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INTRO DU CTI ON 

Purpose. - The purpose of these studies was to check anemometers and electronic 
displays that are to be used to help in selection of wind farmsites. 

Background. - Twenty cup-type anemometers manufactured by the Natural 
Windpower Company were purchased to use in helping select wind farmsites. 
The electronic units for the anemoneters provide capability to display run 
of wind in 60th's of a mile and energy in kWh/m2. The coordinator for the 
Advanced Energy Applications requested that the Hydraulics Branch test two 
anemometer cup sets and two electronic boxes at two different velocities _in 
our air test facility to check accuracy and interchangeability. 

TEST FACILITY AND DATA OBTAINED 

No duct of sufficient size (10 times the cup rotation diameter) was availab)e 
in our laboratory for tunnel testing. The tests described in this report 
were made in an expanding free air jet. The anemometers were positioned in a 
spherical portion of the jet with relatively uniform velocity as determined by 
an electronic hot wire velocity meter. A laboratory vane-type anemometer 
was used to provide a base velocity measurement for comparison because it has 
a diameter about equal to the cup circle diameter. Because of the limitations 
of the test facility, the data concerning repeatability are considered more 
reliable than the data for accuracy. The laboratory anemometer was used 
also because the other electronic point velocity measuring devices available 
would have required time-consuming traversing measurements in the cup circle 
region. 

Two electronic boxes and two cup sets were selected arbitrarily. However, 
the electronic box labeled No. 2 did not seem to totalize energy. Another 
box was selected and labeled No. 3 and was used in the requested tests for 
component interchangeability and accuracy. A later recheck was made of box 
No. 2 but it was totalizing energy much too slowly. This recheck will be 
discussed in more detail in this report. 
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The read buttons were weighted down so that the output could be read contin
uously. Thus, the electronic boxes were connected to a laboratory power 
supply to maintain constant voltage while reading continuously, rather than 
using batteries. Run readings were observed relative to the digital incre
menting of the energy readings after stability was noted. A stopwatch was 
used to measure time over intervals beginning and ending upon changes of 
energy readings. 

Data were obtained at two levels of velocity set by the laboratory vane 
anemometer. We were unable to find any information for the laboratory vane 
anemometer concerning what the manufacturer used as standard for air mass 
density. During a call to the company, it was discovered that they no 
longer make or sell the vane anemometers and they no longer had records in 
their files indicating which contractor did the friction calibration test. 
Even though actual values could not be determined, the laboratory vane 
anemometer data were recorded so they can be corrected later when the 
laboratory anemometer is recalibrated. 

RESULTS 

Contents of Table 1. - Column 1 lists cup set number and column 2 lists 
electronic box number. Column 3 lists values Qf run recorded at the time 
the values of e~ergy reading in column 4 appear.ed on the energy display. 
Column 5 lists change in run for the change of energy listed in column 6. 
Values of column 5 divided by column 6 or the run count per unit of energy 
count are in column 7. Column 8 lists time for change of energy for the 
intervals (shown in brackets) used to calculate velocities given in table 2. 

Discussion of Table 1. - The ratios of the incremental run to incremental 
energy, column 7, demonstrate some of the characteristics and anomalies that 
occurred with the different anemometer system combinations. The data for 
cup set No. 1 and box No. 3 demonstrate turn-on shock of the electronic 
system resulting sometimes in low values of the ratio occurring soon after 
switching on the box. 

The values in column 4 are ~ctually 10 times th~ value of energy, thus there 
is an implied decimal between the 2 right digits. This was not shown on the 
box. 

The maximum energy per unit area reading of 999.9 kWh/m2, and assuming a 
30-day battery life, can be used to calculate the maximum average velocity 
for a 30-day reading with the company standard air density of 1290 g/m3. 
The calculated -velocity was about 10 m/s. Similarly, if the maximum run 
reading is 999,999 in 60th's of a mile, the maximum average velocity for a 
30-day reading is also about 10 m/s. 

