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REPORT No. 98. 

THE DESIGN OF WIND TUNNELS AND WIND TUNNEL PROPELLERS, H. 

By F. II. \TORTO" and EOWAIlO r . WAIl'lER , Sation,\[ .\ ell·isOl',\' Committee for .\ eroll:tuticR. 

SUMMARY_ 

This report is a continuation of National Acl\-isor)- ('of1)mitle<' ror .r\Pl'olllluti(·s Hrport 
No. 73, and was undertaken at the Langley Memorial Aeronautical Lahoratory for thr purpos(' 
of supplying further data to the de , igner of wind Lunnrls. Pm·tieulHr emphasis war plaeed 
on the study of directional variation in the wind stream. For this pUl'pOSC a recording yaw­
meter, which could also be u ed as an a,ir speed meier, was de,~eloped, alld ga,yr \er~ sati facLory 
results. It is regrettable that the vo ltage supplied to the driving motor was not vcry constant, 
due to va.rying loads on the line, hut as Lhis motor "a~ of a ligh tl~' loaclrd induction type, Lhe 
variation in speed wa not ati largc as th y~trit1,tion in \Toltage. The work wa::; cal'l'i rd on hoth 
in a I-foot model and the 5-fooL full-sized tunnel, and whel'cyer po:-:~ ihle a comparison was 
made between them. It was found Lhat placing radial vanes dircetly hefore the prop<:'llcr 
actually increased the efficiency of the Lunnel to a con. iderel,ble exLent. The placing of a 
honeyc.omb at the mouth of the experimenLa,1 portion wa..<; of th<:' greatcflt aid in impro\'ing the 
flow, but, of COlli\ e, somewhat reduced the cffLciellcy. Se"cral types of (lifTusel's were trirci 
in the return fl.ir , but only slight impl'ovemenL resulted in the flLen dines' of flow, they noL heing 
nearly as efTectiye a the honeycomb. 

APPARATUS, 

The efficiency of the tunnel and the sl ip of the propeller " ere determined hy the same 
method as de cribed in Report o. 73, buL to hetter record th e fluctu ation in velocit), and 
direction a, recording in trument " as constructed. This in:trument , as sho,VIl in Fig .. I and 
2, eonflists of a, thin mica. diaphragm whose moyem<:'nt rotatrs a Yery light . pin(lle containing 
a small si lvered mirror. Light from an illuminaL(;'(l sl it is transmitted h.Y a lens to this mirror 
an.d the reA.eeted heam is then fo cused on a moving photographic film f-;() that any moycmellL 
of the mic}l, diaphragm is recorded as a continuol! curve. By this method any smelll Hnd 
rapid variation in Lhe air .flow of the Lunnel is indicated and recorded h~T means of a Pito t- ttlLic 
tube which is conneaLed to the two compariment separated by the diaphragm, and nny 
cha.nge in direction is rccorded in the same wa)' by connecting the sides of a yawhea<i io 
the compartment on opposite sides of the mica, diaphragm . The Pitot and the connecting 
tubes are made comparatively large 80 thai any rapid fluctuation in yelocit), can he immediately 
transmiLLed to the diaphragm withou t damping or lag. OYer 50 records were taken bu t olll~­
a few typical one. are reproduced here. umerou experiment on till' efficiency of tunnels 
and on speed fluctuation have previou ' ly been made in Enalan d.', 2, 3 

EFFICIENCY A D SLIP WITH NEW PROPELLER. 

In order to giV'e a morc even flow or ail' in the exil ('one a new propellrr Wet'i (jpsigned ror til(' 
model tunnel haying a larger pitch a,t the tip ,,0 that th<:' ail' ill (hi.' portion would hr (InlWll 

through with a relativcly greater veloeity. [n eyer)' other re-;pr('t thi" propeller is ypry similar 
to the propeller used in the test descrihed in R port Xo. 73, wlii('h, owing to a piece or ,nHl<i 
being dropped in the running tunnel, was complctely de:tro~'ed. In Fig. 3 i' shown the effi­
CIency of this propeller when working in a paraholiC' cone and in a Htrnight con(>. It will 1)(' 
noted that in the same way a with the fir t propeller the straigh t cone is co nsiderably mo['t' 

1 An In,estigation into the Steadiness of Wind ChalIDcl , by L. Bairstol\' and lIa rri Booth: British .\dYisory Committee for _\ crollautit'S, 
R. & M. 67, September, 1912. 

