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AERONAUTIC SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

I Metric English 

Symbol , 
Unit Abbrevia- Unit Abbrevia.-

tion tion 

Length _______ l meter __________________ m foot (or mile) _________ ft. (or mi.) 
Time _________ t second _________________ s second (or hour) _______ sec. (or hr.) 
Force _________ F weight of 1 kilogram _____ kg weight of 1 pound _____ lb. 

Power ________ P horsepower (metric) ______ ---------- horsepower ___________ hp. 
Speed _________ V 

{kilometers per hour ______ k.p.h. miles per hOUL _______ m.p.h. 
meters per second _______ m.p.s. feet per second ________ f.p.s. : 

2. GENERAL SYMBOLS 

Weight=mg 
Standard acceleration of gravity = 9.80665 

m/s2 or 32.1740 ft./sec. 2 

W Mass=-
g 

Moment of inertia=mk2
• (Indicate axis of 

radius of gyration k by proper subscript.) 
Ooefficient of viscosity 

P, Kinematic viscosity 
p, Density (mass per unit volume) 
Standard density of dry air, 0.12497 kg_m-4_s2 at 

15° O. and 760 mm; or 0.002378 Ib.-ft.-' sec. 2 

Specific weight of "standard" air, 1.2255 kg/rna or 
0.07651 lb./cu.ft. 

3. AERODYNAMIC SYMBOLS 

Area 
Area of wing 
Gap 
Span 
Ohord 

Aspect ratio 

True air speed 

Dynamic pressure -~P V 2 

Lift, absolute coefficient OL = :s 
Drag, absolute coefficient OD = ::s 
Profile drag, absolute coefficient OD. =~S 

Induced drag, absolute coefficient OD, = ~S 

Parasite drag, absolute coefficient OD - DS11 • q 

Oross-wind force, absolute coefficient Oc= q~ 
Resultant force 

iWl Angle of setting of wmgs (relative to thrust 

Q, 
n, 
Vl 

p- , 
IL 

line) 
Angle of stabilizer 

line) 
Resultant moment 
Resultant angular 

setting (relative to thrust 

velocity 

Reynolds Number, where l is a linear dimension 
(e.g., for a model airfoil 3 in. chord, 100 
m.p.h. normal pressure at 15° 0., the cor
responding number is 234,000; or for a model 
of 10 cm chord, 40 m.p.s. the corresponding 
number is 274,000) 

Oenter-of-pressure coefficient (ratio of distance 
of c.p. from leading edge to chord length) 

Angle of attack 
Angle of down wash 
Angle of attack, infinite aspect ratio 
Angle of attack, induced 
Angle of attack, absolute (measured from zero

lift position) 
Flight-path angle 
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REPORT No. 513 

EXPERIMENTAL INVESTIGATION OF THE ROBINSON-TYPE CUP ANEMOMETER 

B y M. J. BREVOORT and U. T. JOYNER 

SUMMARY 

An investigation on the Robinson-type cup anemom
eter has been completed by the National Advisory Com
mittee jar Aeronautics. This investigation covered jorce 
measurements on individual cups, as well as static and 
dynamic torque measurements and calibrations on com
plete cup wheels. In the tests on individual cups 5 cup 
jorms were used and in the measurements on complete 
cup wheels 4. cup wheels with 3 arm lengths jor each 
cup wheel were tested. All the results are presented in 
graphical jorm. 

INTRODUCTION 

The ational Advisory Committee for Aeronautics, 
in cooperation with the United States Weather Bureau, 
has conducted an investigation on the Robin on-type 
cup anemometer. 

Tills inve tigation comprised: (1) a study of the 
forces on individual cups through a wide range of 
Reynolds umber; (2) static-torque measurements on 
several cup wheels, using three different arm lengths 
for each cup wheel tested; (3) dynamic-torque tests 
of the same cup wheels with the same arm lengths 
as used in the static-torque measurements; (4) cali
bration tests of the same cup wheels on a regular 
service spindle as used by the Weather Bureau; (5) 
torque measurement on a single cup through a com
plete revolution under operating conditions, i. e., 
mounted in a cup wheel in such a manner that the 
torque produced by the individual cup could be mea -
med, a comparison of the plotted re ults thu obtained 
with results calculated from static-torque measure
ments on individual cups; and (6) drag tests on com
plete cup wheels. 