For some unk~own reason, the combination of cup set No. 1 and box No. 3 
stabilized out at significantly higher values of run-per-unit change of 
energy readings. This combination stabilized out at about 61 ~ompared to 
the average of 47 for the remaining combinations. 
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Description of Table 2 Contents. - Table 2 lists data and results of test 
combinations of two anemometer cup sets and two electronic boxes for two wind 
velocities. The upper block of data is for a laboratory anemometer velocity 
of 10.2 m/s and the lower block is for 21.0 m/s. These velocity levels will 
be called nominal because the calibration density of the laboratory anemometer 
was not known. A description of column contents will be first given and 
implications will be discussed later. 

Column 1 identifies the anemometer cup sets used. Column 2 lists the 
electronic box used. Column 3 gives velocity computed from values of run 
and stopwatch time. Column 4 lists percent deviation of the velocities 
from their mean for each nominal velocity data block. Column 5 lists energy 
readings. Column 6 lists energy calculated using velocities measured from 
column 3, a standard air of 1290 g/m3 and time from column 9. Column 7 
lists the percent deviation of the computed energy reading from their mean 
for each nominal velocity data block. Column 8 lists the percentage devia
tion of the computed energy from the measured energy in column 5. Column 10 
lists values of percentage deviation of the measured energy divided by 
stopwatch time from their mean for each nominal velocity data block. 

The data in column 4 are an indication of the repeatability of velocity 
reading when the . anemometer cup set and electronic display boxes are inter
changed. Velocity varied between +3 percent about the mean of 8.3 m/s and 
+8 percent about the mean velocit~of 17.4 m/s for the two laboratory 
anemometer velocities of 10.2 and 21.0 m/s. The ratio of the two cup 
anemometer mean velocities was 2.1 compared to 2.06 for the nominal velocities 
measured by the laboratory vane anemometer. 

Inspection of column 7 indicates that computed energy values were within 
+7.3 percent about their mean of 0.11 kWh/m2 at the lower nominal velocity 
and within +32 percent about their mean of 0.351 kWh/m2 at the higher 
nominal velocity. 

The deviation of computed energy from the measured energy averaged +9.75 per
cent at the lower nominal velocity and a -26.5 at the higher nominal velocity 
(column 8) 

The deviation (column 10) range of the measured energy divided by stopwatch 
time was within +6 percent of the lower nominal velocity and +24 percent for 
the higher nominal velocity. These deviations in ranges agreed closely when 
using the cube relationship for energy with velocity deviation. This would 
be expected for a properly operating energy integrater. 

A recheck was made of electronic box No. 2 to see if the problem with it was 
intermittent or not. Cup set No. 1 was used in this recheck for a 159-minute 
run. The run accumulated 59.42 miles wind. Mean velocity computed from the 
run reading during this time interval was 10.03 m/s. Using this velocity 
and watch time, the energy was computed to be 1.7 rather than the 0.4 kWh/m2 
displayed, or was 4-1/4 times too low. During this run, data for about a 
10-minute tjme segment ending about 10 minutes before the end of the 
entire run were obtained and the computed velocity was 4.4 percent lower 
than the average velocity for the entire run. 
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Surrmarizing the data in table 2 suggests that, for some unknown reason, the 
energy integration is in error with respect to the instrument run output, 
but the instrument senses an energy deviation range about the mean that is 
commensurate with the velocity deviation range about their mean computed 
from run measurements. 

The reader should remember that the data in tables 1 and 2 were obtained in 
a free air jet with associated expansion and air pump impeller turbulence. 
Also, the time measurement varied from about 6 to 18 minutes during which 
occasional random electronic anomalies could cause deviations that might be 
masked by long-term averaging. 