2 Experiments on lIfodels of a " Duplex" Wind Chanuel, by 'I'. E . • Lell(on and J . n. Hyde: Brit .. \. C .. \ ., I\, & M . . ;22, No,-ember, 19li . 
• Reports on Tests of a Model of the Proposed Hoot Wind Channel at the H. _\. E. , by C. G. Sandison an cl W. K . _\lIord: Brit. A. C. _\., n. 

& M. 574, December, 191 . 
3 
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efficient at high speed than the parabolic cone. In Fig. 4 is shown t~e ~lip of this. propeller 
in the parab lic cone and in the straight cone and it i. noted that the slIp 13 less at high ' peeds 
for the straight cone. It:, i then evident that the straight cone i aerodynamically superior to 
the parabolic cone, in addition to being ea ier to build. 

2.50 
W CFnCICIVCYWlnlP,ROPfLL£R N9~k 

In srroiqhf&porobo//c cones. ~ 
zoo 

.5 0 

o 
F'9.3. 

I 

~. ~ 
~ 

if -l ~ 
O{ . C\ 

Ii. 0' 
c}< 

!J 
./J ~ 

~ 
V' 

~ /::P" 
,..oM'" 

10 20 30 40 
Air speed //7 mop.s. 

05000 

4000 
\,. 

~ 
~ 
9-
~ .3000 

~ 
o 

~ 2000 
Q.. 
( 

1000 

H 
- -

f -

o 
Ft9·4 . 

I I I 
SUPWITIiPROPLLLfR N? 2 l -

In s Irolgh I &-porobolic cones. 

'r - V ' V f---io-' 
r--- --- ~.~ C 0(1 

II" t C 
'90 ' f1Y' 
~ t (OI 
~O IS' 

V 
V 

V 

10 20 30 40 
Air speed in m .p.s. 

EFFECT OF SIZE OF THE ROOM. 

All the test runs described in Report o. 73 were conducted in a large room. approximating 
to free-air conditions. In the tests described in thi report H temporary room was built around 
the tunnel, rpre. enting to scale the building provided for the 5-foot N. A. C. A. wind tlUll1el; 
and all runs except those shown ill Figs. 3 and 4. 'vere made in this model room. TIH' cro s 
section of the model room and the wind tunnel are shown in Fig. 5. For the same power thiR 
room decrea cd the air speed from 69 to .'>9 mile per hour or a decrease of 14 . .'5 per ('('nt. In 
the small room the maximum variation of ,peed was ± 7 per cent and the maximum Yllriatioll 
in direction was ± 10°. The air peed records show that for the fm,t 20 seconds after starting, 
in the large room, and for the first 10 seconds ill the mall room, the air peed is very steady, 
and that the fhwtuations uddenly appear at a definite time and will be indicated on the record. 
This appearance of 'udden fluctuations see1118 to indicate that the large part of the peed fluc­
tuations arc due to the disturhed air from the propeller a it return,.; through the room to the 
entrance cone. 

EFFECT OF RADIAL VANES. 

Eight r}l,dial nllleH 3 nun. t hiek and 450 mm. deep were placed R)-mmetrically in the exit 
cone immediately before the propeller. The e yanes joined in the center in a tationery spinner 
which was of the same diameter as the propeller ba..<;c. (Fig. 6.) The e vane actually iucrea cd 
the speed of the air in the tunnel for the arne power by 5 per cent, but the fluctuation in direc­
tion and velocity remained unchanged. In order to determine what part of the vane ga'Ve the 
increased efficiency, 25 mm. wa cut oIT of the outer end of each vane and the run repeated 
which gave a 3 per cent increase in speed for the same power over the tunnel with no Yanes. 
Again the vane were cut oIT on the end 75 mm. and in thi ca e the same peed wa obtained a 
with the tunnel wi thout vane. Thi eem La how that it i the whole area of the vane which 
act as a traightener for the air flow and that no particular part is c pccially 'Valuable in in­
crea ing the effLCiency of the tunnel. Eight additional vane 3 mm. thick were then placed 
along the inner surface of exi t cone, each vane being 75 mm. wide. This eli tribution of vane 
decreased the speed by 12 per cent for the arne power and the variation in speed was ± 6 per cent 
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FIG 2 - RECORDING AIR SP"ED METER WITH ILLUMINATING AND RECORDING APPARATUS . 
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and the variation in direction was ± 10°. The same vanes were then placed in the entrance 
cone, as shown in Fig. 7, and in this ca e the speed was decreased by per cent and the variation 
i n direction was ± 0 . With this type of ,ane in both the exit and enLrance co))e Lhe peed \\' as 
decreased by 20 per cent for the same power and Lhe variation in direction was ± 0. I t is 
evident from these test thaL the narrow vanes in either the exit or entrance cones are of little 
value in any way. 