Patter on (reference 1) made an extensive investi
gation covering part of the same field and presented 
a very complete history of the problem. The agree
ment between the results from the two investigation 
is, in general, close. 

STATIC FORCE TESTS ON INDIVIDUAL CUPS 

All the measurements presented in this report were 
made in the model of the full-scale tunnel described in 
reference 2. 

The forces on hemispherical cups have already been 
measured over a small range of Reynolds umber. 
The work of Eillel (reference 3) was of a preliminary 
nature performed in connection with measurements 
on spheres. Bradfield's tests (reference 4) were part 
of an investigation on complete cup wheels; no at
tempt was made to determine the efl'ect of R eynolds 

umber. Hansen's tests (reference 5) were made on 
both open and closed hemispherical cups at Reynolds 

rumbers ranging from 130,000 to 430,000. Cup 
diameter is the dimension used in determininO" Rey
nolds umber. 

In view of the fact that in ervice the cups on a 
cup wheel are ubject to a very great range of velociti('s 
and in con ideration of the lack of atisfactory agree
ment among available data, it was considered de irablc 
to extend and repeat till work to determine the enect 
of Reynolds umber more completely. The in
fluence of various supports in several orientations 
with respect to the cup wa also determined. 

A preliminary report of the static tests of indi
vidual cup ha all'eady been published a reference 6. 

APPAHATU AND METHOD 

A special balance wa con tructed for mea uring 
the lift and dI'ag on individual cups (fig. 1). Force 
of the order of 1 gram could be accmately mea ured. 
The maximum load on each arm wa limited to about 
1 kilocrram. ince the force on the 15.25 centimeter 
(6-inch) up con iderably exceeded this limit at bigh 
speeds, a balance arrangement (fig . 2), a embled for 
subsequent tests, wa utilized for the illgh-velocity 
part of the range. 

The dimension of the five cup used in this inves
tigation are given in the following table; the conical 
form are shown in figure 3. 

Cup number hape Outside diameter 
--I 

L __ ._. _____ . _______ Hemispherical (without headL. _____ .. 10.25 em ~4.03 in.) 
II ____________ • ____ Conical (without bead)_____ _____ _ 11.60 em 4.56 In .) 
IIL _________ • ___ ._ IIemispberical (with bead) __ • ___ . __ _ 5.10 em 2.03 ID.) 
IV ______ .. ______ Conical (with beadl-_._ .•. _ . _ _ 11.95 em (4 .70 ID.) 
V _______ ___ . __ ___ IIemisphericaI (without bead)___ _ _ 15.25 em (6.00 ID. ) , 

A velocity survey was made with and without the 
cup in the tunnel. A point was found above and in 

1 
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front of the cup at which the air speed could be meas
ured without interference from the cup and at whicb 
the true reading was maintained throughout the speed 

Anqhr~i·sttOCk ( 

r~90. A 
(J--.-1. ~Air stream 

Section A- A 

F IGURE I.-The pivot balance. 

'(j. 
\ 

(aJ 
~ Wires Torque balance (bl 

(a) The ba lance. 
(b) Tbe relation of the angles and velocit ies. 

FIGURE 2.- The pendulum balance. 

Cup n Cup ri7 

F IGURE 3.-Conical cups. 

r ange. A calibrated pitot tube was used for measuring 
air speed. Owing to the lack of sensitivity of a pitot 
static tube for low velocity, a hot-wire anemometer 

was used in this range. For comparison, the two 
ranges were always made to overlap. 

RESULTS AND DISCUSSION 

The results for cup I at 0° and 10° angle of attack 
are presented in table I. Similar tables for the com
plete range of angle of attack for all five cups are 
available upon request from the ational Advisory 
Committee for Aeronautics. 

TABLE I 

FORCE MEASUR EMENTS ON CUP I 

0:=00 

q V RXIo--' CD CL CN 
--- -----------
em w ater metersj 

$eC. 
1. 41 14.9 10.5 l. 479 0 I. 48 
1. 85 17.1 12.0 1. 385 0 l. 38 
3.91 24. 8 17.6 1. 360 0 I. 36 
4. 57 27. 0 19.0 1. 386 0 l. 39 
4.77 27.6 19.4 1. 370 0 l. 37 
5. 50 29.6 20.9 1. 409 0 1. 41 
6.3 31. 22. 4 1. 390 0 J. 39 
6.32 31. 7 22. 4 1. 388 0 1. 39 
7. 18 33.8 23.9 1. 393 0 l. 39 
8. 05 36.0 25.3 1. 396 0 I. 40 
1. 44 15.3 10.6 1. 409 0 1. 41 
1.15 13.5 9.50 1. 405 0 l. 40 
.84 11. 5 8. 10 1.408 0 1. 41 
. 59 9. 7 6.80 1. 417 0 1. 42 

