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SUMMAR¥.--(a) Reasons for enquiry. Windmills  of the hemispherical 
cup anemometer type  have been used on aeroplanes for driving auxil iary 
apparatus ,  and i t  therefore appeared desirable to be able to calculate their  
performance. To do this i t  was necessary to know the forces on a cup, 
and  as this da ta  was not  available, the present work was set in hand. 

(b) Range of investigation.--The lift, drag, and yawing moments of a 
hemispherical cup have been measured a t  several values of lv. Hence the 
.characteristic curves for a windmill  of this type  when used as a means of 
obtaining power have been deduced. Two fans were tested in the wind 
channels for comparison with the calculated results. The effect of shielding 
the half revolution of the cups during which they return against  the wind 
was ascertained, both with the anemometer  half shielded by sinking i t  in 
the side of a large body, and with a windguard exposed to the wind. 

(c) Results.--For the unshielded windmill the agreement obtained 
between the experimental  torque and thrust  and the calculated curves is 
very close. Wi th  a guard an approximate  curve has been calculated, which 
gives good general agreement with the experimental  results for the windmill  
as sunk in the side of a large body. The case with the exposed guard gives 
considerably larger values of torque and thrust,  which effect is shown to 
be explained by  the disturbance in the flow due to the guard. 

The aerodynamic properties of the cup, though investigated in this 
connection, are of more general interest  and are therefore given in some 
detail. 

A note on the Robinson Anemometer  is appended. 

Preliminary.---A s m a l l  w i n d m i l l  of t h e  h e m i s p h e r i c a l  shel l  t y p e  
(see F ig .  8) h a d  b e e n  t e s t e d  for  t he  p o w e r  o b t a i n a b l e ,  b o t h  w i t h  
a n d  w i t h o u t  a w i n d g u a r d  w h i c h  s h i e l d e d  t h e  r e t l t r n  ha l f  of t h e  
r e v o l u t i o n s  of  t h e  cups .  T h e  h .p .  o b t a i n a b l e  was  m u c h  h i g h e r  
w i t h  t h a n  w i t h o u t  th i s  w i n d g u a r d .  I t  was  t h e r e f o r e  c o n s i d e r e d  
of i n t e r e s t  to  m a k e  c a l c u l a t i o n s  as  t o  t h e  b e h a v i o u r  of such  a 
w i n d m i l l  u n d e r  t h e s e  c o n d i t i o n s ,  b u t  d a t a  as  to  t h e  a e r o d y n a m i c  
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propert ies  of a hemispherical  cup were not  available. The 
exper imenta l  work described below comprises an invest igat ion 
of the propert ies  of a hemispherical c u p ;  calculations f rom 
this da ta  of the  thrust ,  torque,  and efficiency curves applic- 
able to any  fan of this t y p e  runn ing  as a windmill ;  and finally 
a comparison of these calcula ted curves with exper imenta l  
measurements  of th rus t  and torque on a windmill  which was 
tes ted in the wind channels for this purpose.  

1. Test of hemispherical cup . - -The  hemispherical cups were 
tes ted  in the  4-ft. channel  of the Roya l  Aircraft  Establ ishment .  
Two cups of d iameter  6 ins. and 3 ins. respect ively were tes ted at  
speeds vary ing  f rom 25 ft. per sec. to 55 ft. per sec. and  a con- 
siderable range of 1V was thus  obtained.  The  6-in. cup was of 
22-gauge copper,  and was moun ted  on a spindle a t t ached  to the  
cup ¼ in. f rom the rim, and moun ted  in the balance chuck as for 
a s tandard  aerofoil test.  Corrections were made  for spindle drag 
and interference by  the s tandard  methods,  and also for the 
bending of the  spindle and  cup. 

