal velocity ratios did the OAA meter not 
underregister.

The paper by Engel (1990) covers mostly the 
theoretical side of the integration method of deter­ 
mining the average velocity in a vertical. A group of 
limited tests with a Price pygmy type meter in a labo­ 
ratory flume is also presented. The results from the 
limited tests indicate that the vertical velocity a meter 
should travel during an integration velocity determi­ 
nation should not exceed the average horizontal 
velocity divided by 80.

The second part of the paper by Fulford (1990) 
covers the testing of Price type AA meters by 
moving the meters in the vertical direction while 
being towed in a tow tank. The meters were moved 
either up or down by means of a hydraulically con­ 
trolled cable reel assembly. The equivalent oblique 
angles obtained by this method were ±40 degrees. 
The results of these tests are presented graphically.

Horizontal Oblique Flows

The testing of vertical-axis meters subjected to 
oblique flows in the horizontal direction has not been 
conducted as extensively as testing in vertical 
oblique flows. The results of this type of testing are 
reported on by Rumpf (1914), Groat (1916), Yarnell 
and Nagler (1931), Nagler (1931), Rohwer(1933), 
Frazier (1941), Kulin and Compton (1975), and 
Engel and DeZeeuw (1978).

The horizontal oblique flow testing by Rumpf 
(1914) consisted of testing a small Price meter under 
two types of conditions. The first consisted of rotat­ 
ing the meter in the horizontal plane to the left and 
right in 10-degree increments for ±90 degrees and
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towing the meter in a tow tank. The results of these 
tests are presented graphically and are difficult to in­ 
terpret because of the size of the graph. The second 
set of tests consisted of moving the meter back and 
forth in the lateral horizontal direction as the meter 
was being towed. Rumpf limits his discussion on the 
results of the second set of tests to saying that the 
meter overregistered the true horizontal velocity.

The horizontal oblique flow testing by Groat 
(1916) consisted of moving a small Price meter back 
and forth (oscillating) in the lateral horizontal direc­ 
tion as the meter was being towed in a tow tank. The 
purpose of these tests was to determine the effects of 
pulsating horizontal velocities on the meters being 
tested. The results of these tests are of little value 
because they are presented in a very cluttered graph.

As with the vertical oblique flow tests, Yarnell 
and Nagler (1931) conducted horizontal oblique flow 
tests on three types of vertical-axis meters, the small 
Price, the acoustic Price, and the USGS-improved 
Price current meters. These tests were conducted in a 
flowing flume at four velocities and seven horizontal 
angles of 10, 20, 25, 30, 35, 40, and 45 degrees. The 
results of these tests are presented in tabular and 
graphical form and show that for all angles tested, the 
meters tested overregistered from the theoretical 
cosine response of the meter.

In a discussion of the Yarnell and Nagler (1931) 
paper, Nagler (1931) covers results of tests on hori­ 
zontal oblique flows conducted on a large Price 
meter and a small Price meter. As with the vertical 
oblique flow tests, these tests were conducted in a 
pipe flowing partially full. The results are presented 
in graphical form and are of little value because of 
the difficulty in interpreting the data.

Rohwer (1933) presents the results of testing of 
horizontal oblique flows on small Price meters. The 
tests presented in this paper consisted of rotating the 
meters being tested to angles of 5, 10, 15, 45, and 90 
degrees in both the clockwise and counterclockwise 
directions. All of the results are shown graphically. 
In order to interpret the data in a meaningful manner, 
the reader will have to re-analyze the data to deter­ 
mine the deviation of the meter reading from the 
theoretical cosine response of the meter.

Tucked away in an article about a horizontal- 
axis meter, Frazier (1941) presents a table listing the 
percent errors of readings of a small Price meter 
subjected to oblique flows of 5, 10 and 15 degrees. 
Frazier presents the table to show the relative

difference in the response of the horizontal-axis 
meter being described to the small Price meter. For 
the angles listed, 5, 10, and 15 degrees, the Price 
meter measured velocities with smaller errors to the 
ideal cosine response than the horizontal-axis meter 
described in the paper.

When dealing with oblique flows in the hori­ 
zontal direction, Kulin and Compton (1975) rely on 
referencing Yarnell and Nagler (1931) to make the 
point of the reaction of the Price type AA and Price 
pygmy type current meters to horizontal oblique 
flows. In regard to lateral horizontal motions, the 
authors point out that a Price-type meter, in general, 
will overregister. The amount of overregistration 
will be totally dependent on the rate of lateral 
motion.

Engel and DeZeeuw (1978) report on tests con­ 
ducted on a Price type AA current meter being towed 
at rotated angles of 10, 15, 20, 30, and 40 degrees to 
the left and right in the horizontal plane. The towing 
speeds ranged from 0.06 m/s (0.20 ft/s) to 3.0 m/s 
(9.8 ft/s). The results of the tests are presented in 
both tabular and graphical form. The results that are 
given indicate that, for the meter tested, the meter 
will give the correct cosine response for angles less 
than 10 degrees to within 1 percent accuracy. For 
angles greater than 10 degrees, the meter's cosine 
response deteriorates until an error greater than 10 
percent occurs at angles of 40 degrees.

Proximity to Boundaries

The testing of vertical-axis current meters to 
determine the effect of placing this type of meter in 
close proximity to boundaries, whether side, surface, 
or bottom boundaries, has been reported on by 
Murphy (1902 and 1904), Rumpf (1914), Scobey 
(1914), Rohwer (1933), USGS (1933a), Pierce 
(1941), Kulin (1977), and Engel (1983). With the 
exception of the work by Murphy (1902), Kulin 
(1977), and Engel (1983), the tests reported by the 
authors should be considered as flawed because of 
the methods used in the testing, the lack of a true 
reference velocity, or both.

Murphy (1902 and 1904) reports on a set of 
tests in which he compared the velocity measure­ 
ments made with a small Price meter and those made 
with a 6-inch (152 mm) cubical float in the upper 1 ft 
(0.3 m) of an irrigation canal. Murphy's conclusion 
is that when a small Price meter is positioned within
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1 ft (0.3 m) of the surface of a stream the velocity 
obtained from the meter will be less than the velocity 
obtained by the float (meter underregisters). Murphy 
assumes that the float velocity is correct and that the 
small Price meter is always fully submerged.

The results of the tests reported on by Rumpf 
(1914) show the same results as those reported by 
Murphy (1902 and 1904) for a small Price meter 
placed within 1 ft (0.3 m) of the water surface. 
Rumpf s test differ from Murphy's in that Rumpf was 
towing the meter he used in a tow tank while 
Murphy's tests were conducted in a flowing channel. 
In addition, Rumpf also towed the small Price meter 
close to the side walls of the tow tank. The results of 
this test are of little value because towing a meter 
next to a stationary boundary is not the same as 
placing a meter next to a side boundary in a flowing 
stream. In a flowing stream, there will be a boundary 
development zone that is not present when both the 
water and the boundary are stationary as in a towing 
tank.

Scobey (1914) reports on two sets of tests in 
which a small Price meter was placed in close 
proximity to boundaries. The first set of tests has the 
meter being towed close to the water surface, next to 
side walls, and close to the channel's bottom. Most 
of the results are given in a cluttered graph with very 
little in the way of a description of the results. When 
towing the meter near the water surface, Scobey 
claims that the meter's recorded velocity is accurate 
when the meter is below 0.3 ft (0.09 m) from the sur­ 
face. This does not match the results presented by 
Murphy (1902 and 1904) and Rumpf (1914). The 
results of towing the small Price meter next to the 
side walls and the bottom of the channel, like the 
side wall results of Rumpf (1914), should be taken 
with skepticism. The second set of tests reported by 
Scobey took place in a flowing flume. Without 
stating what he used as a reference velocity, Scobey 
contends that velocities obtained with a small Price 
meter 0.3 ft (0.09 m) below the stream surface and 
below are correct.

Rohwer (1933) reports on tests that are almost 
identical to the first set of tests reported by Scobey 
(1914). As with Scobey's results, the results pre­ 
sented by Rohwer should not be considered good 
because the data were obtained by towing the meters 
next to fixed boundaries in still water.

The data presented in the USGS (1933a) paper 
show the performance of a Price-type meter located

0.5 ft (0.15 m) from the stream surface. Because 
there is no reference velocity, it is not known how 
much, or if, the meter is deviating from the true 
velocity.

As part of a study to develop discharge coeffi­ 
cients for shallow streams, Pierce (1941) obtained 
data on the performance of a Price type A meter in 
close proximity to the test flume's water surface and 
sides. All of the current meter's velocity data were 
compared to velocity data collected with a Pitot static 
tube. Results of obtaining velocity measurements in 
close proximity to the flume's surface are given 
graphically and show that the Price type A meter's 
velocity readings start deviating from the Pitot tube 
velocity readings at approximately 0.4 ft (0.12m) 
below the water surface. The average velocity in the 
flume as determined by the Pitot tube was 1.0 ft/s 
(0.3 m/s) with a depth of 1.25 ft (0.38 m). For the 
same flume conditions, velocities were obtained near 
the walls of the test flume with a Price type A meter 
and a Price pygmy meter. Using velocities obtained 
from a Pitot tube to compare the meter velocities, 
Pierce points out that when a vertical-axis meter is 
placed where the velocity is not uniformly distributed 
across the width of the meter rotor, as next to side 
boundaries, the meter will not give the correct veloc­ 
ity reading. The Price-type meter, with its rotor ro­ 
tating in a counterclockwise direction, will overregis- 
ter when placed close to the left side of the flume and 
underregister when placed close to the right side of 
the flume (left and right are determined by an 
observer looking downstream).

The work reported on by Kulin (1977) is a 
combination of theoretical and experimentally de­ 
rived results. Kulin uses a theoretical basis to de­ 
termine that a Price-type meter will either overregis- 
ter or underregister when subjected to a nonuniform 
velocity field such as that found near the side of a 
flowing flume or stream. Added to the effects of the 
nonuniform velocity field are the effects caused by 
the physical presence of the wall. The effect caused 
by the proximity of the wall without the effects due 
to nonuniform velocity fields can be obtained by 
towing a meter next to a wall. Kulin concludes that 
the purely wall effect is eliminated if a Price type AA 
meter is placed with a clearance between the rotor 
and the wall of 1.5 in. (38.1 mm) and 1.0 in. 
(25.4 mm) for the Price type pygmy meter. Using a 
similar methodology, Kulin recommends that a Price 
type AA meter be placed no closer than 6 in.
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(152 mm) from the bottom of a stream or flume and a 
pygmy meter be placed no closer than 3 in. (76 mm). 

The paper by Engel (1983) is much like Kulin's 
(1977) in that it is a combination of theoretical and 
experimental work dealing with the effects of a 
nonuniform velocity field on a Price type AA meter. 
Engel theoretically derives a set of equations that can 
be used to determine the error in a velocity reading 
from a Price meter if the skew of the velocity field, 
or velocity gradient, is known. The equations are 
checked using data from an experiment at one veloc­ 
ity with one velocity gradient. In closing, Engel 
acknowledges that the equations cannot be used for 
field work because determining the velocity gradient 
is very difficult to obtain at best.

Turbulence

The testing of vertical-axis current meters in 
turbulent flow conditions is very limited. Most of 
the literature covers situations where the output from 
one type of current meter is compared to the output 
of another. The papers covering some aspect of tur­ 
bulent effects on vertical-axis meters include Groat 
(1913 and 1916), Yarnell and Nagler (1931), 
Schubauer and Mason (1937), Hjalmarson (1965), 
Kallio (1966b), Burtsev and Baryshnikova (1973), 
and Fulford (1990).