1.23 14.0 9.80 1. 381 0 I. 38 
.53 9.2 6.44 1. 368 0 1. 37 
.23 6.0 4.25 1. 311 0 1. 31 
.375 7.7 5.41 1. 303 0 I. 30 
.129 4.5 3.20 1. 574 0 1. 57 
.025 2.0 1. 40 1.400 0 I. 40 
.039 2.5 1. 75 1. 310 0 1. 31 

a=lO° 

O. I 11. 4 7.95 1. 380 0.264 1. 41 
. 61 9.8 6.90 1. 380 . 267 1. 41 

1. 30 14.3 10.1 1. 380 .266 1. 41 
1. 87 17.3 12. 1 1. 381 .267 I. 41 
2.81 21.1 14.9 1. 398 .268 1. 42 
3.66 24.0 17.0 1. 390 .268 1. 42 
4.57 27.0 19.0 1.400 .272 1. 42 
5.46 29.5 20. 1. 397 .272 1. 42 
6.46 32. 3 22.6 1. 387 .270 1. 42 
7.3 1 34.2 24.1 1. 400 .272 I. 42 
8.24 36.5 25.6 1. 385 .275 J. 43 
.72 10.7 7.50 1. 599 .320 I. 63 
.60 9.8 6. 85 1. 335 . 254 1. 36 
.37 7.65 5. 40 1. 474 .285 1. 50 
. 165 5.1 0 3.61 1. 334 .232 l. 35 
.077 3.50 2.47 1. 224 .260 l. 25 
.115 4.30 3.00 l. 242 .194 I. 26 
.033 2.30 1. 61 1. 290 .276 1. 32 
. 057 3.03 2.1l 1.181 .181 1. 20 

The coefficients are defined as follows: 

c - force downstream 
D- qA 

force cross-stream 
qA 

R=VD 
v 

where A, the cross-sectional area of the open face of the 
cup using outside dimensions. 

V, the air speed. 
v, kinematic viscosity. 
D, the outside diameter of the open face of the 

cup. 
a, the angle of attack measured as indicated in 

figure l. 
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The normal-force coefficient ON is positive when the 
normal force is in the diTection of rotation of a cup 
mounted on a cup wheel. 

The results obtained for the five cups are shown in 
figures 4 to 10. These cmves are a result of cross
plotting fau'ed curves of the coefficients against 
R eynolds Number. Each of the original curves of a 
coefficient against Reynolds Num.ber at a particular 
angle of attack was determined by passing a smooth 
curve tluough the greatest number of about 20 points. 

Figmes 4,5, and 6 are cross plots of the faired curve 
of cups I, III, and V. They check the results of Brad
field and Hansen (references 4 and 5) . A more direct 
comparison at the same Reynolds umber is given 
in figure 11. Bradfield has discussed the discon
tinuity occmring at 45° angle of attack on the OD 
cmves. He found, on gradually varying the angle, 
that around 45° angle of attack the balance vibrated 
between two extremes. The points before and after 

1.2 ~ 

~ .8~-+-r-r+-~W~\rl-+-+-~-+-r-r+-+-1 

eN \~ 
.41--+-+--I-+-l-+-H\'"~'\br-+---I--I-I-+-I--I-+--+-I 

~\\ /t<~ 
o~~~~~-WI~~~~f~/~~~~~.~~~ 

~ f~~'-n. 
20 40 60 80 100 120 140 160 It 0 

Anqle of attack, degrees 

FIOUltE H.- Tbe variation of normal-force coefficient witb angle of attack for hemi· 
spberical cups at Reynolds Number of 16 xl(}-'. 

this angle definitely fall on two different curves. The 
results presented here confirm Bradfield's observations 
and also exhibit singular points on the OL curves in the 
range of angles of attack from 90° to 120°. The exact 
location of these singularities apparently depends 
largely upon the Reynolds umber. 