The 3-in. cup was more rigid, and no bending correct ion was 
considered necessary. Lift ,  drag, and  yawing moments  were 
measured,  in each case at  intervals  of 5 ° round  the  whole 360 °, to 
correct  for any  lack of s y m m e t r y  in the cup. The  scale effect 
found was irregular,  and  it was decided to use the results of the  
tes t  on the  6-in. cup a t  50 f t /sec,  th roughout  the  fu r the r  work. 
The normal  force coefficients for various values of 1V are shown in 
Fig. 2. The  lift, drag, and normal  force coefficients of the 6-in. cup 
a t  50 f t /sec,  are shown in Fig. 3. The drag is of interest ,  as the  
type  of flow changes ve ry  obviously just  before 0 -  50 °, the 
balance reading first having two values between which it  oscillates, 
and  then  s teadying up as 50 ° is reached on to a higher curve. The  
m a x i m u m  lift occurs at  this same angle. The yawing moment  is 
small throughout .  F r o m  the lift, drag, and moment ,  the movemen t  
of the C.P. has been calculated and  its distance from the  centre  of 
the cup as a f ract ion of the d iameter  t abu la ted  and  p lo t ted  (see 
Fig. 4). Looking a t  Figs. 3 and 4 together ,  it will be seen t h a t  the  
C.P. is sensibly at  the  centre of the cup whenever  the  normal  force 
is sufficiently large to be of importance.  The  normal  force m a y  
therefore  be t aken  to  act  th roughou t  a t  the  centre of the  cup in 
deducing the per formance  of windmills. 

2. Characteristic curves for wivdrnill .--Notation. 

V = veloci ty  of wind. 

n ~ revs. per see. 
r = distance of centre  of cup f rom axis of rotat ion.  

cV ~ 2~:nr -~ veloci ty of ro ta t ion  of centre of cup. 

0 = angle of ro ta t ion  of cup (see Fig. 8). 
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V'  = re la t ive  wind - -  V(1 + c" - -  2c cos 0)~ = VC, 
w h e r e C  2 - -  1 + c  2 -  2 c c o s 0 .  

,.~ ----- angle be tween  V and  V' .  

A =- = d 2 where d is d iamete r  of cup. 
4 

kv ~- force coefficient along direction V - -  ko cos ¢p + k sin ~. 

• fen ~- no rma l  force coefficient. 

]3 ----number of cups. 

The  m e a n  torque over  a comple te  revolut ion is 

Q = ]3pAV2r 27: 

and  the  mean  t h ru s t  
l t ~2~r 

T = e JoC l  d0 

F r o m  Fig. 8 it  will .be seen t h a t  the  yaw of the cup to the  re la t ive  
27~r tt 

wind i s 0  + ? .  ? w a s w o r k e d  out  f o r e =  V ...... 0, 0 - 1 , 0 - 2 , 0 . 3  

• . . and  0 = 0 °, 10 °, 20 ° . . . 180 ° and  C '~ was also t a b u l a t e d  
for th is  same range  of 0 + ? .  k N w a s r e a d  off a t  an  a n g l e 0  + O  
and  k,C 2 is p lo t t ed  aga ins t  0 in Fig. 5. k~ and  k,  were read  off 
a t  0 + O  a n d  l c~=lcDcos  ? + k ~ s i n ?  t a b u l a t e d  and  k~C 2 is 
p lo t t ed  aga ins t  0 in Fig. 6. F r o m  the  areas  of these curves  are 
deduced the  t h ru s t  and  torque  coefficients, T/]3pAV 2 and  
Q/BpAV2r,  appl icable  to a n y  windmil l  of this type .  This gives 
the  character is t ic  curves  of the  unshielded windmill ,  which are  
shown p lo t t ed  in Fig. 7. 

This  t heo ry  can  only be expec ted  to give a p p r o x i m a t e  agree- 
ment ,  as m a n y  fac tors  have  been neglected.  I t  is ana logous  to  
propel ler  calculat ions based o~1 the  aerofoil  t heo ry  with no cor- 
rections. Fou r  correct ions are  : - -  

(1) In te r fe rence  of the  cups on one another .  The  size of 
this migh t  be e s t ima ted  b y  tes t ing  an a n e m o m e t e r  wi th  
two and  four  cups. This  has not  been (lone. 

(2) I t  has been a s sumed  t h a t  if 2ur~ is t a k e n  as the  va lue  
of the  ro ta t iona l  ve loci ty  over  the  whole cup, this will 
give the  correct  mean  t h ru s t  and  torque  over  the  cup,  
r being the  radia l  dis tance of the  centre  of the  cup. 

(3) The  spindles car ry ing  the  cups have  been neglected.  
A correct ion for spindles migh t  be appl ied  to a n y  
a n e m o m e t e r  in which it is l ikely to  be appreciable .  

(4) Scale effect is neglected.  The  lift and  drag coefficients 
for the  hemispher ical  cup a t  an  1V of 24 (where l - - -  
d i ame te r  of cup) have  been used th roughout .  