DENSITY CORRECTIONS 

Velocity Correction. - In an effort to better understand the data in 
table 2, the need for making density corrections was considered. While 
obtaining data for this report, we obtained one reference [1]* concerning 
density correction. It was noted that this reference contained some errors 
and inconsistencies. This writer's intuitive feelings concerning the need 
and nature of density correction differed from actual weather anemometry 
practice. Because of these inconsistencies and differences, H. T. Falvey 
did an analysis for a theoretical two-cup anemometer for the -.frictionless 
case. He further suggested t~at the writer should analyze the frictional 
case also. Meanwhile, further references were requested on interlibrary 
loan. 

The resulting relationship for the frictionless case is: 

V C 
wr = c!; - ( 1) 

where: V = fluid velocity 
w = angular velocity of cups 
r = radius from center of rotation to cup center of pressure 

Cp = C1 + C2 
Cm = C1 - C2 
C1 = drag coefficient for fl ow toward cup opening 
C2 = drag coefficient for fl ow toward cup nose 

The relationship indicates that the density can be eliminated from the 
frictionless relationship. 

The analysis for the frictional case resulted in 

(2) 

* Numbers in brackets refer to references at the end of this report. 
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Where symbols other than previously defined are: 

rb = effective radius of bearing friction force (Fb) 
A = area of cup 
p = mass density 

These analyses for both the frictionless case and frictional case will be 
filed attached to our code D-1530 file copy of this memorandum. 

To assess the effects of density and friction on the performance of anemom
eters and to help determine how and when air mass density correction 
should be applied to data, the writers of [4] did a dimensional analysis. 
Using this dimensionless relationship, and some simplifying assumptions 
including constant torque (T) and manipulation, the relationship can be reduced 
to a useful dimensional form relating revolutions per foot to density. 

(r/ft) = ¢ (V.../Y) (3) 

where: c/> = function 
V = fluid velocity 
'Y = specific weight = pg 
9 = acceleratioR of gravity 

It can be shown by analysis and Pi term manipulation that equations (2) and 
(3) are equivalent. 

To obtain equation (3), the writers [4] showed considerable evidence that 
effects of turbul ent intensity and Reynolds Numbe r are negligible. This is 
contrary to [1] which states that 3 to 5 percent high readings occur for 
turbulent intensity of 3 percent. Reynolds Number (NR) is defined as: 

N = VD 
R II 

where (11) is the kinematic viscosity of the fluid. 

Turbulent intensity (E) is expressed as 
t 

where (V') is velocity fluctuation about (Vm) the mean velocity. Values 
of (Et) have been measured from 0.03 up to 0.07 and 0.1 is considered the 
value at which the velocity fluctuation can no longer be considerd a part 
of the main fl ow •. 

A plot of average air data taken from [4] shown in figure 1 covering the 
density range f rom water to air sugg ests a sing l e valued funct i on between 
(r/ft) and (V../Y ). The authors of [4] state that corrected caribrations 
should be made in terms of (r/ft) versus (V '\f'Y) and using the relationship 
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where symbols not previously defined are: 

V 
C 

c = is a subscript denoting condition at calibration 
r = subscript denoting a reading 

(4) 

This provision is frequently not stated or is barely implied in references 
concerning anemometry. This can cause much confusion and large errors. An 
example of a six-cup current meter taken from [4] shows both the effect of a 
change of friction in the air and a range of density from air to water, figure 1. 
Theoretically, without a change of bearing friction due to fluid force that 
occurs for water and air (r/ft) versus (VV"-Y) should plot as a comrnom curve. 
The curve shown in this report for air is actually the average of two 
calibrations, one before and after the water tests. The data scatter shown 
[4] was about +2.2 percent and about (r/ft) for (V-vf.y) greater than 8. The 
same data from-figure 1 are shown replotted in a more usual form in figure 2 
as (r/s) versus velocity. The topmost curve is for using the meter in water 
and the next lower curve is for air at about sea level with specific 
weight of 0.078 lb/ft3 or an 800-fold decrease in density. The third 
curve down is for air at about 4000 meters elevation or about 1-1/4-fold 
decrease in density. The bottomnost curve is for air with 0.078 lb/ft3 
specific weight plus a slight increase in mechanical friction. 