The conical cups (figs. 7, S, 9, and 10) exhibit much 
the same tendencies as do the hemispherical cups, with 
the exception of cup II at 45° angle of attack fo r which 
the usual discontinuity does not occur. This properLy 
makes no material di.ITerence in the performance of it 

cup wheel employing this cup form . 
A series of tests was performed to determine the 

eHect of the mounting on the forces on the anemometer 
cups. Tho resulLs show that the rod extending from 
the trailing edgo has little effect a compared with 11 

rod extending from the leading edge. The tests indi
cated that there should be some discrepancy between 
the results using om mounting and those of Bradfield 
and Hansen. 

In figme 11, which gives a comparison of the result 
of tlus investigation with those of Bradfield and Han
sen, there is fair agreement except in the range of 40° 
to 120° angle of attack where the method of mounting 
is inlportant, and in the range of 110° to 120° where the 
size of cup has an effect not accounted for by Reynolds 

umber. 
In order to determine tho e.ITect of turbulence, a 

series of tests was made in which the normal tmbulence 
of 0.4 percent, measured by the method outlined in 
reference 7, was varied up to 2.0 percent. Wben the 
average dynamic pressure at the position of the cup 
was used for q, no dependence of the coefficients on 
tmbulence could be detected. 

STATIC.TORQUE TESTS ON COMPLETE CUP WHEELS 

Static torque is the moment in gram-centimeters 
about the axis of rotation of the forces acting on the 
cup whcel when stationary. 

The static torque was measured for each of 12 
different cup wheels. Four different combinations of 
size, shape, and number of cups were used, with tluee 
arm lengths for each combination. These arm lengths 
were chosen so that ratios of cup diameter to arm 
length (D/L) of 0.30, 0.43, and O.SO were obtained for 
each combination. 

The four different kinds of cup wheels used were: 
A. 10.16-centimeter (4-inch) hemispherical cups in 

4-cup wheel. 
B. 10.16-centimeter (4-inch) hemispherical cups 10 

3-cup wheel. 
C. 5.0S-centimeter (2-inch) hemispherical cups 10 

4-cup wheel. 
D. 11.60-centimeters (4.56-inch) conical cups in 4-

cup wheel. 
Arms were all 0.65 centimeter (~ inch) in diameter. 

Cups A, B, and D were braced by a small wll'e stretched 
between the outer ends of the cup arms. 

These tests were made using the balance shown 
in figure 2 (a) . The balance frame is supported in 
pendulum style with 4 wll'es, 1 at each corner. The 
balance frame is restrained from fore-and-aft and 
lateral motions by a ball bearing that fits on the 
pendulum by having its axi diI'ectly in line with the 
spindle axis. This bearing is held rigidly in place by 
wll'es and allows the frame to move only in torsion. 
The balance that measures torque is attached to the 
frame about 70 centimeters from the spindle a.>.'is. 
The movement of the balance frame is small, being of 
the order of 0.0254 centimeter (0 .010 inch) at the 70-
centimeter radius; hence any restoring force due to 
displacement may be neglected. 

The cup wheel is held rigidly to the spindle by 
means of dowel pins, thus insuring against any change 
of angle of attack from slipping. The spindle is 
equipped with a sector and can be turned and clamped 
at any angle. 
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Test on cup wheels A, C, and D were made through 
a 90° range of angle of attack at intervals of 10°, and 
cup wheel B was tested till:ough a 120° range at 
intervals of 15°. 

When running these tests the cup wheel was set at 
a given angle of attack and readings were taken at a 
series of tunnel air speeds ranging from 5 meters per 
second to 35 meters per second. These results were 
plotted as curves of torque against air speed, each 
curve being for a constant angle of attack. Cross 
plots of these curves were made in order to obtain 
cmves of torque against angle of attack, each curve 
being for constant ail, speed. The final cross plots are 
given in figures 12 to 15. The results presented in 
these figures may be interpolated with confidence 
within the range covered as the torque-air speed 
curves were generally smooth and were usually 
straight lines. 

When comparing these results with those of Patter-
on, it should be borne in mind that his angle ()= 

90°-a. In figure 16 is given a comparison between 
Patterson's results and the results of the present tests. 
The comparison is made for cup wheel A at an air 
speed of 9.41 meters per second. In order to make a 
dll'ect comparison at the same value of D/L, it was 
necessary to multiply Patterson's results by a cor
rection factor obtained by dividing the arm length 
necessary for the D/L ratio given by the nearest arm 
length used by him. The correction applied to Pat
terson's results was less than 10 percent in all cases. 
This correction makes the results check well except 
Jor a small difference in angle of attack, of the order 
of 1° or 2°. 