B7532A X 



678 

The efficiency of the windmill is greatly increased by shielding 
the return of the cups by a windguard. This case presents some 
difficulties from the point of view of calculation. Several Mter- 
native assumptions might be made as to the behaviour of the air, 
such as : - -  

(a) The air in the guard may be assumed still, and the 
torque in the guard calculated for the rotational speed 
of the cups. 

(b) The air may rotate in the guard in the direction of 
rotation of the cups with a velocity proportional to 
tha t  of the cups and not disturb the air outside the 
guard, through which the cups pass. 

(c) The air may rotate inside the guard as in ease (b), and 
return in a circular path,  forming a circular rotation of 
the air superposed on the steady velocity V of the wind. 
This has the effect of reducing the value of c. 

ease (a) would be approached with a large guard and small cups on 
long spindles, as no appreciable rotation of air inside the guard 
would then be set up. In  ease (b) the air carried round by the 
cups must. return across the top of the guard, but  below the path 
of the cups. In a guard which only just gives clearance for the 
cups the air will certainly be carried round inside the guard, and 
though the flow will not be so simple as that  suggested under 
(b) or (c) above, the actual result may lie between the values 
calculated on these two assumptions. 

In any ease the larger par t  of the thrust  and torque will be 
given by the half revolution of the cups outside the guard : that  
is by : - -  

Q = B 2 e2k~d0 
pAV2r ~ 

and 

T 
 XV' = B = e-°l vdO 

which are found from ]rigs. 5 and 6 by integrating from 0 ° to 90 °. 
The return half revolution of the cups will decrease the torque, 
while the flow 1)aek of air which has been carried round by the 
cups will increase it ; and as these tend to cancel one another, 
the expression for the torque of the exposed half revolution given 
above may be a fairly good approximation to the total torque. 
I t  is this torque which is plotted below (Figs. 7 and 10) as the 
calculated torque. ]in tile ease of the thrust, both the effects 
mentioned above would increase the th rus t ;  and as the thrust  
plotted below (Figs. 7 and 11) is the thrust  of the exposed half 
revolution only, it may be expected to lie below the experimental 
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points. No correction has been made, since the exact flow depends 
on the details of the guard, and the more exact prediction of 
thrust  for one special guard is of small interest. 

So far the disturbance of the flow due to the windguard has 
not been considered. When mounted on an aeroplane to drive 
auxiliary apparatus, the windmill may be let into the side of the 
body, and in this case the wind striking the cups will be approxi- 
mately parallel to the surface in which the windmill is sunk, and 
there is no additional drag for the windguard nor disturbance due 
to it. If, however, a guard of the type shown in Fig. 8 is exposed 
to the wind, there will be the constant drag of the guard to be 
added to the thrust, and also the flow will be different. 

Comparison of the above results with the windmills tested.--The 
two windmills tested were : --  

A. Small windmill, r = 1.57", d = 0.875". 

This was tested for torque only, in the No. 1 7-ft. channel, 
a t  V = 70 and 80 ft. per sec. 

B. Large windmill, r = 8'% d ~ 4.07". 

Tested for thrust and torque in the 4-ft. channel at V -- 35, 45, 
and 50 ft/sec. 

An allowance must be made for the friction torque of the fans. 
Let  Q' be the measured torque, QF the friction torque assmned 
constant, and Q = Q' -F QF the total torque. If the curves for Q' 
at different speeds are plotted against nr/V, they will meet at 
some negative vMue of Q', where the total torque for all speeds is 
zero. This negative value of Q' gives the friction torque. 

In Figs. 9 and l lA the torque and thrust for a windmill with 
four cups are plotted. The curve in each case is the calculated 
curve, and the points are experimental points. The efficiency is 
given in Fig. 12A. The agreement is very close--more so than 
could be expected from so approximate a theory. 

Both the windmills were tested with an exposed windguard 
(1) of the type shown in Fig. 8. Windmill B was also tested with 
two other arrangements of the windguard (2) and (3), which 
represented the windmill as it is mounted in the side of a Handley 
Page  machine. The side of the machine was represented by a 
large board mounted horizontally in the channel, and an outer 
guard shielded the windguard. In the arrangement denoted by 
(2) the top of the windguard was open, while in the case (3) the 
top was closed except for a dumb-bell shaped opening which just 
allowed clearance for the windmill to revolve. 