The testing covered by Groat (1913) in his first 
paper deals with the comparison of the velocity 
measurements between a large Price meter and an 
uncalibrated Pitot tube taken in the tail-race of power 
plant turbines. In the 100 direct velocity compari­ 
sons, Groat found that, on average, the Price meter 
registered velocities 6 percent higher than the Pitot 
tube. In boils the Price meter registered velocities up 
to 25 percent higher than the Pitot tube velocities. 
The turbulence at the location of velocity measure­ 
ments is described by Groat to be very turbulent 
because the flow was highly agitated by the turbines. 
Passing the flow through stilling racks only straight­ 
ened the flow and did not smooth it according to 
Groat. The velocity readings were taken at a distance 
of 30 ft (9.2 m) downstream of the stilling racks. No 
data from the comparative velocity readings are 
given.

In his second paper, Groat (1916) takes com­ 
parative velocity readings between a small Price 
meter and two Ott and two Haskell meters. This 
paper does present data but includes no reference

velocity for comparison with the velocity readings. 
Groat assumes that the small Price meter overregis- 
ters by 6/7 of the difference between its velocity and 
the velocity determined by an Ott or Haskell meter. 
The Ott and Haskell meters are assumed to underreg- 
ister by 1/7 of the velocity difference.

Yarnell and Nagler (1931) tried to create turbu­ 
lence in a flume by placing paddles in the flow. 
There are two major problems with this method of 
creating turbulence. The first is that the paddles 
create largely oblique flows instead of a purely turbu­ 
lent flow. The second problem with this test is that 
there was no reference for the correct velocity. 
Yarnell and Nagler assumed the average velocity in 
the flume, discharge divided by cross-sectional area, 
to be the reference velocity for comparison with the 
meter's velocity reading. The meters used by Yarnell 
and Nagler were a small Price meter, acoustic Price 
meter, and the USGS-improved Price meter.

As part of an investigation on the effects of 
changing fluid density on the performance of the 
small Price current meter, Schubauer and Mason 
(1937) calibrated two small Price meters in a wind 
tunnel under two turbulence intensities, 0.85 percent 
and 2.7 percent. (Turbulence intensity, in percent, is 
equal to 100 times the root-mean-square of the turbu­ 
lence velocity fluctuations divided by the mean ve­ 
locity of the measured fluid.) The higher turbulence 
value was generated by placing a screen rack 7.6 ft 
(2.32 m) upstream of the meters. The change in the 
turbulence intensity resulted in no change in the 
meters response. Extreme care should be taken in 
interpreting the results presented in this paper 
because the change in turbulence intensity is quite 
small.

Hjalmarson (1965) theoretically derives a set of 
equations to predict the output from a Price-type 
meter when subjected to turbulent flows. There are 
no data given to prove the equations.

Kallio (1966b) compares the discharge of a 
river obtained using a Price-type meter to the dis­ 
charge obtained from rated turbines located just up­ 
stream of the measuring section. Kallio describes the 
conditions of the river as turbulent. The discharge 
measurements were conducted in order to check the 
turbine ratings. Kallio states that the discharge ob­ 
tained by the cable-suspended Price meter was con­ 
sistently within 2.4 percent of the discharge as 
determined by'the turbines.
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Burtsev and Baryshnikova (1973) make a blan­ 
ket statement that vertical-axis current meters will 
overregister by as much as 40 percent in highly tur­ 
bulent flows. The authors base this claim on field 
and experimental work. The conditions in which the 
field and experimental work were conducted are not 
given. Also, the meter type being used for the tests 
is not given.

Fulford (1990) presents the analysis of the data 
collected from a large number of paired discharge 
measurements using Price type AA current meters 
equipped with standard metal rotors and solid poly­ 
mer rotors. Without being able to state which type of 
rotor gives the correct discharge measurement, 
Fulford used the standard metal-rotor-equipped meter 
as the reference meter. The comparison of the dis­ 
charge measurements taken in streams described as 
having high turbulence levels indicated that the 
polymer-rotor-equipped Price type AA meter, on 
average, yielded mean velocities 3.1 percent lower 
than those yielded by a standard metal-rotor- 
equipped Price type AA meter.

Pulsation of Flow

In determining the behavior of vertical-axis 
current meters to pulsations in flow, all experiments 
described in the literature oscillate the meter being 
tested parallel to the flow. This type of work is de­ 
scribed by Groat (1916), Yarnell and Nagler (1931), 
Horton (1931), Kolupaila (1958), and Bean (1971).

As part of a set of tests on a small Price meter, 
Groat (1916) oscillated the meter at various rates of 
oscillation and travel distances while being towed in 
a tow tank. All of the results are given graphically in 
a very cluttered graph and are therefore of little 
value. Additionally, Groat describes the meter's in­ 
duced oscillatory movement as "including a vertical 
component, the effects of which are unknown."

Yarnell and Nagler (1931) report on a set of 
tests where a small Price meter and a USGS- 
improved Price meter were subjected to oscillations 
parallel to the test flume's flow. The oscillations 
were conducted with a constant stroke distance 
(amplitude) of 2 ft (0.6 m) and induced speeds up to 
three times the average flume velocities. The results, 
which are shown graphically, are briefly discussed by 
the authors and indicate that if the maximum addi­ 
tional longitudinal speed of the meter is less than 50 
percent of the average stream velocity, the meter's

response will not deviate from a steady stream re­ 
sponse. The indicated average flume velocities used 
in the testing are cited by the Yarnell and Nagler as 
being 2, 3, and 5 ft/s (0.6, 0.9, and 1.5 m/s).

In his discussion of the Yarnell and Nagler 
(1931) paper, Horton (1931) derives equations and 
correction factors for the Price-type meter's response 
to pulsations in flow. Horton describes the equations 
as accurate when the induced added velocity is equal 
to or greater than the average stream velocity.

Kolupaila (1958) references other reports to 
draw conclusions as to the effect of pulsating flow on 
vertical-axis current meters. The conclusions drawn 
by Kolupaila are of value only for cases where there 
is reversal of flow.

The paper by Bean (1971) mainly covers the 
theory of the design and workings of mechanical 
current meters, both vertical- and horizontal-axis. As 
a blanket statement covering the response of both 
vertical- and horizontal-axis meters to velocity fluc­ 
tuations, the author states that, if the fluctuations are 
slow enough for the meter to follow the fluctuations, 
the meter will correctly register the average velocity. 
On the other hand, Bean states that if the velocity 
fluctuations are too fast for the meter to respond, the 
meter will overregister because of what the author 
states as the square-law relation between hydrody- 
namic torque and velocity.

Temperature

The effects of varying water temperature on the 
rating of a Price type AA current meter is reported on 
by Robson (1954) and Frazier (1954). Both of these 
papers report on the same tests. The meter used in 
the test was calibrated in water temperatures of 
36.9°F, 44.3°F, 55.6°F, and 62.5°F (2.7°C, 6.8°C, 
13.1°C, and 16.9°C) in a rating facility in Canada. 
The ratings at the various temperatures are described 
by Frazier as being "virtually identical and indicating 
no effects due to temperature change."

Repeatability

There were three articles located that covered 
the evaluation of vertical-axis current meters at 
repeating their calibrations when calibrated in tow 
tanks. Rohwer (1931 and 1933) and Dickman (1951) 
discuss this type of work.

10 Review of Literature on the Testing of Point-Velocity Current Meters



In a discussion of the paper by Yarnell and 
Nagler (1931), Rohwer (1931) presents a table with 
the derived calibration equations for a small Price 
meter that was calibrated 14 times between 1919 and 
1929. With the exception of a low velocity calibra­ 
tion equation, all derived calibration equations fell 
within 1.5 percent of the average equation. The low- 
velocity calibration equation, which is for velocities 
less than 2.4 ft/s (0.73 m/s), falls within 6 percent of 
the average.

In his second paper, Rohwer (1933) conducted 
tests in which a pair of small Price meters were cali­ 
brated five times each to determine if the meters 
would respond differently in individual calibrations. 
Results from the repeated calibrations of the meters 
show that for the two meters tested, the derived cali­ 
bration equations for each calibration run did not 
vary more than ±0.5 percent from the mean of the 
equations.

Dickman (1951) reports on an extended study 
where one Price type A current meter was calibrated 
yearly over a 10-year period. The results presented 
indicated that the meter's calibration varied by no 
more than 3 percent at 0.56 ft/s (0.171 m/s), 1 
percent at 2.2 ft/s (0.67 m/s), and 1 percent at 10 ft/s 
(3 m/s).

Miscellaneous Testing

In addition to the testing already discussed, 
Rohwer (1933) conducted a group of miscellaneous 
tests on small Price meters to determine the change 
in a meter's response when subjected to rotor dam­ 
age, pivot miss-adjustment, and various mounting 
changes. To determine the effects of damage to the 
meter's rotor, Rohwer tested rotors with damaged 
cups, filling one cup with 5.73 g (0.20 oz) of a lead 
and wax mixture, greasing the rotor, and roughening 
the surface of the cups with shellac and sand. Re­ 
sults as described by Rohwer indicated that for the 
damaged rotor with one cup crushed approximately 
0.25 in. (6.35 mm), there was a "significant" effect 
on the rating. The coating of the rotor cups with 
sand had a "slight" effect on the rating, while the 
greasing of the rotor cups and the weighting of a cup 
had "little, if any," effect on the rating.

To test for the effects of miss-adjustment of the 
meter's lower pivot on a meter's calibration, Rohwer 
calibrated two small Price meters at various pivot 
settings. The lower pivots on the meters were

unscrewed in quarter turns for each calibration until a 
maximum of 1.75 turns. The actual distance between 
the bearing and the pivot at each of the settings is not 
given. The results, which are shown graphically, 
show that, for the two meters tested, there was very 
little effect on the meter's calibrations when the 
meter's lower pivot was out of adjustment.

The tests dealing with various methods of 
mounting small Price meters consisted of testing the 
effects of guy wires, cable suspensions, and various- 
sized wading rods. Of the three sets of tests, change 
in the meter calibrations was found in two of the tests 
 the guy wire tests and the wading rod tests. When 
a meter with a guy wire attached to the meter sus­ 
pension was calibrated, the meter was only slightly 
affected. The change in the meter's calibration was 
approximately 1 percent. The effect of the change in 
wading rods was more pronounced. On average, an 
increase of the wading rod's diameter from 0.5 in. 
(12.7 mm) to 1 in. (25.4 mm) changed the meter's 
calibration by -1.5 percent, and changing the rod's 
diameter from 0.5 in. (12.7 mm) to 2 in. (50.8 mm) 
changed the meter's calibration by -3.5 percent.

Horizontal-Axis Meters

Horizontal-axis meters, unlike the vertical-axis 
meter, comprise a wide range of meters. These 
meters include, but are not limited to, the Ott, Hoff, 
Haskell, Amsler, and Neyrpic "Dumas" meters.

Oblique Flows

Horizontal-axis current meters respond to 
oblique flows in the vertical and horizontal planes in 
the same manner because of the meter's symmetry 
about it's axis. For this reason there are no subsec­ 
tions needed in this oblique flows section for vertical 
and horizontal oblique flows.