Cup wheel D, with a D/L of 0.30, was the largest 
wheel used. In order to determine the tunnel-wall 
effect on the tests presented, this large cup wheel was 
checked for static torque in the N. A. C. A. 7- by 10-
foot wind tunnel. As no measurable difl'erence could 
be detected, it was concluded that the tunnel-wall 
effect is smaller than the experilnental error. The 
interference between cups in static-torque tests has 
been measured for one cup wheel at one arm length 
at four velocities by Hubbard and Brescoll (reference 
8). The interference in the static-torque case is, how
ever, of only academic interest. 1 

CALIBRATION TESTS 

Each of the 12 different combinations of cup and arm 
length was calibrated on a regular service spindle sup
plied by the Weather Bureau. This spindle is a shaft 

I Although the results presented herein were not obtained witb tbe object of cal· 
culating the interference between cups for tbe static-torque case, it is possible to 
calculate this interference by using tbe data for individual cups and for complete 
cup wbeels. Tbe static torque for a complete cup wbeel may be computed by 
assuming the proper arm lengtb and using tbe values of C. obtained in tests on 
individual cups. Tbis value sbould be correct if tbere were no interference between 
tbe cups. Tbe arms of tbe cup wbeel are O.63-centinleter'CH inch) rods and tbe 
integrated effect on tbe static torque may be computed on tbe basis of force tests 
on cylinders. Tbe clifIerence between tbe computed value of static torque for tbe 
complete cup wheel and tbe value of static torque determined in tests on a complete 
cup wbeel is a measure of tbe interference between cups. 

mounted in ball bearings so as to be as nearly Jriction
less as possible. The cup wheel is mounted on one 
end of the shaft. A gear arrangement on the other 
end closes an electrical contact each 50 revolutions of 
the cup wheel. The revolution speed is secmed by 
tUning the flashes of a neon light in series with these 
contacts. 

The spindle was mounted in. the wind tmmel so that 
it supported the cup wheel in the center of the air 
stream. The cup wheel was allowed to turn freely in 
the air stream and a curve of revolution speed against 
air speed was obtained for each cup wheel (figs. 17 to 
20). As these curves give straight lines when plotted 
on logarithm paper, it is possible to obtain a calibration 
throughout the usual working range of an anemometer 
by determining two points on the calibration cmve, 
although three points are desirable. 

DYNAMIC TORQUE 

When a cup wheel is tmning freely in an air stream, 
it reaches a steady value of rotation speed where there 
is no torque tending either to accelerate or decelerate 
the cup wheel except the small amount of torque nec
essary to overcome the friction in the bearings. When 
the cup wheel rotation speed ;s maintained at a higher 
value than that in the steady state, accelerating torque 
must be supplied to the cup wheel; when the cup wheel 
is maintained at a lower rotation speed than that in 
the steady state, decelerating torque must be supplied 
to the cup wheel. This supplied torque is the dynamic 
torque defined as the moment in gram-centimeters, 
about the axis of rotation, of the ail' forces acting on the 
cup wheel when rotating. The decelerating torque is 
considered positive dynamic torque and the accelerat
ing torque negative dynamic torque. 

In order to have a clear understanding of the effect 
of the ratio of cup diameter to arm length D/L and of 
the ratio of cup speed to speed of the air stream v/V 
on the performance of an anemometer cup wheel, the 
relationships between V, D/L, v, and torque were de-

VD 
termined. The effect of Reynolds umber - may 

II 

be obtained from this information. The torque was 
arbitrarily taken as a measure of performance while 
DIL, V, and v were varied . 

MEASUREMENT OF DY AMJe TORQUE 

All the dynamic-torque tests made by the point-by
point method were obtained with the balance de
scribed in detail in the previous section. For the 
dynamic-torque meaSlll'ement , a flyw'heel and motor 
were added (see fig. 2(a)). The motor was mounted on 
the balance frame, thus making it unnecessary to cor
rect the torque for the torque supplied by the motor 
and requiring only one balance reading for torque. A 
set of contacts was so arranged that a neon lamp was 
lighted momentarily once in every 50 revolutions. 
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Mass was added to the pendulum and damping was 
installed on the balance 0 that variation in torque of 
the cup wheel throughout a revolution caused no appre
ciable trouble in reading. The motor was used as a 
brake, being hooked to the spindle with a belt. It was 
equipped with a reversing switch and rheostat, so that 
it was possible to change the speed of the cup wheels. 
This type of brake is more satisfactory than a friction 
brake because it gives more uniform braking effect 
and can be adj us ted very finely by controlling the 
voltage applied to the motor. Revolution speed was 
obtained by timing the flashes of the neo.cl lamp with 
a stop watch. 

o 20 40 80 
Angle of attock, degrees 

F IGURE 16.- Comparison between sta.tic·torque results obta.ined by Patterson and 
the results of subject tests for cup wheel A. Air speed is 9.41 meters per second. 