The difference between cases (1) and (2) gives a measure of 
the disturbance of the air due to the guard, while the partial 
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blocking of the top of the guard in (3) may affect the velocity of 
rotation of the air in the guard. The results are plotted in Figs. 10, 
1 lb, aml 12b, in which the points are in each case experimental 
points, while the lines are calculated curves as explained above. 

Considering casts (2) and (3) first, as these are the simplest, the 
experimental torque agrees pre t ty  well with tile calculation except 
at  very high and very low values of nr/V. The experimental 
thrust  lies on tile whole above the curve, as was expected. The 
cttMency is in consequence lower than the calculated value. :But 
on the whole the agreement is sufficiently good for the approximate 
curve given to be of use as a basis for predicting results. The 
torque is unaltered hy ttle partial closing of the top of the guard, 
while the thrust  is decreased at low values of nr/V. 

Case (1), however, differs markedly from the others. Tile torque 
is considerably higher ; and the thrust  of the cups is higher than 
in the other cases, in addition to which the drag of the guard must 
be added. In Fig. l lb,  the thrust  plotted is that  of the cups only, 
for comparison with that  of the cups in the other cases. Tile drag 
of the guard, T'/pAVZ = 0.253, must be added to the plotted 
results. The drag of the frame necessary to support the apparatus 
was of necessity large, and no great reliance can therefore be put  
()n tile figure given for the drag of tlle cups when this lat ter  is 
small. 

To explain these results the flow round the windguard must  
be taken into account. A pressure head mounted above the wind- 
guard of B when the cups had been removed showed that  the 
air through which the cups pass is speeded up by about 5.5 per 
ccr, t. parallel to its initi~d motion. In  addition to this, there is an 
upward pitch of the air at the front rim of the guard, and a 
downward pitch at the back. Rough measurements of this were 
taken by attaching threads to the guard rim, and to wires above it. 
The, pitch at the front rim was 15 °, but the air quickly straightened 
out again, while at the back rim the threads flapped through a 
la¢:go angle. A rough calculation was made on these data, and 
it is estimated that  the torque is increased 6 or 7 per cent. by this 
pitch. The choke effect of the channel for an object of this size 
should be rather less than 1 per cent., so the experimental points 
sb,(~,ld be lowercd on this account, while the calculated curve 
shouht be increased by about 17 per cent. on the grounds given 
above. This accounts for the discrepancy between this exposed 
guard and the others. This rough estimate of the windguard 
effect was made to account in a general way :[or the high torque 
fo,  ud ; but it would not be applicable to a windmill with a slightly 
different guard, and is so of minor interest. I t  will not, for instance, 
bring the similar ease :for windmill A into agreement--here the 
windmill was smaller and the guard was larger in proportion to 
the cups. The instrument is not  therefore of sufficiently general 
interest to justify more detailed consideration of it. 
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I t  has been shown that  the properties of the unshielded windmill 
can be predicted with good accuracy, and more approximately 
the properties of the shielded windmill when the form of shielding 
is such as not to alter the flow to any great extent, while a general 
explanation has been given of the results found in tha t  case in 
which the guard does affect the flow. 

Though tile hemispherical cup was investigated in this par- 
ticular connection, it is of more general interest than the rest of 
this report  ; for example, in connection with the motion of para- 
chutes. 
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TABLE ] .  

6 - I N .  H E M I S P H E R I C A L  C U P .  V - -  ,50 f t / s e c .  

0 

0 
5 

10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
87 
80 
90 
95 

100 
105 
110 
115 
120 
123 
125 
130 
135 
140 
145 
150 
155 
160 
165 
170 
175 
160 

k., k~. , 

0-751 
0.767 
0-751 
0-750 
0-746 
0-749 
0"730 
0.717 
0.671 
0-626 
0 .702 
0"614 
0 .517 
0 .413  
O. 321 
0 .249 
O. 182 
0 .112 

0"094 
0"104 
0"115 
0 .162 
0-189 
0"212 
0"226 

0 .242 
0-249 
0 .258 
0 .258 
0 .260 
0-242 
0 .228 
o .214  
o-199 
o-183 
o .178  
0-188 

_L 

m 

m 

+ 

0"000 
0 ' 079  
0 .148  
0 .227 
0 .~02 
0 .393  
0 .502 
0-567 
0 .622  
0"6C0 
0 .788  
0"692 
0-624 
0-536 
0"431 
0"331 
0.228 
0.115  

0"017 
0"045 
0"032 
0"117 
0 .132  
0-142 
0-151 

o .162  
o .173  
o-178 
o-179 
o .174  
O.lCO 
o . ] 4 2  
o .12o  
o - l o o  
0 .070  
0 .036  
0 .000 

+ 

m 

m 

+ 

÷ 

ks 
Mol~m~tt 
Ibm/ft. &t C.P. 
V = 50. (:k)efllolont. 