The testing of horizontal-axis meters in oblique 
flows has been carried out for as long as the testing 
on vertical-axis meters. Much of the early testing on 
horizontal-axis meters has been carried out in con­ 
junction with testing on vertical-axis meters. Most 
of the later work, 1960's and later, covers the testing 
of only horizontal-axis meters. The papers and re­ 
ports reviewed in this section include Lippincott 
(1902), Miller (1902), Groat (1913 and 1916), 
Yarnell and Nagler (1931), Leach (1931), Ott (1931),
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Nagler (1931), Rohwer (1931 and 1933), Frazier 
(1941), Addison (1949), Kolupaila (1949 and 1958), 
Leonard (1965), Fischer (1966), Johnson (1966), 
Kallio (1966a), Aiming (1967), Jepson (1967), Kulin 
and Compton (1975), and Smith (1978).

As part of a discussion of a paper by Murphy 
(1902), Lippincott (1902) very briefly describes his 
work with a Haskell meter. The author states that a 
Haskell meter can be moved vertically in a stream 
when taking a discharge measurement (integration 
method) without the vertical movement affecting the 
performance of the meter. No test data pertaining to 
the Haskell meter's response to oblique flows are 
given in this paper.

Miller (1902), in a discussion to Murphy's 
(1902) paper, states that a Haskell meter will under- 
register when rocked in a vertical direction when 
placed in a flowing stream. The very brief descrip­ 
tion of the testing indicates that a Haskell meter and 
a Price meter were suspended from a skiff in a stream 
with a current flowing between 2 and 3 ft/s (0.6 and 
0.9 m/s) and rocked in a vertical direction for a dis­ 
tance of 1 to 2 ft (0.3 to 0.6 m) by rocking the skiff. 
No quantitative data are given.

Groat (1913 and 1916) discusses testing on a 
Haskell meter in 1913 and two Haskell and two Ott 
meters in 1916. The 1913 tests described by Groat 
(1913) have a Haskell meter moving in the vertical 
direction by rocking the boat used to calibrate the 
meter. Without any information on the rate of verti­ 
cal movement, the author states that the Haskell 
meter's rate of rotation decreased by 2.5 percent over 
the rate of rotation with no vertical oscillations. 
There are no quantitative data given in this paper 
regarding meter testing.

In his second paper, Groat (1916) briefly de­ 
scribes the testing of two Haskell and two Ott meters. 
These tests consisted, in part, of oscillating the 
meters in vertical and horizontal directions perpen­ 
dicular to the direction in which the meters were 
being towed in a tow tank. The results are given in 
graphical form and show the deviation of the number 
of revolutions per foot of travel that the meter's rotor 
revolves for each of the different oscillation magni­ 
tudes and rates. The data presented in the graphs 
show that all four meters tested underregister for 
oblique flows caused by oscillating the meter per­ 
pendicular to the flow.

As part of an extensive set of tests, Yarnell and 
Nagler (1931) conducted oblique flow tests on

several horizontal-axis current meters. The meters 
tested were a three-bladed Hoff, a four-bladed Hoff, a 
small Ott, a medium Ott, a two-bladed Mensing-Ott, 
a three-bladed Mensing-Ott, a high-pitch Haskell, 
and a low-pitch Haskell. The tests were conducted in 
a flowing flume at velocities of approximately 2, 3, 
and 5 ft/s (0.6, 0.9, and 1.5 m/s) at angles of 10, 20, 
25, 30, 35,40, and 45 degrees. Results are shown 
graphically and in tabular form. The graphical data 
shows the averaged response of each meter tested for 
all velocities used in the testing. The data presented 
in tabular form are for the 5 ft/s (1.5 m/s) test only. 
All of the meters tested underregistered in relation to 
the ideal cosine response.

Accompanying Yarnell and Nagler's paper was 
an extensive collection of discussion letters by other 
writers. As stated previously, most of these discus­ 
sions are comments about the work done by Yarnell 
and Nagler with a few presenting results of their own 
experiments or re-analyzing other people's data. 
Leach (1931) is an example of someone re-analyzing 
data. In the area of oblique flows on horizontal-axis 
meters, Leach replots the Haskell meter data col­ 
lected by Groat (1916) and Yarnell and Nagler 
(1931). As with the presentation of the data by the 
original authors, Leach's presentation shows that the 
Haskell meter underregisters oblique flows in rela­ 
tion to the theoretical cosine response. The data from 
both data sets plot together and show a common 
trend.

In a discussion of the Yarnell and Nagler (1931) 
paper, Ott (1931) presents an equation that he has 
derived to determine the percent error in an Ott 
meter's response to oblique flows. The results of the 
tests used to derive the equation indicate that for an 
angle of 15 degrees and a velocity of 6.4 ft/s 
(1.95 m/s) the meter will overregister by 1 percent. 
At a velocity of 2.1 ft/s (0.64 m/s) the meter will 
respond correctly, and for a velocity of 1.3 ft/s 
(0.40 m/s) the meter will underregister by 1 percent.

The discussion of the Yarnell and Nagler (1931) 
paper by Nagler (1931) includes the analysis of tests 
on Ott and Haskell meters conducted by Nagler in a 
42-inch-diameter (1.1 m) pipe. The tests consisted of 
rotating each meter 360 degrees in a flow of ap­ 
proximately 4 ft/s (1.2 m/s) in 5-degree increments. 
The limited results are presented graphically and 
show that both the Ott and Haskell meters tested 
underregistered the ideal cosine response of the flow.
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Rohwer (1931 and 1933) in his two papers 
describe three sets of tests. The first of his papers 
(Rohwer 1931) is his discussion of the Yarnell and 
Nagler (1931) paper in which Rohwer very briefly 
describes the results of taking a discharge measure­ 
ment by tilting a small Ott meter 10 degrees into the 
flow. The discharge obtained using the tilted meter 
was compared to the discharge obtained by a weir 
and was found to be off by -0.24 percent to +3.56 
percent, depending on the method used for the meter 
discharge determination.

In his second paper, Rohwer (1933) presents the 
results of two sets of tests where horizontal-axis 
meters are subjected to oblique flows. The first of 
these tests were conducted on three Ott meters to 
determine the effect of moving the meters in the ver­ 
tical direction while being towed in a tow tank to 
simulate an integration velocity measurement. The 
meters were moved vertically at approximately 3 ft/s 
(0.9 m/s) at various towing speeds. The graphically 
presented results show very little, if any, deviation 
from the curves obtained with no vertical movement.

The second set of tests described by Rohwer 
(1933) covers the testing of two Ott, one Fteley and 
Stearns, one Haskell, and one two- and one three- 
bladed Hoff meter to simulated oblique flows. The 
meters were towed at angles to the towing direction 
of 5, 10, 15, 30, and 45 degrees to the left and right 
at towing speeds ranging up to 8 ft/s (2.4 m/s). The 
graphically presented final results show that with the 
exception of the three-bladed Hoff meter, all of the 
horizontal-axis meters tested underregistered in rela­ 
tion to the ideal cosine response. The three-bladed 
Hoff meter is shown to overregister.

Frazier (1941) describes a Gettner horizontal- 
axis meter and the results of a set of oblique angle 
tests on the meter. The meter, which was not a 
commercially available meter, was tested at angles of 
5,10, and 15 degrees to the direction at which it was 
being towed. The results show that this meter gave a 
velocity that deviated from the ideal cosine velocity 
by 1.5 percent at 5 degrees, by 5.5 percent at 10 
degrees, and by 11 percent at 15 degrees. Frazier did 
not give the velocities of the test nor did he say 
whether the meter underregistered or overregistered.

Addison (1949) does not present any test 
results, only general statements on the response of 
horizontal-axis meters to oblique flows. The most 
noteworthy statement is that a "spoked" rotor regis­ 
ters less of an error in cosine response than does a

"screw" rotor. The statement by Addison reflects the 
meters in use before the 1950's.

Kolupaila (1949) presents the results of oblique 
flow tests on the Ott component rotor (later desig­ 
nated as the "A" component rotor) for the Ott hori­ 
zontal-axis meters. For the one set of data presented, 
the Ott meter with the component rotor was within 
±1.4 percent of the ideal cosine response for angles 
of 40 degrees or less and within ±2.7 percent for 
angles of 70 degrees or less. The velocities at which 
the data were collected were not given.

In another paper, Kolupaila (1958) details the 
important aspects of the Ott component rotor. 
Kolupaila states that, when dealing with oblique 
flows, the pitch of the rotor blades is the most impor­ 
tant factor under consideration, with the area of the 
projection of the blades on a plane normal to the 
direction of the flow also being important. As proof 
of the importance of the rotor's blade pitch, a graph 
showing the response of rotors with varying blade 
angles to oblique flows is given.

Leonard (1965), in a discussion of a paper by 
Dodge (1965), very briefly describes problems 
encountered when tests were conducted on turbine 
intakes using the Neyrpic horizontal-axis meters. 
The conclusion reached by the researchers was that 
the Neyrpic meters used underregistered the axial 
velocity when subjected to oblique flows. No quanti­ 
tative data are presented.

As part of a set of tests to determine the effects 
of oscillating meters in the vertical and axial direc­ 
tions, Fischer (1966) conducted one set of tests in 
which a current meter was towed at various oblique 
angles ranging form 0 to 30 degrees. The meter 
tested was an Ott meter with an "R" component 
rotor. The results of the tests are shown graphically 
and indicate that at angles of 20 and 30 degrees, the 
meter tested overregistered by 3.2 and 5.7 percent, 
respectively.

Johnson (1966) presents the results of a large 
set of tests conducted on a group of Neyrpic 
"Dumas" current meters. One of the tests involved 
rating several of the Neyrpic meters at oblique angles 
of 10, 20, 30, and 40 degrees. The graphically pre­ 
sented results show that at an angle of 10 degrees, all 
of the meters overregistered the true cosine compo­ 
nent of the flow for meter revolutions per second, N, 
less than 4 revolutions per second (rev/s) and gen­ 
erally underregistered by less than 1 percent for N 
greater than 6 rev/s. At 20 degrees, all of the meters
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calibrated underregistered by 1 to 2 percent for N 
greater than 4 rev/s. At 30 degrees, all meters under- 
registered by 2 to 3 percent for N greater than 8 rev/s. 
At 40 degrees, the maximum angle tested, both 
meters calibrated at this angle started underregister- 
ing at N equal to 2 rev/s and reached a maximum 
underregistration of 6 to 7 percent at N equal to 10 
rev/s. Each of the individual calibration equations 
derived during the oblique flow tests are also given 
in tabular form in the report. A set of additional tests 
were conducted using an Ott current meter with an 
"A" component rotor calibrated at an angle of 40 
degrees. The results presented show the meter under- 
registering by up to 3 percent at N equal to 15 rev/s.

In addition to testing vertical-axis meters on the 
effects of vertical motion, Kallio (1966a) tested an 
Ott meter with an "A" component rotor and a stan­ 
dard rotor. Most of the testing of the Ott meter was 
with the meter cable suspended. The meter was 
allowed to rotate in the vertical direction making the 
data collected with the meter cable suspended of little 
use for determining the meter's reaction to oblique 
flows. Kallio did, however, conduct a limited test on 
a rod-mounted meter equipped with an "A" rotor. 
The graphically presented results indicate that, for 
vertical velocities greater than the horizontal velocity 
(oblique flow angles greater than 45 degrees), the Ott 
meter tested overregistered. A maximum registration 
error of approximately 40 percent occurred at a tow 
speed of 0.5 ft/s (0.15 m/s) with an equivalent 
oblique flow angle of 65 degrees.