This series of tests was made on thc same cup wheels 
that were used in making the static-torque tests . Four 
cup wheel, "vith three arm lengths for each cup wheel, 
were used. 

When running these tests, the air speed V was held 
constant and the torque was read for a number of 
different cup speeds v within the range permitted by 
the braking motor, v being the linear speed of the cup 
in its path. Curves of torque against v/V were plotted 
from the data thus obtained, each curve being for con
stant air speed. A sample set of these cm-ves for 
D/L=0.43 for cup wheel A is given in fig. 21. A 
sinlilar set of cm-ves was obtained for each cup wheel 
tested. From these cm-ves, cross plots of air speed 
again t v/V were made for each combination tested, 
each cm-ve being for constant torque. These cm-ves 
are shown in figm-es 22 to 25. Each figm-e contains 
the three sets of cm-ves for one cup wheel, one set of 
curves for each arm length used. On each set of curves 
is plotted the zero-torque cm-ve a obtained from the 
calibration tests. 

Since the Weather Bureau spindle is so nearly fric
tionless, the calibration cm-ve obtained using it should 

check the zero torque as obtained from the dynamic
torque tests. These cm-ves may be checked 0'1 figs. 
22 to 25. The results have been corrected to N . A. 
C. A. standard conditions of temperature and pressure. 
The agreement between the zero-torque curve as ob
tained from the dynamic-torque te t and the zero
torque curve as obtained from the calibration tests is 
best, in all cases, for the long arms. 

Patterson (reference 1), gives a table of anemometer 
factors that are the reciprocals of viVo The results of 
his investigation as well as the results of the present 
investigation show that for a value of D/L between 
0.40 and 0.50, the performance, i. e., v/V, is a maximum. 
This fact was not commented upon by Patterson, and 
nothing in our results makes it possible to offer a com
pletely convincing explanation. A possible explana
tion of these high values may be that there is an oppor
tlme choice of arm length which causes the air stream 
to pass by the cup wheel as though it were a cylinder. 
At longer arm lengths part of the air would go through 
the cup wheel and with shorter arm lengths the speed
ing up of the air around the imaginary cylinder would 
be less. 

CALCULATION OF DYNAMIC TOUQUE 

The theoretical torque calculations made by Pat
terson not being entirely atisfactory and compre
hensive data on individual cups being available, the 
torque distribution for a single hemispherical cup 
through a complete revolution wa calculated. These 
calculations were made for several values of v/V and 
for several values of V. The following equations were 
used in making these calculations: 

where 

Va / (V)2 2v 
V = V 1 + 11 + V cos a 

v 
cos a-V 

cos aa= Va 

V 
T = ONAL(1/2 p Va2) 

Va, resultant air speed. 
V, air speed. 
v, linear speed of cup center. 
a, angle of attack of cup. 

an, relative angle of attack of cup. 
T, instantaneous torque. 

ON, normal-force coefficient of cup. 
A, area of open face of cup. 
L, arm length from axis to center of cup. 

(See fig. 2.) 
p, density of the air. 

(1) 

(2) 

(3) I 
1 
\ 

~ 
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For each calculation a curve of torque against angle 
of attack was plotted. These curve were integrated 
and the average torque thus obtained was multiplied 
by the number of cups in order to get the mean torque 
for the complete wheel. A cross plot of all the e 
calculations was made, each test furnishing one point. 
Mean torque wa plotted against v/V and from this 
curve the value of v/V for zero torque wa obtained. 
The value thus obtained represents a theoretical value 
employing experimental values for ON and taking no 
account of the interference between cups. The value 
of v/V for zero torque was lower than the experimental 
values aheady found. It was assumed that the higher 

The arm lengths used were the same as those used in 
the dynamic-torque test. Record were taken at 
several values of v/V for each combination te ted . 