. . . . . . . . . . . . . . . . . . . . . . . .  

0-751 
0-770 
0-767 
0 .782 
0-803 
0 .835  
0:884 
0 .914  
0 .917 
0.911 
1.018 
0 .923  
0 . 8 0 8  
0"662 
0 .516  
0-384 
0"260 
0 .125  

0 . 0 [ 7  
0"055 
0"0]2  
0.071 
0 .058 
0 .039 
0 .018 

0 .005  
0 .029 
0 .056  
0.081 
0 .105  
0 .129 
0 .147 
0 .159 
0 .187 
0 .169  
0 .174  
0 .188  

0 .0000 
0.0002 
0 .0006 
0.0011 
0 .0018 
0.0022 
0.0027 
0 .0027 
0 .0026 
0"0018 

-~ 0 .0003 
- - 0 . 0 0 0 5  
- -  0 . 0 0 1 6  

- - 0 . 0 0 2 3  
- -  0 .0026 
- - 0 - 0 0 2 7  
- -  0"0029 
- - 0 " 0 0 2 0  

- - 0 " 0 0 3 2  
- - 0 0 0 3 2  
- - 0 " 0 0 3 4  
- - 0 - 0 0 3 5  
- - 0 " 0 0 3 7  
- - 0 " 0 0 3 9  
- - 0 " 0 0 ~ 2  

- - 0 . 0 0 4 3  
- -  0"0045 
- - 0 . 0 0 4 7  
- - 0 . 0 0 4 8  
- -  0 .0047 
- - 0 . 0 0 4 2  
- - 0 . 0 0 3 9  
- -  0 .0032 
- - 0 . 0 0 2 7  
- - 0 . 0 0 1 9  
- - 0 . 0 0 1 4  

0"0000 

O- 000 
O. 000 
O. 002 
O. 002 
O. 0 0 3  
0.003  
O. 002 
O. 003 
0 .002  
O. 002 
0 . 0 0 3  

O .  005 
O. 005 
O. 005 
O" 005 

-~- 0 .005 
- -  0"002 
- -  0 .007  
- -  0 " 0 5 7  

- -  0"450 
-F 0.062  

0 .018  
O" 032 
0"037 
0"080 
O. 002 
0 .258  

-t- 0 .55  
- -  0 .85  
- -  0 .43  
- -  0"085 

O. 055 
- -  0"040 
- -  O .  028 
- -  0"015 
- -  0"012 
- -  0"006 
- -  0 .003 
-]- 0-000 

O. 000 
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TABLE 2. 

CALCULATED TORQUE, THRUST, AND EFFICIENCY 
OF WINDMILL. With Four Cups. 

B = 4 No Guard .  

c n r / V  Q/p~kV2r T ]pAV* n 

0 
0 ' 1  
0 ' 2  
0"3  
0 ' 4  
0"5 

0 
0 ' 0 1 5 9  
0"0319 
0 .0478  
0"0638 
0"0797 

1' 244 1. 508 
O" 952 1" 412 
O" 640 1" 368 
O" 348 1" 316 

-]- 0" 114 1" 332 
- -  0"122 1"352 

0 
6 .75  
9 -36  

1 7" 82 
i I 3"44 

i - -  4 . 52  
! 

B = 4 With  Guard .  

c nr ]V Q/~AV'-r  T/(~AV ~* n 

O 0 
O" 1 0 .6159  
0 . 2  0 .0319  
O. 3 O' 0:~78 
0"4  0 .0638  
O" 5 O' 0797 

1. 400 
1. 128 
O" 852 
O" 622 
O. 464 
O" 322 

1 • 112 
6-936  
0-772  
0 . 6 2 8  
O" 508 
O' 408 

0 
12.1 
22-1  
29 .7  
36-6 
39-5  

* N . B . - - T h e  th rus t  is t ha t  of the cups o n l y - - a n d  does no t  include th rus t  due to the  
gua rd  ; consequently the efficiency here g iven is only applicable when there  is no ad d ' -  
t ional th rus t  due to the guard .  
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TABLE 3. 