Aiming (1967) reports on the results of tests 
conducted on two Amsler type 505 current meters 
subjected to oblique flows. The flow angles tested 
ranged up to maximum values of ±30 degrees. 
Aiming reports that the meters underregister the true 
cosine velocity for all angles tested. The curve fit 
through the data points indicates that the meter read­ 
ing is equal to the horizontal velocity multiplied by 
cosine 1.33a, where a is equal to the oblique flow 
angle.

As part of a set of experiments dealing with the 
effects of pulsations, both axial and lateral, on the 
performance of current meters, Jepson (1967) reports 
on the effects of oblique flows caused by lateral 
movement of four Ott rotor types. Each rotor was 
tested on the same meter body to eliminate any pos­ 
sible errors caused by using different meter bodies. 
The graphically presented results showed that when 
three of the four rotor types were oscillated in the

lateral direction the meters underregistered the cor­ 
rect flow velocity. The amount of the underregistra­ 
tion is directly proportional to the frequency of the 
oscillations. The fourth rotor showed little effect of 
the lateral oscillations, less than 1 percent overregis- 
tration at the maximum oscillation rate.

Kulin and Compton (1975) rely on referencing 
Johnson (1966) to warn the reader that not all meter 
rotors are created equal when oblique flows are con­ 
cerned. The authors point out that even component 
rotors do not necessarily guarantee a true cosine 
response to oblique flows.

Smith (1978) describes the characteristics of a 
current-meter system that consists of a cluster of 
three small banded horizontal-axis meters, each 
oriented to face a major flow direction (X, Y, and Z 
directions). (A banded meter is a ducted meter with 
the duct length shorter than the meter's rotor.) The 
author explains that with the oblique flow character­ 
istics of each meter in the cluster known, an iterative 
technique can be used to determine the true three- 
dimensional flow at the meters location. Smith pre­ 
sents a pair of graphs showing a correction factor for 
angles of attack in the vertical and horizontal planes 
for a meter cluster system.

Proximity to Boundaries

The testing of horizontal-axis meters to deter­ 
mine the effect of placing this type of meter in close 
proximity to boundaries has been reported on by 
Murphy (1902), Rumpf (1914), Rohwer (1933), 
Pierce (1941), Dodge (1965), Johnson (1966), and 
Staubli and Hegland (1982). Proximity to bounda­ 
ries includes placing the meter close to side bounda­ 
ries, surface boundaries, bottom boundaries, and 
mounting assemblies. As with the tests conducted on 
vertical-axis meters next to boundaries, some of the 
tests reported in the literature are flawed because of 
the methods used in the testing, because of the lack 
of a true reference velocity, or both. The tests that do 
have reference velocities or pertain only to mounting 
assemblies are Murphy (1902), Pierce (1941), Dodge 
(1965), Johnson (1966), and Staubli and Hegland 
(1982).

Murphy (1902) reports on a set of tests in which 
he compares the velocity measurements of a Haskell 
meter to that of a 6-in. (152 mm) cubical float in the 
upper 1 ft (0.3 m) of an irrigation canal. Murphy 
concludes that the Haskell meter measures, within
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reason, the same velocity as the float when the meter 
is placed in the upper 1 ft (0.3 m) of the stream.

Rumpf (1914) reports on a set of tests where a 
Fteley and Stearns meter is towed next to the tow- 
tank surface, sides, and bottom. Without presenting 
any quantitative data, Rumpf states that the meter 
tested underregistered when towed closer than 1 ft 
(0.3 m) to the tank surface and overregistered when 
towed closer than 6 in. (152 mm) to the tank bottom 
or the tank walls. As stated in the proximity to 
boundaries section in the report on the tests of the 
vertical-axis meters, the results with the meter being 
towed are of little value because towing a meter next 
to a stationary boundary is not the same as placing a 
meter next to a boundary in a flowing stream. In a 
flowing stream, there will be a boundary develop­ 
ment zone that does not exist when both the water 
and the boundary are stationary as in a tow tank.

Rohwer (1933), like Rumpf, reports on a set of 
proximity tests conducted in a tow tank where the 
meters were towed next to fixed boundaries. The 
meters tested were an Ott meter and a Hoff meter. 
As with Rumpf s results, Rohwer's results should not 
be considered good results because the data were 
obtained by towing the meters next to fixed bounda­ 
ries in still water.

The data presented by Pierce (1941) cover work 
done using an Ott Xb current meter. The results pre­ 
sented by Pierce for proximity to side wall tests are 
in graphical form. These graphs show that for meas­ 
urements within 4 in. (102 mm) of a side wall, the 
meter tested registered a velocity slightly higher (2 to 
3 percent) than the velocity obtained by a Pitot static 
tube.

The test described by Dodge (1965) is different 
from most previous tests. Dodge's test was con­ 
ducted to determine how far in front of the test frame 
a Neyrpic "Dumas" meter had to be mounted so that 
the frame did not influence the meter's performance. 
The results showed that the meters had to be 
mounted 44 in. (1.11 m) in front of the test frame 
used in his study in order to be out of the breaking 
influence of the frame.

As part of the calibration procedure of the 
Neyrpic current meters used by Dodge, the meters 
were tested for the effects of the meter's mounting 
method and reported on by Johnson (1966). The re­ 
sults arrived at and reported by Johnson were that the 
Neyrpic meters should be mounted at least 34 in. 
(0.86 m) in front of the meter mounting frame.

Additional tests were conducted on a Neyrpic meter 
by towing the meter in close proximity to the bottom 
of the tow tank. The data obtained from this set of 
tests are flawed because of the missing boundary 
layer in these tests that is found in a flowing flume. 
An Ott meter with an "A" component rotor was also 
towed next to the tow tank's wall to determine the 
meter's response next to a boundary. This test is also 
flawed for the same reasons stated above.

Staubli and Hegland (1982) present a derivation 
of a theoretical equation for the determination of the 
effects of a meter's mount on its calibration equation. 
The major effect looked at during the tests was the 
distance the meter mount extended below the meter 
itself. Using an Ott meter with an "R" component 
rotor, the authors ran a set of tests at one velocity, 
1.5 m/s (4.9 ft/s), to determine some of the coeffi­ 
cients in their equations. Results of the testing and 
equation verification lead to the suggestion of 
mounting the meter at least 0.3 m (0.98 ft) from the 
bottom of the mounting rod. Because the towing 
tank dimensions affect the meters response, the 
authors pointed out that if the towing tank's width 
was at least 3 m (9.8 ft) wide an error of less than 0.1 
percent would occur if the meter mount extended less 
than the suggested 0.3 m (0.98 ft) below the meter.

Turbulence

The testing of horizontal-axis current meters in 
turbulent flow conditions is very limited. Most of 
the literature covers situations where the output from 
one type of current meter is compared with the out­ 
put from another. The papers covering some aspect 
of turbulent effects on horizontal-axis meters include 
Groat (1913 and 1916), Yarnell and Nagler (1931), 
Leach (1931), Buchanan (1963), Szigyarto (1965), 
Fischer (1966), and Kallio (1966b).

The testing covered by Groat (1913) in his first 
paper deals with the comparison of velocity meas­ 
urements between a Haskell current meter and an 
uncalibrated Pitot tube taken in the tail-race of power 
plant turbines. In the 120 direct-velocity compari­ 
sons, Groat found that, on average, the Haskell meter 
registered velocities 1 percent lower than the Pitot 
tube. In boils the Haskell meter registered up to 5 
percent lower than the Pitot tube. The turbulence at 
the location of the velocity measurements is de­ 
scribed by Groat as being "very turbulent" because 
the flow was highly agitated by the turbines. Passing
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the flow through stilling racks only straightened the 
flow and did not smooth it according to Groat. The 
velocity readings were taken at a distance of 30 ft 
(9.2 m) downstream of the stilling racks. A table 
showing the individual meter and Pitot tube readings 
is presented by Groat.

In his second paper, Groat (1916) takes com­ 
parative velocity readings between four horizontal- 
axis meters and a small Price meter. The four hori­ 
zontal-axis meters were two Ott meters and two 
Haskell meters. This paper does have data presented, 
but there is no reference velocity with which to com­ 
pare the meter velocity readings. Groat assumes that 
the four horizontal-axis meters underregister by 1/7 
of the difference between this type of meter's velocity 
readings and the Price meter's velocity readings. The 
Price meter is assumed to overregister by 6/7 of the 
velocity difference.

Yarnell and Nagler (1931) tried to create turbu­ 
lence in a flume by placing paddles in the flow. 
There are two major problems with this method of 
creating turbulence. The first is that the paddles 
create mostly oblique flows instead of purely turbu­ 
lent flow. The second problem with this test is that 
there was no reference for the correct velocity. 
Yarnell and Nagler assumed the average velocity in 
the flume, discharge divided by cross-sectional area, 
to be the reference velocity with which to compare 
the meter's velocity reading. The horizontal-axis 
meters used by Yarnell and Nagler were a three- 
bladed Hoff, a four-bladed Hoff, a small Ott, a 
medium Ott, a two-bladed Mensing-Ott, a three- 
bladed Mensing-Ott, a high-pitch Haskell, and a low- 
pitch Haskell meter.

In a discussion of the Yarnell and Nagler paper, 
Leach (1931) gives his opinion on ways to take dis­ 
charge measurements in turbulent streams. The sug­ 
gestions are (1) use two measuring sections and use 
the average of the obtained discharges to be the 
correct discharge; (2) use baffles to eliminate the tur­ 
bulence; (3) measure the intensity of the turbulence 
and use the known characteristics of the current 
meter to turbulent flow to correct the discharge 
measurement; (4) incline (rotate) the meter in the 
flow until the maximum velocity is obtained and 
adjust the reading according to the meter's angle; 
(5) use two current meters, one which overregisters 
and one which underregisters in turbulent flow and 
use the known characteristics of the two meters to 
determine the correct velocity; and (6) use a cable-

suspended meter so that the meter will automatically 
point in the direction of highest velocity. Of the six 
suggestions given by Leach, item 3 appears to be the 
only one of much practical use.

The paper by Buchanan (1963) is an edited 
translation of a report of the International Current 
Meter Group, Report no. 13, written by L. Castex 
and E. Carounas. The original report entitled 
"Influence of turbulence on current meter flow meas­ 
urements in a free-flowing channel" briefly covered 
tests conducted on two Ott-meter rotors when the Ott 
meters are placed downstream of a grill. Without 
stating which rotor was used in determining the dis­ 
charge, the report shows errors in the calculated dis­ 
charge as high as 13 percent above the reference 
discharge when the meters are placed 1 ft (0.3 m) 
downstream of the grill. The error in the calculated 
discharge reduces to less than 2 percent when the 
meters were moved 39 ft (12 m) downstream of the 
grill. The reference discharge measurement was 
obtained from a weir at the discharge end of the test 
flume. Because there are no reference-point veloci­ 
ties, the limited data presented are of little or no 
value for determining the meter's response to 
turbulent flow conditions.

The report by Szigyarto (1965) mostly covers 
the theoretical response of a horizontal-axis current 
meter to turbulent flow. Szigyarto concludes that 
horizontal-axis current meters will register the correct 
mean velocity provided that there is a small degree of 
turbulence, the velocity fluctuations within the 
meter's field of flow (area of the meters rotor) are 
uniform, the turbulence conditions are uniform, and 
the mean velocity distribution across the rotor is uni­ 
form. As part of his conclusions, Szigyarto also 
states that a horizontal-axis meter should not be used 
in a cable suspension if "reliable measurements are 
required." Additional work on determining the stan­ 
dard deviation of measurements of fixed duration in 
turbulent flow was conducted. Results of this addi­ 
tional work show that for measurements taken with a 
Lange-type current meter just downstream of a sluice 
gate using a 40-second time interval, a standard 
deviation of the measurements of approximately 7 
percent of the measured mean velocity was 
determined.