LX of the curves obtained are given in figures 27 to 32. 
The value of V was so chosen that the natural fre
quency of the recording mechani m would be high 
enough to show truthfully the variations in torque. 

An exact agreement between calculated and ob
served torque throughout a complete revolution wa 
not expected but rather a reduced torque in the 
downstream position that would indicate shielding. 
This shielding would account for the fact that the 
experimental curves show higher performance values 
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performance indicated by the experimental results was 
due to the interference between cups. 

D YNAMIC-TORQUE HECORDER 

It was thought that if the curve of torque against 
angle of attack of a single cup and a cup wheel could be 
obtained, a comparison of this curve with the calculated 
curve for identical conditions might yield information 
that would make it possible to determine definitely the 
nature of this interference. In order to make these 
measurements, a dynamic-torque recorder was built; 
its construction may be seen from figure 26. Photo
graphic recording is used in till instrument, and the 
torque on a single cup through 3600 is recorded on a sin
gle film . A series of tests was made using a 3-cup wheel 
and a 4-cup wheel, with 4-inch hemispherical cups. 

than the calculated curves. The chief difference be
tween the eA'}) erimen tal re ults and the calculated 
results (fig. 33) is that the experimental Tesults how 
a larger range of angle of attack in which the torque is 
positive than do the calculated results. Apparently 
bhis case is one in which the air stream is deflected on 
passing through the cup wheel. 

Tbis change in direction was recognized and taken 
into acco unt by Patterson, who as umed that the 
whole air stream was deflected and that the angle of 
attack was changed by the amount of this deflection. 
That the amount of deflection is variable through one 
revolution and cannot be dealt with so simply is 
shown by the moke-flow pictures in figure 34. These 
pictures were taken in the _ A. C. A. smoke-flow 
tunnel with the anemometer turning freely on i ts 
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spindle in an air stream having a velocity of l.83 
meters per second. Besides this change of direction 
of the air stream, our records show another phenom
enon, a certain lag in change of flow. This lag has 
been clearly shown by high-speed pictures of smoke 
flow over airfoils. When the airfoil is quickly shifted 