These curves show that as fluid mass density decreases or as bearing fric
tion increases the curves depart from straight line relationships at larger 
velocities. These curves also show that the effect of density increases as 
the density of the calibration fluid decreases. These curves indicate the 
combined effects of increased friction and de·crease of fluid density can 
cause considerable increase of downward curvature of a calibration curve. A 
particular anemometer may be sufficiently accurate above some velocity for 
a given change of density. However, the user needs to have a calibration 
curve at a known density and know what the air density : is during use to 
determine what the limiting velocity actually is. 

The curves in f~gure 3 show the ge~cent ~ifference of (r/s) _versus velocity. 
The curve for a,r at 0.078 lb/ft3 ,s taken as reference or 1s assumed as 
the anemometer calibration and is shown as the O percent error axis. Both 
the curves for water and air at about 4000 meters are within 2 percent of 
calibration at a velocity of about 11 ft/s. However, when friction is added 
the curve is within +2 percent of calibration at about 16 ft/s. Thus, it is 
very important to the user of an anemometer that he have calibration curves 
similar to figure 1 or figure 2 and have yearly calibrations made to check 
for changes of bearing friction and permanent cup-shape changes due to high 
velocity deformation or deterioration of materials. Bearing friction can 
either increase or decrease with use. Bearings can wear to a condition that 
favors faster running or abrasive dirt embedded in the bearing part can 
cause slower running. Dented and/or deformed cups can cause large errors. 

If frequencies or counts are transmitted to an electronic box, the user also 
needs to know exactly how the electronic computer acounts for the calibration 

' 
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and computes velocity and energy in order to make proper density corrections. 
Most manufacturers of anemometers select a straight line relation between 
r/min and velocity with the line passing through the actual curve at some 
low velocity to balance positive and negative error [5]. When greater 
accuracy is needed, they provide friction correction curves. Unless these 
curves incorporate terms that define the slip of the cup with respect to the 
flowing air and state a calibration density, correction cannot be made for 
changes of density. 

Energy Correction. - The power (P) in flowing air is equal to kinetic energy 
(KE) divided by time (t) or 

P = KE/t = mv2;2t (5) 

where: m = mass 
V = fluid velocity 

The mass (m) per ·second of air flowing through an area (A) is expressed as: 

m/t = pVA 

Substituting into equation (5) results in 

P = pV3A/2 

By definition 

P = (energy/t) 

or 
(energy)= Pt= pV3At/2 

and 
E = (energy/unit area) = pV3t/2 (6) 

For the company air standards of 1290 (g/m3) 

E = 645 V3t x 10-6 

fhis equation is integrated and displayed by the electronic box. Since Eis 
proportional to velocity to the 3d power, run output and time measurement 
cannot be used to compute energy for checking the energy output displayed on 
the electronic box. 

Using equation (6) to determine the ratio of energy at calibration density 
to energy at some other density results in 

From equation (4) 

Er 
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Thus 

and 

(7) 

This is the relationship that should be used to correct energy readings 
taken at air mass densities other than company standard. However, the 
correction must be made from a calibration of E-vp or Eyi-yversus some factor 
that relates to the slip of air relative to cups such as r/ft or r/s and a 
statement of calibration density. 

Like velocity, considerable power or energy errors can be produced by a 
decrease in density combined with an increase of bearing friction by 
increasing the curvature of a calibration curve. -

Density varies considerably with elevation, temperature, pressure, and 
relative humidity. Therefore, to compare anemometer readings from different 
locations or at the same location at different times, corrections of air 
mass density should be considered and accounted for when needed. 

The anemometer company uses a standard of 1290 g/m3. The air here at the 
Federal Center is usually about 970 g/m3, but varies with the air properties. 
Table 3 shows how mass density of air varies with temperature, barometric 
pressure, and relative humidity. It can be shown with the data -in table 3 
that for all practical purposes, neglecting relative humidity results in an 
error of less than 1 percent in terms of density. 