Fischer (1966) reported on a set of tests in 
which several rotors for an Ott current meter were 
tested to determine the rotors response to simulated 
turbulence in a tow tank. The rotors tested were a
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spoked Ott rotor; a slant-edged Ott rotor; an Ott "A" 
component rotor; an Ott "F" component rotor; an Ott 
"R" component rotor; a special aluminum Ott "A" 
component rotor; an Amsler rotor; and two custom 
slant-edged rotors, one heavy (made of lead) and one 
relatively light. The turbulence was simulated by 
pulsating (oscillating) the meters being tested in sev­ 
eral directions, including axially, vertically, and 
axially with the meter turned at various oblique 
angles to the towing direction. Although this is a set 
of tests dealing with pulsating flow, Fischer uses the 
results to point out that the "R" component and 
special rotors are best suited for measuring turbulent 
flows.

In his report, Kallio (1966b) reviewed a set of 
discharge measurements taken in a turbulent river 
downstream from a dam power station using a cable- 
suspended Ott meter with an "A" component rotor. 
After obtaining a discharge that was 3 percent higher 
than the discharge obtained from the dam's rated 
turbines, Kallio conducted tests to determine the 
reason for the overregistration of the current meter. 
Results of the testing indicated that a component 
rotor should not be used in a cable-suspension 
arrangement.

Pulsation of Flow

In determining the behavior of horizontal-axis 
current meters to pulsations in flow, all experiments 
described in the literature oscillate the meter being 
tested parallel to the flow. This type of work is 
described by Groat (1913 and 1916), Yarnell and 
Nagler (1931), Kolupaila (1958), Fischer (1966), 
Jepson (1967), and Bean (1971).

Groat (1913) covers testing conducted on a 
Haskell current meter. The meter tested was oscil­ 
lated a distance of 5.75 in. (146 mm) parallel to the 
towing direction with the rate of the oscillations not 
given. The results of the tests are presented graphi­ 
cally in a plot with the data from 8 other tests. No 
clear trend can be observed from the cluttered plot.

As part of a set of tests on two Haskell and two 
Ott meters, Groat (1916) oscillated the meters at 
various rates and various travel distances while being 
towed in a towing tank. All of the results are pre­ 
sented graphically in a very cluttered graph. Because 
of the difficulty in interpreting the cluttered graphs, it 
is difficult to verify Groat's statement that longitudi­ 
nal oscillations, pulsations of flow, have very little

effect on the performance of the tested current 
meters. An additional note: Groat describes the 
meter's induced oscillatory movement as including a 
vertical component as the meters swung back and 
forth, the effects of which were unknown to Groat.

Yarnell and Nagler (1931) report on a set of 
tests where a three-bladed Hoff, a four bladed-Hoff, a 
small Ott, a medium Ott, a two-bladed Mensing-Ott, 
a three-bladed Mensing-Ott, a high-pitch Haskell, 
and a low-pitch Haskell meter were subjected to os­ 
cillations parallel to a flume's flow with a constant 
stroke distance of 2 ft (0.6 m) and induced speeds of 
up to three times the average flume velocities. The 
results, which are shown graphically and briefly dis­ 
cussed by the authors, indicate that if the maximum 
additional longitudinal speed of the meter is less than 
50 percent of the average stream velocity, the meter's 
response will not deviate from a steady stream re­ 
sponse. The indicated flume velocities used in the 
testing are cited by Yarnell and Nagler as being 2, 3, 
and 5 ft/s (0.6, 0.9, and 1.5 m/s).

Kolupaila (1958) references other reports to 
draw conclusions as to the effect of pulsating flow on 
horizontal-axis current meters. The conclusions 
drawn by Kolupaila are of value for cases when there 
is a reversal of flow and when the meter being used 
can distinguish between forward and reverse flow. 
For current meters that do not distinguish between 
forward and reverse flow, the conclusions presented 
by Kolupaila do not hold true.

As part of a set of tests to determine the effect 
of simulated turbulence on several rotor types for an 
Ott current meter, Fischer (1966) conducted some 
tests in which the current meter was oscillated in the 
axial direction, parallel to the towing direction. The 
rotors being tested by Fischer were a spoked Ott 
rotor; a slant-edged Ott rotor; an Ott "A" component 
rotor; an Ott "F" component rotor; an Ott "R" com­ 
ponent rotor; a special aluminum Ott "A" component 
rotor; an Amsler rotor; and two custom slant-edged 
rotors; one heavy (made of lead) and one relatively 
light. Limited results are presented in Fischer's re­ 
port. The results of tests on an "F" component rotor 
are presented , however, and these results show that 
for axial pulsations of the meter and rotor at less than 
20 percent of the average tow speed, the meter gen­ 
erally overregistered by 5 percent or less. Test re­ 
sults also show that the length of the pulsation cycle 
and the magnitude of the oscillation frequency affect 
the performance of the current meter and rotor.
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Jepson (1967) reported on a set of tests where 
an Ott meter with several different rotor types and a 
Gloster mini flow meter were oscillated in the axial 
direction in a flowing flume to simulate the pulsation 
of flow. A set of four tests was conducted to deter­ 
mine what effect, if any, there would be; (1) if differ­ 
ent meter rotor types were tested under the same 
conditions; (2) if the mass of the rotor was changed 
with all other physical conditions remaining the 
same; (3) if the frequency of the pulsations was 
changed; and (4) if the mean velocity was changed. 
For different rotor types, it was found that the rotor 
configuration/design does have a large bearing on the 
amount of registration error that occurs with pulsat­ 
ing flows. The results presented by Jepson show a 
that the rotor's diameter and the number of blades 
affect the characteristics of the rotor's performance. 
There is no clear indication as to what the pitch of 
the rotor blades does for the meter. The mass of the 
rotor was found to be a large contributor to the per­ 
formance of the rotor. The lower the mass of the 
rotor, the better the response of the meter to fluctua­ 
tions in velocity. Also, the higher the frequency of 
the pulsations, the larger the registration error. 
Changing the average water velocity while keeping 
the frequency of oscillation constant is the same as 
changing the intensity of the flow pulsation. The 
results of this type of test are predictable; increase the 
intensity of the pulsations and increase the deviation 
in meter registration. All registration errors pre­ 
sented by Jepson were overregistration errors.

In the second part of his report, Jepson uses the 
principles of simple aerodynamics to theoretically 
explain the results of the conducted tests. The theo­ 
retical work reaches the same conclusions as the 
flume tests; that is, the rotor should be of low mass, 
small diameter, and have a large aspect ratio. These 
features will reduce the overregistration of the rotor- 
equipped current meter.

The paper by Bean (1971) mainly covers the 
theory of the design and workings of mechanical 
current meters, both vertical- and horizontal-axis 
meters. As a blanket statement covering the response 
of both vertical- and horizontal-axis meters to veloc­ 
ity fluctuations, the author states that if the fluctua­ 
tions are slow enough for the meter to follow the 
fluctuations, the meter will correctly register the 
average velocity. On the other hand, Bean states that

if the velocity fluctuations are too fast for the meter 
to respond, the meter will overregister because of 
what the author states as the square-law relation 
between hydrodynamic torque and velocity.

Temperature

The effects of water temperature on oil-filled 
horizontal-axis current meters are briefly discussed 
by Dodge (1965) and Johnson (1966). Dodge very 
briefly discusses the temperature effects that were 
encountered during his tests at a dam's power station. 
The effects were virtually nonexistent because of the 
very small temperature range encountered during the 
testing. Johnson, on the other hand, determined that 
for a group of six Neyrpic "Dumas" current meters a 
temperature variation of 30.5°F (16.9°C) produced a 
maximum underregistration error of 6.2 percent at a 
rotational speed of 2 rev/s.

Repeatability

All of the articles pertaining to the repeatability 
of calibrations of horizontal-axis current meters, 
Raffel (1965), Dodge (1965), and Johnson (1966), 
talk about the tests fully described by Johnson. 
According to Johnson, one Neyrpic current meter 
was rated at five tow tanks across the United States 
between April 1962 and October 1962. At the lower 
end of the rating curves, N less than 6 rev/s, the 
obtained rating curves varied as much as 5.5 percent 
while at the upper end of the rating curves, N greater 
than 6 rev/s, the curves varied less than 1 percent. 
Caution should be used when interpreting this infor­ 
mation because the meter was not always mounted in 
the same manner for all calibrations and there was 
also varying water temperatures at the towing 
facilities.

ELECTRONIC CURRENT METERS

The term electronic current meter in this paper 
covers the meter types of electromagnetic current 
meters and acoustic, or ultrasonic, current meters. 
Unlike the mechanical-type current meters, the 
written history of testing electronic current meters is 
short and very limited.
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Electromagnetic Meters

Electromagnetic current meters come in one-, 
two-, and three-dimensional varieties. The three- 
dimensional version of this meter type, however, has 
not gained full acceptance for general use and is not 
covered in the literature. The predominant brand of 
electromagnetic current meter in the United States is 
the Marsh-McBirney current meter. Papers covering 
the testing of electromagnetic current meters in 
oblique flows, performance in close proximity to 
boundaries, performance in turbulent flow, reaction 
to flow pulsations, effects of icing on the meter's 
probe, and effects of biological fouling of the current 
meter's probe have been found. Most meter probe 
shapes tested are cylindrical probes, spherical probes, 
and discus shaped probes.

Oblique Flows

The effects of oblique flows on electromagnetic 
current meters are reported on by Gushing (1976), 
Engel and DeZeeuw (1980), Aubrey, Spencer, and 
Towbridge (1984), and Marsh-McBirney (1988). 
Engel and DeZeeuw report on work conducted on a 
one-dimensional meter while Gushing; Aubrey, 
Spencer, and Towbridge; and Marsh-McBirney 
report on work conducted on two-dimensional 
meters.

Most of the work presented by Gushing (1976) 
is theoretical dealing with the response of both cylin­ 
drical and spherical probes of two-dimensional elec­ 
tromagnetic current meters. In theory and in the 
experimental data presented, Gushing points out that 
a cylindrical meter with a long magnet and flush sen­ 
sors is the best overall probe design when horizontal 
angles are involved. Gushing also points out that the 
sensitivity of the probe to horizontal angles is de­ 
pendent on the Reynolds number of the flow around 
the probe. Experimental results are presented that 
show that as the Reynolds number increases, the 
boundary layer around the probe decreases and the 
meter's response increases. For vertical angles, the 
spherical probe is reported to have very good cosine 
response because of the probe's shape and the probe's 
magnetic orientation. The cylindrical probe is very 
dependent on the location and orientation of the 
meter's housing when vertical angles are involved.

Engel and DeZeeuw (1980) conducted a limited 
number of oblique flow tests on a Marsh-McBirney 
201 one-dimensional current meter as part of a larger 
set of tests on the calibration of current meters at 
extreme low flows. The oblique-flow portion of the 
testing consisted of rotating the meter sensor to 
angles of 5 and 15 degrees out of alignment in the 
horizontal plane while being towed in a tow tank. 
The results of the tests are presented in both tabular 
and graphic form and show that the tested meter 
consistently underregistered the correct velocity. The 
cosine corrected velocity reading of the meter was off 
by as much as 20 percent for the 15-degree angle at a 
tow speed of 0.6 m/s (2 ft/s).