Light source 

~~~ 

Section A-A 

It may therefore be concluded that cup interference 
is due not so much to the effect of the turbulent wake 
of one cup on another as to the effect of the change of 
direction of the air stream and to the effect of the lag 
of the aerodynamic forces jn attaining the values they 
should attain corresponding to the angle of attack. 

Cup whose . 
torque is recorded 

Belt to 1/8 hp. 
motor for 
speed control 

FIGURE 26.-Drawing of dynamic·torque recorder. 

from one angle of attack to another there is an appre
ciable time before the air flow over the airfoil assumes 
a final steady state. It is easy to in1agine that there 
may be an appreciable lag in change of flow over a cup 
which is changing its angle of attack continuously 
at a high rate of speed. 

Wind direction and lag vary with wind speed, arm 
length, and cup diameter. Although the present re
sults and those of Patter on bear out the validity of 
the conclusion, they do not aid in an easy solution of 
the problem but only emphasize its complexity. To 
map out both the lag and effective change of direction 
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for each angle of attack for a range of arm lengths, 
cup sizes, and wind speeds would involve considerable 
time and effort. If further work is to be undertaken 
to clear up the general problem of cup interference, the 
work will necessarily have to be limited to fewer cup 
sizes and cup arrangements than were u ed in this 
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F IGURE 35.- Variation of drag with revolution speed for cup wheel A for diJIerent 

arm lengths and different air speeds. 

investigation . Obviously , such a restriction would 
seriously limit the value of the work. 

From the collective results of the dynamic-torque 
and calibration tests , it appears that a value of D/L = 
0.40 will give neares t to a straight line for the per
formance factor v/V, at least for the 4-inch cups. 

A comparison of the v/V for zero torque as obtained 
by the four Illethods used is given in table II . 

TABLE II 

VALUES OF v/ V FOR ZERO TORQUE OBTAI NED 
BY FOUR DIFFERE T METHODS 

[Diameter o[ bemispherical cups=10.16 cent imeters] 

DIL 

0.30 
.43 
. 0 

0.30 
. -13 
.80 

2,000 

1,600 

(1)'1,200 
§ 
h, 

Calculated torque torque a I ra,lOn 

I I 

D ynamic- I D ynamic-Ic l'b •. 
tests recorder tests 

0.3 15 
.315 
.315 

0.3 15 
.315 
.315 

F= 

I 

3-cup wbeel 

0.332 

I 

.385 

.375 

4-cup wheel 

0.350 
.405 
.377 

0.348 
. 327 
.360 

0.322 
. 370 
. 400 

0. 336 
.345 
.362 

0. 336 
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.354 
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FIGURE 36.-Variation of drag with revolut ion speed for cup wheel B [or different 
arm lengths and di ITerent ai r speeds. 

DRAG MEASUREMENTS 

In order to obtain information regarding the forces 
experienced by anemometer mountings and bearings 
under operating condition , the drag on several cup 
wheel wa .mea ured. The drag of the spindle ha 
been ub tracted from' these results . 
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Curves of cup-wheel revolu tion speed against d t'ag, 
each curve being for con tant air speed, arc given in 
figures 35 to 3 . 

ACCURACY OF MEASUREMENTS 

Static and dynamic torque could be measured with 
a preci ion of ± 35 gram-centimeters except in a few 
ca e where the balance wa vibrating. This vibration 
was occa ion ally set up by a re onant re ponse of the 
whole pendulum at certain combinations of air speed 
and cup-wheel revolution peed to such an extent that 
it could not be completely damped. These resonance 
condition were avoided insofar as possible. Air speed 
was measured with an accuracy of ± 2 percent and 
cup-wheel revolution speed could be determin ed within 
± 1 percent. The error in measurement of cup diam
eters and arm lengths wa negligible. The preci ion 
of mea urement of lift and drag forces on individual 
cup varied from ± 0.5 gram at low air speeds to ±5 
grams at high air peeds. The drag mea mements on 
complete cup wheel are correct to within ± 10 grams. 

Certain irregularities occur in the plotted curves, 
that i , the curves from variou cup sizes and arm 
lengths do not always show similar hapes when they 
apparently hould. When small cups or short arm 
lengths are u ed, thus making the torque to be meas
ured mall, it is reasonable to assume that the e 
il:regularities are due to lTor in measurement. With 
the larger cups and longer arm lengths, however, the 
same assumption cannot be made. The results have 
been checked in many ca es and fOlmd to repeat 

themselves. J t i therefore concluded that these irregu
larities must be due to certnin n bnormnlities iu the 
aerodynamic forces. 

LANGLEY MEMORIAL AERONAUTICAL LABORATORY, 

rATIONAL ADVISORY COMMITTEE FOR AERO AUTICS, 

LANGLEY FIELD, VA., October 10, 1934. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 

Axis Moment about axis Angle Velocities 

Force 
(parallel 

Designation 
Sym- I to axis) 

bol symbol 

LongitudinaL __ X X 
LateraL _______ y Y 
NormaL _______ Z Z 

I 

Absolute coefficients of moment 

G-~ 0 _M ,- qbS m- qcS 
(rolling) (pitching) 

Designation 

Rolling _____ 
Pitching ____ 
yawing _____ ! 

N 
G,,= qbS 
(yawing) 

Sym-
bol 

L 
M 
N 

Linear 
Positive · Designa- Sym- (compo- Angular direction tion bol nent along 

axis) 

-
Y--+Z Roll _____ _ q, u 

I 
p 

Z--+X Pitch ____ 8 v q 
X--+Y yaw _____ 

'" 
w T 

Angle of set of control surface (relative to neutral 
position), o. (Indicate surface by proper subscript.) 

4. PROPELLER SYMBOLS 

D, 
p, 
p/D, 
V', 
V., 

T, 

Q, 

Diameter 
Geometric pitch 
Pitch ratio 
Inflow velocity 
Slipstream velocity 

Thrust, absolute coefficient GT = ~T)4 pn-u-

Torque, absolute coefficient GQ = ~D6 
pn 

P, 

G., 

71, 
n, 

Power, absolute coefficient Gp = ~D5 
pn 

Speed-power coefficient =.J ~~: 
Efficiency 
Revolutions per second, r.p.s. 

Effective helix angle = tan-l (2:n) 

5. NUMERICAL RELATIONS 

1 hp. = 76.04 kg-m/s = 550 it-lb./sec. 
1 metric horsepower = 1.0132 hp. 
1 m.p.h. = 0.4470 m.p.s. 
1 m.p.s. =2.2369 ill.p.h 

1 lb. = 0.4536 kg. 
1 kg = 2.2046 lb. 
1 mi. = 1,609.35 m = 5,280 ft. 
1 ill = 3.2808 ft. 