Values of air mass density are listed versus elevation for Standard Atmosphere 
in table 4. This table is given only to show the qualitative effect of 
elevation on density. When needed, actual corrections should be made based 
on barometric and temperature measurements. 

CONCLUSIONS 

Based on the interchangeability tests and references at the end of this 
report, the following was concluded: 

1. Early during the testing it was noted that digital display has 
implied decimal between the last two display units for energy readings. 

8 



\' 

2. One electronic box, No. 2, displayed energy values that were 4.25 
times too small. Another box was selected for the interchangeability 
testing. However, values of run on box No. 2 were displayed properly. 
Thus, all of the electronic boxes should be checked before sending them 
into the field. 

3. For the interchangeability tests at the nominal velocity of 10.2 m/s, 
test periods were about 18 minutes, and at 21 m/s, they were about 
6 minutes. During the recheck of the electronic box No. 2, velocity was 
determined for a 10-minute segment taken out of a 159-minute test period 
and resulted in velocity of 4.4 percent lower than the velocity computed 
from the entire test period. 

4. At an average velocity of about 8.3 m/s, the interchangeability data 
had a repeatability of about ±_3 percent and at an average of 17.4 m/s 
repeatability was ±_8 percent. 

5. The ratio of the average velocity stated in conclusion 4 was 2.1 and 
the ratio of the two nominal test velocities measured with a laboratory 
anemometer was 2.06. 

6. The expected repeatablity of energy at an average velocity of 8.3 m/s 
based on the percentages in conclusion 4 and by cubing 1.03 results in +9 
percent and at 17.4 m/s · the expected energy repeatability is ±_26 percent. 

7. At 8.3 m/s, the energy computed from the velocity output averaged 
10 percent higher than the instrument indicated. At 17.4 m/s, the 
computed energy averaged at about 26 percent lower than the energy 
output. 

8. The ratios in measured energy to time had repeatability of +6 percent 
at 8.3 m/s and ±_24 percent at 17.4 m/s. 

9. Combining bearing friction increase with decrease in air mass density 
can :cause considerable deviation from an anemometer calibration. 

10. - The change of bearing friction or a change of density changes the 
location of and the amount of curvature or departure from straight line 
relationship of the calibration curve. 

11. Conclusions 9 and 10 indicate that an anemometer user should have 
calibrations otherwise they cannot determine if density corrections need 
to be made and cannot accomplish corrections. Also, the user cannot 
determine if the bearing friction has changed. In either case, he will 
not know at what velocity the curvature of the velocity versus (r/s) 
curve exceeds his accuracy requirements. 

12. Both velocity and energy corrections are made in terms of the inverse 
ratio of the square root of air mass density at constant bearing friction 
torque or parameters that include the effect of slip between the rotating 
cups and velocity at a stated calibration density. 

9 



13. Conclusions 9, 10, and 11 indicate that if anemometers are used 
continuously or frequently they should be calibrated annually in proper 
facilities. 

14. A simple comparison facility could be made to compare one or more 
properly working and contract calibrated anemometers mantained at the E&R 
Center as a standard. The facility could relate all anemometers to each 
other~nd indicate when anemometer calibrations . change. 

15. Standard anemometers in conclusion 14 should be calibrated in a 
tunnel that has a diameter of at least 10 times the cup diameter and 
calibrations should be made (r/ft) of passing air to V~. 

16. Calibration in the form similar to that stated in conclusion 15, 
which includes the effects of slip or friction torque and air mass 
density, can be used to make corrections in the manner and for the 
reasons stated in conclusions 11 and 12. 

17. Table 3 can be used to compute the air mass density based on baro
metric pressure and temperature measurements. 

18. Relative humidity can be neglected in the correction foi density. 
The maximum effect is about 1 percent air mass density. 

19. In field use the values of run and time cannot be used- to compute 
energy to compare with energy output. · ooing this will result in low 
computed energy values unless velocity has been constant during the time 
period of concern. 