Aubrey, Spencer, and Towbridge (1984) use a 
combination of laboratory tests and cited references 
to describe the behavior of spherical-probed electro­ 
magnetic current meters in oblique flows. The 
authors, citing Gushing (1976), contend that a spheri­ 
cal probed meter's cosine response is a function of 
the Reynolds number, Re, of the flow around the 
probe. As the Re increases, the boundary layer 
around the probe decreases and the cosine response 
improves. Laboratory towing tests conducted by the 
authors with the meter's probe rotated roughly 45 de­ 
grees showed that for the meter tested, the obtained 
meter reading was as much as 10 percent off in com­ 
parison to the manufacturer's calibration. The 
authors do not make it clear whether the meter read 
higher or lower than the manufacture's calibration.

The report by Marsh-McBirney (1988) presents 
the results of tests to determine the response of an 
electromagnetic current meter with a 4-inch-diameter 
(102 mm) spherical probe in oblique flows in both 
the horizontal and vertical directions. The results of 
the oblique-flow tests are presented graphically. For 
horizontal-oblique flows, the meters response was off 
by -4.4 percent at a velocity of 8.4 ft/s (2.56 m/s) and 
an angle of approximately 45 degrees, and +10.7 per­ 
cent at a velocity of 1.5 ft/s (0.46 m/s) at an angle of 
approximately 20 degrees. The meter's response to 
vertical-oblique flows is shown to be better than the 
response to horizontal-oblique flows. The figure pre­ 
sented in the report shows the meter's response trac­ 
ing almost directly on top of an ideal cosine curve. 
Marsh-McBirney calculates that, on average, the 
meter tested will overregister by no more than 1 
percent when subjected to vertical-oblique flows.
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Proximity to Boundaries

The reports on testing of electromagnetic 
current meters to determine their response to being 
placed in close proximity to boundaries is limited. 
Gushing (1976) reports on theoretical and laboratory 
tests of placing electromagnetic current meters next 
to boundaries. Theoretically, a meter will register 
correctly if the boundary material is a better conduc­ 
tor than the water being measured. If the boundary 
has the same conductance as the water, the meter is 
likely to be minimally affected by the boundary. The 
final case looked at by Gushing is that of the bound­ 
ary being an insulator. For this last case, the meter's 
sensitivity will be degraded by a factor of two times 
that of a neutral boundary. A set of test data pre­ 
sented by Gushing shows that when a cylindrical 
probe is placed near the water surface, an insulating 
boundary, the meter underregistered by 15 percent.

Aubrey, Spencer, and Towbridge (1984) refer­ 
ence Gushing (1976) when recommending that an 
electromagnetic current meter's probe be placed at 
least three probe diameters from a boundary when 
taking a velocity measurement. The three probe 
diameter limit can be bypassed if the boundary 
material is a good conductor.

Turbulence

The performance of electromagnetic current 
meters subjected to turbulent flow is reported on by 
Bivins (1976); Mero, Appell, and McQuivey (1977); 
Griffiths (1979); and Aubrey, Spencer, and 
Towbridge (1984). The majority of the tests reported 
on used meters with cylindrical and spherical probes.

Bivins (1976) reports on a set of tests conducted 
on a Marsh-McBirney model 750 electromagnetic 
current meter with a cylindrical probe to determine 
the effects of grid-induced turbulence on the meter's 
performance. The tests were conducted in a sub­ 
merged jet facility with several grids used to induce 
small scale turbulence with levels up to 11 percent. 
The turbulence intensity was measured with a hot 
film anemometer and the mean velocity was meas­ 
ured using the hot film anemometer and a Delft hori­ 
zontal-axis current meter. Results of the tests show 
that the electromagnetic meter tested overregistered 
by as much as 20 percent when the turbulence 
intensities were at 11 percent.

The paper by Mero, Appell, and McQuivey 
(1977) briefly describes the results of turbulent flow

testing on several probe designs of electromagnetic 
current meters. The probes tested were a 25-mm 
(1 in.) diameter cylindrical probe with protruding 
electrodes, a 90-mm (0.38 in.) spherical probe with 
protruding electrodes, a 38-mm (1.6 in.) spherical 
probe with protruding electrodes, a streamlined 
elliptical probe, an "open" design probe, and a 
100-mm-diameter (3.9 in.) spherical probe. All of 
the meters were tested under turbulent flow condi­ 
tions except for the 100-mm-diameter (3.9 in.) probe, 
which was tested under macro-scale dynamic condi­ 
tions only.

The turbulence conditions for the Mero, Appell, 
and McQuivey tests were generated in the same 
submerged jet facility and in the same manner as de­ 
scribed by Bivins (1976). The results presented in 
the Mero, Appell, and McQuivey report are for a test 
run with a turbulence scale of 20 mm (0.79 in.) with 
an intensity of 4 percent. The graphically presented 
results show that the cylindrical probe overregistered 
by 5 percent at a mean velocity (U) of 0.65 m/s 
(2.1 ft/s) and by up to 10 percent at a U of 1.1 m/s 
(3.6 ft/s). The 90-mm (0.38 in.) spherical probe was 
shown to be relatively unaffected by the induced tur­ 
bulence. Its maximum overregistration of 1.5 per­ 
cent occurred at a U of 0.65 m/s (2.1 ft/s). The 
38-mm (1.6 in.) spherical probe was shown to over- 
register by as much as 16 percent at a U of 0.65 m/s 
(2.1 ft/s) and 6 percent at a U of 1.1 m/s (3.6 ft/s). 
The streamlined elliptical probe was shown to over- 
register by 4 percent at a U of 0.65 m/s (2.1 ft/s) and 
to reduce to zero error in registration at 1.1 m/s 
(3.6 ft/s). The "open" design probe was unaffected 
by the induced turbulence.

The macro-scale dynamics test consisted of 
towing a meter through a tow tank while the meter 
was moved through an orbital motion. With a tow 
speed of 0.72 m/s (2.4 ft/s) and orbital velocities of 
0.32 m/s (1.0 ft/s) and 0.77 m/s (2.5 ft/s), the 
100-mm-spherical (3.9 in.) probed meter was 
reported to register in error of less than 5.5 percent of 
the mean (tow-cart) velocity.

Griffiths (1979) reports on a set of tests where 
the turbulence was generated by towing a pipe 3.3 m 
(10.8 ft) in front of the current-meter probes being 
tested. The turbulence generated by this method was 
calculated to have an intensity of approximately 7 
percent. The probe designs tested by Griffiths were a 
111-mm-diameter (4.4 in.) discus probe, a 50-mm- 
diameter (2.0 in.) discus probe, a 160-mm-diameter
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(6.3 in.) annular probe, and a 134-mm-diameter 
(5.3 in.) spherical probe with protruding electrodes. 
The output from the meters was compared to the tow 
speed after adjusting the tow speed using a theoreti­ 
cally derived adjustment based on turbulence gener­ 
ated behind circular pipes and tubes. Griffiths 
reports that all of the probe designs tested measured 
the mean flow with "no significant errors."

In discussing turbulence effects on electromag­ 
netic current meters, Aubrey, Spencer, and 
Towbridge (1984) give their recommendations as to 
where to locate a meter probe to avoid problems from 
grid-induced turbulence. The authors recommend 
that the meter probe be located at least 40 mesh- 
lengths back.

Pulsation of Flow

Reports found covering the effects of pulsation 
of flow testing on electromagnetic current meters are 
limited to those by Aubrey, Spencer, and Towbridge 
(1984) and Aubrey, Towbridge, and Spencer (1984). 
The second of these reports is a shortened version of 
the more comprehensive first report.

The results presented in the two reports are for 
tests conducted in a tow tank on two different-sized 
spherical probes with protruding electrodes. The 
probe diameters tested were 105 mm (4.1 in.) and 
40 mm (1.6 in.). Results of the tests indicate that 
errors in registration can be as high as 10 to 20 per­ 
cent depending on the magnitude and rate of oscilla­ 
tions and orientation of the probe to the flow. The 
authors attribute the majority of the error obtained to 
be caused by the constantly changing boundary layer 
around the spherical probe and the constantly 
changing pattern of vortex shedding.

Ice

Reports covering the effects of ice on the per­ 
formance of electromagnetic current meters are lim­ 
ited to one by Derecki and Quinn (1987). The 
authors report on the effects of frazil ice on the per­ 
formance of a Marsh-McBirney model 585 electro­ 
magnetic current meter located on the bottom of a 
river. The magnitude of the frazil-ice effects are not 
known and only the statement that the frazil ice oc­ 
currence "drastically affect" the performance of the 
current meter is given by the authors. The frazil ice 
is described as "coating" the meter and its sensor,

thus reducing the flow in the area around the probe 
that is measured by the meter.

Fouling

The fouling of a current meter can be caused by 
biological growth on the meter's sensor or by a 
buildup of trash, debris, and (or) weeds growing up 
around the meter's location. Aubrey, Towbridge, and 
Spencer (1984) discuss the first of these fouling types 
while Derecki and Quinn (1987) discuss the second.

Aubrey, Towbridge, and Spencer (1984) report 
on an electromagnetic current meter that was cali­ 
brated with biological growth on the meter's probe 
and again after the probe was cleaned. The meter's 
response was changed by 25 percent with the fouling 
growth on the probe. The authors do caution that the 
effect of the growth is dependent on the type of bio­ 
logical growth.

Derecki and Quinn (1987) report on problems 
encountered when weeds drifting in the river in 
which the meter was installed got caught on the 
meter. The authors also report on problems with 
weeds growing up around the meter. The authors 
reported that the weed accumulation reduced the 
meter-registered velocities by more than 50 percent.

Acoustic Meters

Acoustic current meters used for point-velocity 
measurements have less written on their testing than 
electromagnetic current meters. Both of the articles 
found cover only the testing of the current meters in 
oblique flows. The two reports are by Appell (1978) 
and Botma( 1990).

The report by Appell (1978) covers horizontal- 
and vertical-oblique angle testing of three two- 
dimensional acoustic current meters. The meters 
tested were Neil Brown acoustic current meters. 
Results of the horizontal-angle testing indicated that 
the readings of the meters tested generally deviated 
from the correct reading when the meter's major axis 
were not pointed into the flow. This deviation 
ranged from a slight overregistration to an underreg- 
istration of as high as 14 percent. The two velocities 
used in the testing were 0.13 m/s (0.42 ft/s) and 
0.51m/s(1.7ft/s).

The results of the vertical-angle oblique flow 
tests show that for vertical angles of ±15 degrees the
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meters tested deviated very little from the true veloc­ 
ity reading. All three of the meters tended to over- 
register the correct component of the flow when the 
meter was tilted by ±60 degrees. The overregistra- 
tion was as much as 50 percent at angles of -60 
degrees. The plots of the meters' responses to the 
vertical angled flows are almost identical and show 
the same trend for all of the angles tested.

The paper by Botma (1990) briefly covers some 
tow-tank testing of a three-dimensional VEKTOR- 
AKWA acoustic current meter. The meter was 
rotated in the vertical and horizontal directions dur­ 
ing testing. The limited results presented show that 
when the X-axis is rotated to 45 degrees, the meter's 
error will generally be larger than 20 percent. All of 
the other positions of the X-axis tested, with a few 
exceptions, produced errors of less than 5 percent. 
(The X-axis runs parallel to the probe's support rod.) 
With few exceptions, all of the data points were col­ 
lected with the current meter being towed at 0.6 m/s 
(2.0 ft/s).