SMALL WINDMILL.  

(a) Without Guard. 

Y f~ /s~.~. nr  / V  Q" Q" -t- Q ,  = Q 

70 0 .00421  4 . 3 8  × 10 -a 6 .94  
0-00857 3 .91  6 .47  
0 .0129  3 .44  6 . 0 0  
0 . 0 | 6 9  2 .96  5-52  

80 

0 .0213  2 .4 .  () 
O. 0256 2 .02  
O. 0296 1 .55  

0"0334 
O" 0:}02 
0-0233 
0"0196 
9 . 0  i 5(,I 
0-0122 
O' 0090 

5"05  
4"58 
4"11 

Q/~,AV~r 

1-091 
l ' 0 1 7  
0"944 
O' 867 
O" 79.5 
0"720 
O" 646 

2 .49  5" 05 0 '  608 
2 . 9 6  5- 52 0"664 
3" 91 6" 47 O. 77(,} 
4 .38  6" 94 0-835  
4 . 8 5  7" 41 0. 892 
5 .33  7 .89  0" 950 
5" 80 8" 36 1" 006 

(b) With Gtu~rd. 

v [ I 

70 0 .0085  8 .63  1 1 - ] 9  >: lO -3 1-76 
0 . 0  ! !)(3 7 .68  10. 24 1- 6 l 
0 - 0 : 0 7  6 .74  
O" O-dLq 5 .80  
0 -0478  4"85 
0-0544 3 ' 9 1  

80 0. 0402 7 .68  
0"0381 8 .15  
O" 0339 8 .63  
0.0"}17 9" 10 
0 .0281  9 .57  
0 .0251  10.04  
0 .0190  10.51 
0 -0132  l l . O 0  

9":.0 
8 . 3 6  
7.41 
6-47 

10-24 × 10 -~ 
10.71 
11 .19  
11 .66  
12-13 
12 .60  
13-07 
13-56 

1 .46  
1 - 3 2  
1-17 
1 . 0 2  

1.24 
1 .29 
1 • 35 
1 • 41  
1.46  
1 .52 
1 .58 
1 .64  

,,( 

F r i c t i o n  T o r q u e  Qv == 2.56 × 10 -a 

d == 0.875" r :: 1.57" 
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TABLE 4. 

WINDMILL B. 

No Guard .  G u a r d  (1) 

V n.~r _Q T V i nr ! Q 

35 35 o .o .qo~[  

45 

0.041910-421 
0"0376i0"494 
0.034710-5671 
0-0299!0.643 
0.025710.708 
0"0202 0.781! 

0"--)~0"300 1.388 
0"04480.3881.386 

50 0"0536 
0"04931 
0-0460! 
0.04271 
0.03891 

.80711.426 

0"3861.375 
0.458 1-378 
3-52711.390 

0.495 
0"6411 
0.787 
0" 935 

T T + T '  

0" 492 
0.6691 
0.6911 
0.726! 
0'  826! 
0.884 
1.039 

6.1 ~ 0.3001 0.456 ! 
7.9 0.3881 0.490 ~ 
8.9 0.4761 0-568 
8-9 I 0.5661 0.607 I 
9.5 0.6511 0.648 
8.7 0-7311 0.698 
7.9 0.8041 0-740 
6-8 0.8931 0.796 
- -  0.969 i 0 .848 
6.0 1.049 0.911 ! 
7.1 1.128 o. 967i 
8.1 1.194 1.027 i i 
9.0 1-256 1.0861 i 
9.3 - -  - -  i 

0'0353]0.593!1. 383 9.5 
0"0318P0.664'1.433 9.3 
0.0276r0.7231 434 8 .7  
o.o2341o.783:1.434 i 8 .o  
0"019710"841[1.4341 7.2 
0"01550"894il-4341 6.1 
0.01110.93111.434 4.5 

Friction torque = 0"061 
A = 0-0904 sq. I t  
r = 8 ins. 
T 

The thrust ~ given for guard 

(1) is the thrust  of the cups only. 
The thrust on the guard is 

T ' /pAV ~ = 0. 253. 