20. Based on existing calibration data, an analysis should be made to 
determine the effects that continually varying density would nave on 
energy accuracy for an anemometer system that assumes density is at 
standard. This would help in determining if air properties need to be 
measured, need to be continuous, and/or need to be made prior to summing 
during the integration procedure. 
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Table 1. - Sample of test data for run and energy 

1 2 3 4 5 6 7 8 
Cup Box Run En2rgy t 
No. No. (R) (1/60 mile) (E) {kWh/m X 10) ~R ~E ~R/~E (seconds) 

1 1 563 12 563 12 46.9 
801 17 238 5 47.6} * 355 

47. 6**· 

2 1 49 1 49 1 49 
93 2 44 1 44 

186 4 93 2 46.5} 
231 5 45 1 45 * 393.5 
368 8 137 3 45.7 

45.8** 

1 3 2 1 2 1 2 
44 2 42 1 42 
79 3 35 1 35 

138 4 59 1 59 
200 5 62 1 62 
259 6 59 1 59 } * 406 
443 9 184 3 61.3 

60.8* 

2 3 81 3 81 3 27 
279 7 198 4 49.5 
376 9 97 2 48.5 
422 10 46 1 46 
472 11 50 1 50 
572 13 100 2 50 
621 14 49 1 491 671 15 50 1 50 * 309.6 
721 16 50 . 1 50 
767 17- 46 1 46 

48.8** 

' * Brackets indicate timed interval taken towards end of test in effort to attain 
stabili t y of readings. 
** Average computed from columns 3 and 4. 
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Table 2. - Sunmary of interchangeability tests 

1 2 3 4 5 6 7 8 9 10 11 
@ - Q) 

645@3 X 
®-® @-® ®!®-®!® 

Energy 
Cup set Electronic Velocity ~ per m2 ®x 10-6 ~ ® Time @.!@ Density 

No. box No. (m/s) · (kWh/m2) (kWh/m2) (%) (hours) · (%) (g/m3) 

10. 2 (m/s) Laboratory Anemometer 

1 1 8.35 0.6 0.1 0.115 4.6 15.00 0.306 -2.6 974 
2 1 8.25 -0.6 0.1 0.109 -0.9 9.00 0.302 -1.4 969 
1 . 3 8.54 2.9 0.1 0.113 2.7 13.00 0.282 5.7 973 
2 3 8.06 -2.9 0.1 0.102 -7.3 2.00 0.303 -1. 7 969 

8.30 +2.9 0.110 +T.J 9.75 +6.0 -
21.0 (m/s) Laboratory Anemometer 

1 1 17.99 3.2 0.5 0.372 6.0 -26.0 0.099 7.8 963 
2 1 . 18.75 7.6 0.6 0.463 31.9 -23.0 0.109 17.5 963 
1 3 16.06 -7.8 0.4 0.302 -14.0 . -24.0 0.113 -24.5 963 
2 3 16.90 -3.0 0.4 0.268 -23 .6 -33.0 0.086 -0.1 964 

17.42 +t.8 0.351 +32.0 -2CT 
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Table 

Temperature 

(OC) 

0 
.. 5 

10 
15 
20 
25 
30 
35 
40 

3. - Variation of air mass density with air properties 

Dry air mass Increase or decrease Decrease for each 
density at for each 10-mm 10-percent increase 
724 mm Hg 

(g/m3) 
change of Hg 

(g/m3) 
of relative humidity 

(g/m3) 

1233 17.04 0.1200 
1211 16.73 0.1642 
1190 16.43 0.2210 
1169 16.16 0.7827 
1149 15.89 1.052 
1130 15.61 1.389 
llll 15.33 1.832 
1092 15.05 2.358 
1076 14. 77 3.105 

Table 4. - Variation of air mass density for 
standard air with elevation 

Elev at ion 
(m) 

0 
500 

1000 
1500 
2000 
2500 
3000 
3500 
4000 

Air: mass 
density 
(g/m3) . 

1227 
1170 
1113 
1059 
1007 
-959 
912 
865 
822 
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