COMPARISONS OF DISCHARGE 
MEASUREMENTS

In this section, those papers and reports that 
discuss tests and experiments in which discharge 
measurements made with different equipment will be 
identified. Because the comparisons of the measured 
discharges are subjective evaluations, no attempt to 
determine the correct discharge will be undertaken. 
Only the equipment used, the location of the com­ 
parisons, when known, and the percent difference 
between discharges will be reported here. It will be 
left up to the reader to determine the usefulness of 
the individual reports listed.

Early comparison work is reported on by 
Murphy in reports from the early 1900's (Murphy 
1901, 1902, 1904). Murphy (1901) briefly describes 
two sets of tests, one in irrigation canals and one in a 
laboratory flume. The work conducted in the irriga­ 
tion canals used float rods and a small Price current 
meter to determine the discharge in the canals. The 
meter determined discharges ranged from 7 percent 
below the rod discharges to 6.5 percent higher than 
the rod discharges. The tests conducted in the 
laboratory flume again used float rods and a small 
Price meter to determine the discharge in the Cornell 
hydraulics laboratory flume. The reference discharge

for the flume was determined using a sharp-crested 
weir. For the laboratory studies, the Price meter 
underregistered the discharge as compared to the weir 
discharge.

Murphy's 1904 report (Murphy, 1904) is an up­ 
dated and expanded presentation of the 1901 report.

The 1902 paper by Murphy (1902) presents a 
set of tests conducted at the Cornell Hydraulics 
Laboratory. This set of tests consisted of comparing 
the discharge in a flume as determined by two small 
Price current meters and one Haskell meter. The ref­ 
erence discharge was determined using a sharp- 
crested weir. Both the Price meters and the Haskell 
meter overregistered the discharge as referenced to 
the weir discharge for almost all the cases. Also, in 
all but a few cases, the Haskell meter's determined 
discharge was more in error than the Price meter's 
determined discharge.

In a discussion of Murphy's 1902 paper, 
Lippincott (1902) lists several tests in which the dis­ 
charge of streams was determined using different 
methods. Lippincott lists (1) four tests in which the 
discharge as determined by a large Price meter was 
compared to the discharge determined by weirs 
(types of weirs not specified); (2) two tests in which 
the discharges determined by a large Haskell meter 
and a large Price meter were compared; (3) one test 
in which the discharges of a large Price meter, a 
small Price meter, and a weir were compared; (4) one 
test in which the discharges determined by a large 
Price meter and a volumetric measurement were 
compared; (5) one test in which the discharges de­ 
termined by a small acoustic Price meter and a weir 
were compared; (6) one test in which the discharges 
determined by two large Price meters and one small 
Price meter were compared; and (7) one test in which 
the discharges as determined by two large Price 
meters were compared. The results of these tests are 
as follows: (1) the meter's discharge differed by less 
than ±1 percent of the weir's discharge; (2) the large 
Haskell meters registered a discharge 9 percent 
higher and 1 percent higher than the large Price 
meter; (3) the small Price meter registered a 2 percent 
higher discharge than the weir; (4) the discharge of 
the two methods differed by less than 1 percent; 
(5) the discharge determined by the acoustic Price 
meter differed by less than 2 percent high and low of 
the weir discharge; (6) both large and small Price 
meters registered the same discharge; and (7) the
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determined discharges by the two large Price meters 
varied by less than 1 percent.

As part of an extensive list of discussions to a 
paper by Yarnell and Nagler (1931), Grover (1931), 
Nettleton (1931), and Van Vliet (1931) include 
discharge comparisons in their discussions. Grover 
(1931) talks about a test conducted in a canal where 
the discharge in the canal as determined by a small 
Price current meter was compared to the discharge as 
determined by the salt-velocity method. The meter's 
discharge was 1 percent higher than the discharge 
determined by the salt-velocity method. Nettleton 
(1931) very briefly discusses a comparison of dis­ 
charge measurements determined by a "cup" and a 
"screw" meter. Both meter types generally gave the 
same discharge. Nettleton does not give the meter 
types used. Van Vliet (1931) describes several sets 
of tests where the discharge determined by a large or 
a small Price meter was compared to the discharge 
determined from a calibrated sluice gate. The meter 
discharges were always less than that of the sluice 
gates by 1 to 3.5 percent. The sluice gates were on 
the Assuan Dam on the Nile River and were volu- 
metrically calibrated.

The USGS Portland District Office reports on a 
set of tests using a Price meter and a four-bladed 
Hoff meter (USGS 1931). The discharges deter­ 
mined by both of the meters were compared to the 
discharge determined using the rated gage site. The 
Hoff meter registered a discharge 2 percent higher 
than the Price meter and both meters registered a dis­ 
charge higher than determined from the rated gage. 
This meter work was conducted in the Columbia 
River at the Dalles gaging site.

In 1933 there were four reports by USGS dis­ 
trict offices on comparing discharge measurements. 
The Hartford District Office reported on comparing 
the discharge in a small brook using a Price current 
meter and an orifice-weir control structure (USGS 
1933b). The discharges of the meter and the orifice- 
weir were always within 0.5 percent of each other. 
The tests were conducted in Burlington Brook near 
Burlington, Conn.

The Columbia office reported on a comparison 
of discharge measurements using a Price meter and a 
Hoff meter (USGS 1933c). The discharges obtained 
using the Price meter were 1 percent less than the 
discharges obtained using the Hoff meter. The site 
used for the Columbia study was not given.

The report by the Madison office describes 
some discharge comparison tests conducted in the 
headrace of a power plant (USGS 1933d). The 
meters used in this study were a Price meter and an 
Ott meter. The Price meter discharges were usually 3 
percent less than the Ott meter discharges.

The fourth report was by Woster of the Tacoma 
District Office (Woster, 1933). A small Price type 
622 current meter and a four- and a three-bladed Hoff 
meter were used to determine the discharge of the 
Clark Fork of the Columbia River. The meter de­ 
termined discharges were compared to the discharge 
from an established rating curve for the site. On 
average, the Price meter discharge was 8 percent 
higher than the Hoff meter discharge.

As part of an extensive set of tests on current 
meters, Rohwer (1933) compares the discharge 
measured by a large number of current meters to the 
discharge determined by a Francis-weir. The current 
meters used in the discharge comparison tests were a 
small Price meter, a Lallie cup meter, two Ott meters, 
a Hoff meter with a rubber rotor, and a small Price 
meter with a special four-cup rotor, five-cup rotor, 
six-cup rotor, seven-cup rotor, and eight-cup rotor. 
All of the meters were used to determine the dis­ 
charge in a flume using the integration method, a 
multipoint method, the 0.2-0.8 depth method, and the 
0.6 depth method. The small Price meter underregis- 
tered the discharge by 3.0 percent for the integration 
method, and by 2.5 percent for the multipoint method 
and overregistered by 0.5 percent for the 0.2-0.8 
depth method and by 1.5 percent for the 0.6 depth 
method. The Lallie cup meter underregistered the 
discharge by 1.0 percent for the integration method, 
determined roughly the correct discharge for the 
multipoint method, and overregistered by 1.0 percent 
for the 0.2-0.8 depth method and 3.0 percent for the 
0.6 depth method. The two Ott meters always over- 
registered the discharge. The overregistration was by 
1.3 and 2.5 percent for the integration method, 2.5 
and 0.5 percent for the multipoint method, 2.5 and 
1.0 percent for the 0.2-0.8 depth method, and 4.2 and 
2.0 percent for the 0.6 depth method. The Hoff 
meter overregistered the discharge by 1.5 percent for 
the integration method, 1.0 percent for the multipoint 
method, 2.0 percent for the 0.2-0.8 depth method, 
and 3.2 percent for the 0.6 depth method. The small 
Price meter with the special rotors always overregis­ 
tered the discharge. This overregistration ranged 
from a low of a 1.0 percent with the five-cup rotor
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using the integration method to a high of 5.2 percent 
with the four-cup rotor using the 0.6 depth method.

Hoyt (1934) briefly describes five sets of dis­ 
charge comparison tests involving Price meters. The 
first set of tests consists of comparing the discharge 
determined using a Price meter and a volumetric 
tank. This first set of tests was conducted at the 
Assuan Dam in Egypt. On average, the meter 
determined discharge was 2 percent lower than the 
discharge determined from the dam's sluice gates. 
The second set of tests compares the discharge de­ 
termined using a Price meter and a volumetrically 
calibrated weir. For these measurements, the Price 
meter determined discharge, on average, was 2 per­ 
cent less than the weir-determined discharge. The 
second set of tests was conducted in a flume at the 
Worcester Polytechnic Institute in 1927. The third 
set of tests compared the discharge determined using 
a Price meter to the discharge determined using the 
salt-velocity method. The Price meter determined 
discharge was, on average, 0.7 percent low. This 
third set of tests was conducted while calibrating 
turbines at a power plant. The fourth set of tests 
compared the discharge determined using a Price 
meter to the discharge obtained from power plants 
rated by the Gibson method. The Price meter de­ 
termined discharge was 2 percent higher than the 
power plant discharge. This fourth set of tests was 
conducted on the Sacandaga River and the Spokane 
River. The fifth set of tests compared the discharge 
determined by a Price meter to the discharge deter­ 
mined by a Hoff meter. The fifth set of tests was 
conducted in the James River at Reusens, Va., and 
Clark Fork of the Columbia River at Metal Falls, 
Wash. On the James River, the Price meter deter­ 
mined discharge was 6 percent higher than the dis­ 
charge determined by the Hoff meter. On the 
Columbia River, the Price meter determined dis­ 
charge was 1 percent higher than the discharge 
determined by the Hoff meter.

McDonald (1940) reports on a set of tests in 
which the discharge in a tailrace of a power plant as 
determined using a Price current meter is compared 
to the discharge determined using the salt-velocity 
method and a sharp-crested weir. The location of the 
meter measurement section is located between the 
power plant and the weir location. The meter 
determined discharge was 3 percent higher than the 
discharge determined using the salt-velocity method.

Wood (1946) briefly describes several examples 
of comparing discharge measurements using USGS 
current meters (Price-type) and rated gaging stations 
to discharge determined by other methods. Most of 
the examples cited by Wood are comparing the dis­ 
charge obtained from a gaging station's rating to the 
discharge obtained using other methods. These other 
methods include determining the discharge using 
weirs, Venturi meters, and using the salt-velocity 
method. In the examples given, the Price meter 
determined discharges were lower in comparison to 
the discharge determined by a weir by 1 percent, 
lower by 2 percent in comparison to that determined 
by a Venturi meter, and higher by 0.7 percent in 
comparison to the discharge determined using the 
salt-velocity method.

Dreher (1957) describes a set of tests where the 
discharge flowing over the top of a broad-crested 
dam was measured with both a pygmy meter and a 
Pitot static tube. On average, the pygmy meter de­ 
termined discharge was 20 percent less than the 
discharge determined using the Pitot tube. The 
conditions at the location of the discharge measure­ 
ment were described by Dreher as not being an ideal 
measuring section.

In the paper by Kolupaila (1958), the author 
briefly describes an occasion when two discharge 
measurements were taken in parallel on the Missis­ 
sippi River at Vicksburg, Miss. Both discharge 
measurements were taken using cable-suspended 
Price current meters. One measurement was taken 
from a bridge over the river while the second meas­ 
urement was taken from a boat. The measurements 
were also taken by two different government agen­ 
cies. The discharge determined from the bridge was 
9 percent higher than the discharge determined from 
the boat.