0.09341 -243 
0.08851 0.314 
0.08191 .386 
0-0783 / 0.458 
0"0738 0"527 
0.0698 0"598 
0.0666! 0.669 
0-0571 0.804 
0.0523 0.86t 
0.0476 0.931 
0-0444 0"997 
0.0395 1.044 
0.0339 1.112 
0"0292 1.157 

i 

0"673 0" 420 ~ 21.2 
0 '458 0"711! 2,i-5 
0.498 0"751 i 26.4 
0" 529 0'7821 28.8 
0.545! o .  798! :m.  6 
0-598 0.8511 30.8 
0"6361 0"889 31.5 
0" 7221 0"975 29"6 
0.768 1'0211 27.8 
0'808! 1"061! 26"3 
0'8471 1"100 25"3 
0"896 1.1491 22-6 
0.9671 1-2201 19.4 
0"996 1"249 17-0. 

i 
i 
! 

. . . . . . . . . . . . . . . . . . . . . . .  ! . . . . . . . . . . . .  
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W i t h  G u a r d  

V nr  Q 
ft/se(. V rAVer 

50 0"0911 
0-0827 
0- 0680 I 
o.o5711 
O. ~48()[ 
o. O36l[ 
0-o2711 
0.0160 I 
0" 0082 

40 0.0833 
0'07531  :o 83 

0454 
0-034E 
0.0223 i 
0.0099! 

30 0.0788i 
0.0705 I 
0.0556! 
0.0437 I 
0-0294 
0"0187 
0.0096 

TABLE 4 - - c o n t i n u e d .  

L A R G E  W I N D M I L L  B .  

2). W i t h  G u a r d  (3). 

T V 
pA-V , n It/see. 

50 

V i pKV'r 

0.123] 0-333 21.1 
0-229! 0.3891 30.5 
0.408 o.5221 33.4 
0.5341 0 '633i  30.2 
0.661[ 0 .754 26.5 
,).7931 o.9o81 19.8 
0"9011 1"027! 14"0 
1"020[ 1"130! 9"1 
1"085 1"192: 4"7 

0"236 
0"346 
0.538 i 
0 .722 
0.8791 
1.030 
1.158 

0"0955[ 
0 '0945  
0"0925 I 
0-0904 
0 '0881 
0.0865 i 
0.0849i 
0"0835 
0"0825 
0.0805 
0-0793 
0-0651 
0-0604 
0-0567 
0.0536 
0.0491 
0.0456 
0.0398 
0.0369 
0.0302 
0.0249 
0"0220 
0-0169 
0-0131 
0.0092 
0-0061 

0- 092 
0" 084 
0" 095 
0" 120 
0. 140 
0.157 
0.168 
0" 185 
0.204 
0.218 
0-231 
0" 426 
0" 465 
0" 526 
0" 590 
0" 629 
0.676 
0.741 
0-793 
0' 838 
0 '893  i 
O" 9481 
0.99¢ 
1 "038[ 
1"070 I 
1- 185 

0- 3111 
0.420] 
0" 552 
0- 716 
0.886 I 
1-0001 
1. 112] I 

i 

T 
pXV~ 

0" 299 
0-299 
0" 305 
0" 323 
0" 323 
0" 344 
0" 344 
0" 362 
0" 383 
0" 383 
0" 398 
0" 493 
O- 538 
O" 566 
O" 602 
0- 64~ 
0- 697 
0.75fi 
0.794 
O" 86C 
O. 915 I 
o.956 I 
1 "008 / 
1" 048 / 
1-0871 
1.117 

18"4 
16"7 
18"1 
21"1 
23"9 
24"8 
26"1 
26 "8 
27"6 
28"8 
28"9 
35"3 
32"7 
32"8 
33"0 
30" 1 
27-9 
24-5 
23"2 
18-5 
15-3 
13"7 
10.5 

8 .2  
5 .7  
4.1 

Fr ic t ion  torque = 0"025. 
A = 0"0904 sq. ft. 
r = 8 ins. 
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A P P E N D I X .  

THE HEMISPHERICAL CUP (OR ROBINSON) ANEMOMETER. 

The  hemispher ica l  cup a n e m o m e t e r  is still  used as a s t an d a rd  i n s t r u m e n t  
by the  Meteorological  OffÉce, t hough  the  mode  of va r ia t ion  of the  cal ibra t ion 
factor  of t he  i n s t r u m e n t  wi th  wind speed is no t  fully unders tood .  I t  was 
therefore  of i n t e r e s t  to  see if the  p re sen t  inves t iga t ion  th rew any  l ight  on 
the  ma t t e r .  