Townsend and Blust (1960) briefly present 
results of a test where the discharge in the lower 
Niagara River was determined simultaneously using 
three current meters. The current meters used were a 
Price meter, an Ott meter, and a Neyrpic meter. All 
three current meters were cable suspended on a spe­ 
cial meter mounting frame placing the meters at the 
same vertical position in the river and 3 ft (0.9 m) 
horizontally apart. The meter's relative horizontal 
positions on the mounting frame were constantly 
changed so that the meter's position on the mounting 
frame would not bias the meter readings. All three of
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the meters gave discharges within 0.3 percent of each 
other.

As a discussion of the Townsend and Blust 
paper, Golden and Trotter (1960) present data ob­ 
tained on the Mississippi River near Vicksburg, 
Miss. The data presented show discharges of the 
Mississippi River as determined with a Price meter 
and an Ott meter. On average, the Price meter 
determined discharges were 1 percent lower than the 
discharges determined using the Ott meter.

As part of a larger discussion on the accuracy of 
current meter measurements, Carter and Anderson 
(1963) present a set of data collected on the Missis­ 
sippi River using a Price current meter and an Ott 
current meter. The data presented are the same as 
presented by Golden and Trotter (1960).

The report by Bruck (1965) differs from the 
other reports and papers listed in this section. 
Bruck1 s report covers a set of tests in which three 
vertical-axis meter types were used to obtain velocity 
profiles of flow under ice cover. The meters used in 
the tests were three Price 623 type meters, one 
pygmy meter, and one vane ice meter. On average, 
the Price meter's determined velocities were 6 per­ 
cent lower than the vane ice meter determined 
velocities. The averaged velocities of the pygmy 
meter and the vane ice meter were the same.

The paper by Dodge (1965) very briefly de­ 
scribes a test in which a Price meter and a set of 10 
Neyrpic "Dumas" meters are used to determine the 
discharge through electric turbines of a dam power 
station. The Price meter determined discharge aver­ 
aged less than 2 percent more than the discharge 
from the dam. The Price meter was used in the river 
downstream of the dam and the Neyrpic meters were 
located in the intakes of the electric turbines.

The paper by LaCornu, Hanson, and Cruff 
(1965) covers work where the discharge of the Eel 
River near Scotic, Calif., was measured using three 
types of current meters and three methods of taking 
the measurements. The meters and methods used 
were a Price meter using the point-velocity method; 
an Ott meter using the vertical velocity-integration 
and vertical-horizontal velocity-integration methods; 
and a four-vane vertical-axis meter using the vertical 
velocity-integration and vertical-horizontal velocity- 
integration methods. All three meters were used in a 
cable-suspension arrangement. The Price meter de­ 
termined discharge was 1.5 percent less than that

determined using the Ott meter and 3 percent less 
than the discharge determined using the vane meter.

In his paper, Kallio (1966b) describes a test in 
which the discharge from a power station is com­ 
pared to the discharge determined by two different 
current meters. The two current meters were a Price 
meter and an Ott meter with a component rotor. The 
discharge determined by the Ott meter was 3 percent 
higher than the discharge determined by the Price 
meter. The meter discharge measurements were 
taken from a boat in what Kallio called a "swift and 
very turbulent" river.

Carter (1973) briefly discusses and presents the 
results of six tests in which the discharge from dam 
powerhouses was compared to the discharge calcu­ 
lated from stage-discharge ratings of the river down­ 
stream of the dam or from discharge measurements 
made downstream of the dam. The discharge of the 
powerhouses was determined using Neyrpic current 
meters. In those tests in which the discharge was 
measured simultaneously downstream of the dam, 
Price current meters were used to make the down­ 
stream discharge measurements. The stated averaged 
difference in the discharges was 1.5 percent.

Located in Rantz and others (1982) is a very 
brief description of a long-term (2-year) test in which 
the discharge in the Mississippi River was measured 
using two types of current meters. The meter types 
used were Price and Ott meters. This same series of 
discharge measurements is also covered by Golden 
and Trotter (1960) and Carter and Anderson (1963).

Fulford (1990) briefly presents the results of 
tests where Price type AA current meters with differ­ 
ent rotors were used to make comparison discharge 
measurements in rivers. The rotors used were a stan­ 
dard open-cup metal rotor and a solid-cup polymer 
rotor. Averaging all of the measurements, the solid- 
cup polymer-rotor-equipped meter registered 2 per­ 
cent higher discharges than the standard open-cup 
metal-rotor-equipped meter.

SUMMARY

The results of the U.S. Geological Survey's 
literature review on the testing of point-velocity 
current meters revealed that there has been extensive 
reporting of the testing of mechanical current meters 
and relatively little reporting on the testing of elec­ 
tronic current meters. Testing of mechanical type
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meters was extensive in the early to mid-twentieth 
century and has slowed in recent decades. This re­ 
duction in the number of tests indicates that the mod­ 
ern versions of the mechanical meters have not been 
tested as extensively as the older versions of meters.

Of the two types of electronic meter types, the 
electromagnetic meters have been tested much more 
extensively than the acoustic meters, although not as 
extensively as the mechanical-type meters. Unlike 
the mechanical-type meters, both the electromagnetic 
and acoustic meter probe designs are still evolving.

Comprehensive testing of a group of current 
meters under the same conditions has not been done 
since the late 1920's. In addition, there has never 
been a set of comprehensive tests conducted that 
included both mechanical and electronic current 
meters.
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APPENDIX. ADDITIONAL PHOTOGRAPHS

Included in this appendix are photographs of some 
of the meter types described in the literature. These 
photographs are not of the actual meters tested, but are 
examples of the tested meters. Figure 3 (Hoyt 1910) is a 
collection of Price-type meters of the early 1900's. In the 
photograph, the meter labeled as a meter number 1 is a 
large Price meter; number 2 is an acoustic Price meter; 
number 3 is an original small Price meter; and numbers 4, 
5, and 6 are small Price meters. Figure 4 (Murphy 1902) 
is a close-up view of a large Haskell meter and a small 
Price meter. Figure 5 (Hoyt 1910) is a collection of vari­ 
ous Haskell meters used in the early 1900's. The various 
meter types shown are not known by the author. Figure 6 
is a close-up view of a large Haskell meter. Figure 7 
(Hoyt 1910) is a photograph of an Ott meter used in the 
early 1900's. Included in this photograph are three types 
of rotors. Figure 8 is a photograph of a Hoff meter with a 
four-bladed rotor attached and a three-bladed rotor near 
by. Figure 9 is a photograph of a Price type Lallie meter. 
Figure 10 is a collection of current meters from the 
1920's. The meters of note are the meters on the top 
shelf. These meters are, from left to right, a large Haskell 
meter, a small Haskell meter, a Fteley and Stearns meter, 
and a small Price 622 type meter. Figure 11 is a photo­ 
graph of a Price type pygmy meter. Figure 12 is a photo­ 
graph of a vane Ice meter. Figure 13 is a photograph of a

Neyrpic meter in a cable suspension arrangement. Figure 
14 is a photograph of the head of a two-dimensional 
EG&G (Neil Brown) acoustic current meter. Figures 15 
and 16 are photographs of Marsh-McBirney electromag­ 
netic current meter probes. Figure 15 is the one-dimen­ 
sional tear-drop shaped probe of the model 201 and newer 
model 2000. Figure 16 is a two-dimensional spherical 
probe with protruding electrodes.

Also included in this appendix are photographs of 
some of the current meter inventors and builders and 
some of the individuals who conducted tests on current 
meters. Figure 17 is a photograph of W.G. Price, the in­ 
ventor of the Price-type current meter. Figure 18 is a 
photograph of E.E. Haskell, the inventor of the Haskell 
meter. Figure 19 is a photograph of Albert Ott, founder 
of the A. Ott company. Figure 20 is Ludwig A. Ott. Fig­ 
ure 21 is a photograph of Stephonas Kolupaila the inven­ 
tor of the "A" component rotor for the Ott current meters. 
Figure 22 is a photograph of EJ. Hoff, the inventor of the 
Hoff meter.

Figure 23 is a photograph of the testing of a small 
Price current meter under vertical-oblique flow condi­ 
tions. This photograph was taken in 1897. Figure 24 is a 
photograph of Frederick H. Newell; Figure 25 is Edward 
C. Murphy; Figure 26 is Benjamin F. Groat; Figure 27 is 
F.A. Nagler; Figure 28 is Carl Rohwer; Figure 29 is John 
C. Hoyt; and Figure 30 is a photograph of Arthur H. 
Frazier.
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Figure 3. Collection of Price-type current meters from the early 
1900's. [From Hoyt, 1910, plate III.]

Figure 4. Large Haskell and small Price current meters. [From Murphy, 1902, plate XL]
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Figure 5. Collection of Haskell current meters from the early 1900's. [From 
Hoyt, 1910, platell.]

Figure 6. Large Haskell current meter.
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Figure 9. Lallie Price-type current meter.
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Figure 10. Collection of current meters from the 1920's. Top shelf (L-R) are a large Haskell, small Haskell, 
Fteley and Stearns, and Price 622 type meters.

Figure 11 . Price type pygmy current meter.
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Figure 12. Vane ice current meter.

Figure 13. Neyrpic current meter.
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Figure 14. EG&G (Neil Brown) two-dimensional acoustic current meter.

Figure 15. Marsh-McBirney one-dimensional electromagnetic tear-drop probe.
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Figure 16. Marsh-McBirney two-dimensional electromagnetic spherical probe.

Figure 17. W.G. Price. Figure 18. E.E. Haskell.
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Figure 19. Albert Ott. Figure 20. Ludwig A. Ott.

Figure 21 . Stephonas Kolupaila. Figure 22. E.J. Hoff.
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Figure 23. Small Price current meter being tested Figure 24. Frederick H. Newell, 
under vertical-oblique flow conditions.

Figure 25. Edward C. Murphy. Figure 26. Benjamin F. Groat.

Appendix 41



Figure 27. F.A. Nagler. Figure 28. Carl Rohwer.

Figure 29. John C. Hoyt. Figure 30. Arthur H. Frazier.
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Neil Brown meter

See: Meter, Acoustic 
Nettleton, G.H. 23 
Newell, F.H. 2,32,41 
Neyrpic meter

See: Meter, Horizontal-axis

Ott, A. 32,40 
Ott,L.A. 11,12,32,40
Ott meter

See: Meter, Horizontal-axis

Pelletier, P.M. 1 
Pierce, C.H. 7,8,14,15 
Pilot tube 8,9,15, 16, 24 
Price, W.G. 32,39 
Price meter

See: Meter, Vertical-axis 
Pygmy meter

See: Meter, Vertical-axis

Raffel,D.N. 18
Rantz, S.E. 25
Robson,A.D. 10
Rohwer, C. 2,4,5,6,7,8,10, 11,12,13,14,15,23,32,42
Rumpf,C.P. 6,7,8,14,15

Schubauer and Mason 9 
Scobey, F.C. 2,5,7,8 
Smith, J.D. 12,14 
Staubli and Hegland 14,15 
Szigyarto, Z. 15, 16

Thibodeaux and Futrell 2, 6 
Townsend and Blust 24,25

VanVliet, R. 23 
Vane meter

See: Meter, Vertical-axis 
VEKTOR-AKWA meter

See: Meter, Acoustic 
Venturi meter

See: Meter, Venturi

Weir(s) 13,16,22,23,24
Wood,G.K. 24 
Woster,H.C. 23

Yarnell and Nagler 2,4,5,6,7,9,10, 11,12,13,15,16,17, 
23
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