In  1888 Dines  found  the  normal  force on a hemispher ica l  enp and  spindle 
a t  angles of yaw f rom 0 ° to  180 °, the  m e a s u r e m e n t s  being made  oll a 
whir l ing a rm in the  open air  a t  an lV of 12-8 ft2/sec. ,  where  ! = d i ame te r  
of cup, V veloci ty  of wind.  (Jour~al of the R. Met. Soc., Vol. XIV) .  He  
de t e rmined  also the  value of V/v  for a Rob inson  anemomete r ,  where  v is 
t he  veloci ty  of the  cent re  of each cup, and  found  t h a t  this  rat io is a func t ion  
of V, va ry ing  f rom a value be tween  4 and  3 for V = 3 to 6 m.p .h . ,  falling 
rap id ly  to a value be tween  2 .2  and  2 .0  for V > 20 m.p.h .  More recent ly  
(" Observers '  H a n d b o o k , "  Meteorological  Office, 1918) the  factor  has been 
t aken  as 2 .2 ,  and  a correct ion table  for the  par t i cu la r  i n s t r u m e n t  is t hen  
used to  conver t  ind ica ted  speed to  t rue  speed. This  correct ion is a funct ion 
of veloci ty  and  tile p ropor t iona l  error  is g rea te r  a t  lower speeds.  

Though  the  same i n s t r u m e n t  is used as an a n e m o m e t e r  and as a windmil l  
to produce  power,  the  condi t ions  differ in two respects .  In  the  cases t es ted  in 
±his repor t ,  t hough  low values  of the  appl ied  to rque  were tes ted,  the  fr ict ion 
to rque  was large, and  the  to ta l  to rque  therefore  never  ve ry  smalh  F o r  the  
a n e m o m e t e r  t he  f r ic t ion to rque  is reduced  to a min imum.  I3ut since tile 
expe r imen ta l  to rque  (Fig. 9) agrees wi th  the  ca lcula ted  curve down to  the  
lowest  value measured ,  i t  is reasonable  to suppose  the  calcula ted curve 
holds  down to zero torque.  A more  serious difference lies in the  value of 
lV required,  as the  scale effect on a hemispher ica l  cup is large and compli-  
cated,  and  the  type  of flow seems to change  abou t  l V -  6. This  was 
u n i m p o r t a n t  in t he  cases dea l t  wi th  here, b u t  as an i n s t r u m e n t  for 
measur ing  low velocities, scale effect  m a y  compl ica te  the  cal ibrat ion.  

Us ing  the  same no t a t i on  as in the  ma in  repor t ,  i.e., 
V = veloc i ty  of wind, v = veloci ty  of cup, 

Q = torque ,  p = dens i ty  of air, 
~d a 

A = 4 where  d is d i ame te r  of cup, 

r = d is tance  f rom cent re  of cup t o  axis of ro ta t ion ,  

t hen  in Fig. 13, V Iv is p lo t t ed  as a func t ion  of Q/pAV2r ; th i s  is ti le to rque  
curve,  Fig. 7, for  a 4-cup a n e m o m e t e r  in a s l ight ly different  form. 
W h e n  Q = O, V / v  is equal  to 2.21.  In  any  ac tua l  i n s t r u m e n t  the  fr ict ion 
to rque  is never  zero, b u t  as V increases,  Q/pAVer  will app roach  zero and 
V/v should t e n d  to th is  value as a l imit.  

Assuming  Q, t he  f r ic t ion torque ,  is i n d e p e n d e n t  of V, then  V / v  may  be 

expressed  as a func t ion  of V /p:kr % Q this  l a t t e r  factor  being a co n s t an t  for 

each i n s t r u m e n t .  This  has  been done in iVig. 14, where  i t  will be seen t h a t  

/~Ar the  curve has  the  two a s y m p t o t e s  V /v = 2 . 2 1 ,  a n d V  N, Q --  0 '90 .  This 
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latter gives the speed below which the anemometer will no t  run. I t  will 
not  start  up unt i l  a somewhat larger speed is reached, as the maximum 
static friction is in general greater t l ~ n  the running friction. If Q cannot 
t~  a.~nmed const,~nt, V/v is still given by Fig. 2, where, however, f~ is now a 
function of V. These curves will only hold provided/V for the conditions 
nnder which the instrument  works is suillcientiy large for scale effect ~) be 
negligible. I t  is evident that,  in order to make V/v as nearly constant as 
possible over the required speed range, Ar /Q must  be made large. 