EFFECT OF PLACING SCREEN ACROSS THE TUNNEL. 

A section of chicken wire of 25 mm. me h wa placed across the exit cone 45 centimeters ahead 
of the propeller. The u 'e of .the chicken wire decreased the speed by only 3 per cent, so it docs 
not seem that this di tl'ibution of creen would be of any great harm to the efficiency of the tunnel 
and it i ' of great use in preventing mall objects from being dra-wn into the propeller. A piece 
of window screen placed at the beginning of the straight portion of the tunnel decreased the 
speed by 14 per cent and the fluctuation in speed was -12 per cent and was -10 per cent in 
direction, showing that the screen in no way helps the steadiness of flow fo r the particular 
condition of this test. Screens ha\"e been used to advantage in other tunnels. \lith window 
screen at the mouth of the entrance cone the speed was decreased by only 7 per cent. 

EFFECT OF PLACING SPINNERS BEFORE THE PROPELLER. 

A spinner 75 mm. in diameter and 450 mm, long was supported b} steel wires hcfore Lhe pro­
peller, as hown in Fig. 8. The usc of this spinner 
seemed to have DO material eITect on the air flow. 

Ng. 8. 

Sleel 
w Ir es 

n-:----.--II' - -
450 x15mm. 

SPINN£ R 

THE EFFECT OF EXTENDI lG THE EXIT CONE 

BEYOND THE PROPELLER. 

By extending the exit cone as shown in Fig. 9, there 
was no change of the air flow inside the L1.mnel, buL 
the Langential flow, which had been noticed before 
with the propeller, was somewhat straightened out, and 
the air flow was more directly to the rear through the 
extension of the cone. A cylinder was then attached 
to the propeller end of the tunnel as shovn1 in Fig. 10, 

which decreased the air speed abou t 5 per cent, the air issuing from the tunnel at a considerably 

1 1 

F /g . 9 . Fig . 10 . 

.CO/>l/CAL C%TDYSION CYLINDRICAL C%TCNSION 

higher velocity and in a more compact stream, the borders of the stream still being sharply 
defin ed at a dist ance of 20 feet. As extensions of this kind mean a larger and. longer building 
for the wind tunnel there would certainly be no advan tage in using them. 

EFFECT OF HO EYCOMBS. 

A honeycomb was constructed as 8ho,,-n in F ig. 11 and was placed at the entr ance to 
the straight por tion of the tunnel. Owing to the difficulty in obtaining thin-walled metal tubing 
and to the expense of con tructing honeycombs of this type, only this one was tried. I t is 
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FlG.12 VARIATION IN DIRECTION IN THE MODEL TUNNEL WITH NO HONEYCOMB. 
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FIG. 13.-VARIATION IN DIRECTION IN THE MODEL TUNNEL WITH A HONEYCOMB. 
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quite evident, however, e,en from this one test that the honeycomb i of the greate ,t importance 
in straightening out the flow. The speed i reduced 1 per cent and the energy ratio 45 per cen L 
by (,his honeycomb, but the maximum speed variation wa only ± 2 
per cent and the variation in direction ,,,as reduced to ±O.5°. In 
order to sho'" more clearly the great increase in teadine s of flow, a 
curve taken with a recording ya,nneter is hown for the open Llmnel 
anel for Lhe tunnel containing the honeycomb. (Fig. 12 anel13.) It 
is eyidenL [rom the e how great is the advantage of the honeycomb. 
As the length diameter ratio in the tubes of this honeycomb are 
only 2~ it is quite po sible that by u ing longer tube the flow 
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SCCTIO/V Or 1I0NEYCOM8 

,,'ould be even better and the reduction in speed should not be appreciable. . There seems to be 
no doubt from these test that the honeycomb is absolutely e ential in most wind tunnels. 

EFFECT OF DIFFUSERS. 

The first diD'user trieclis sh01m inFig. 14 and consists es entially of a cubical box of ,,-hich both 
sides are perforated with mall hole, whose diameter is equal Lo the Lhickness of the wall of the 
box and whose spacing between centers is about twice that of the diameter of the hole. This 

Ar 60cm. 
B-1.8mm. 
C:.3.6mm. 

Ftg.l4. CUBICAL OtrFUS.ER 

1+--------- 8'- 0# ----------+j 

6g. 1.5 OIFrUSEI? 

box was connected rigidly to the rear of the exit cone so that all the ail" pa , ing through the pro­
peller must escape through the e small holes. It wa hoped in thi ,,;-ay to break up any pulsa­
tions which would originate from the propeller. Thi arrangement elecrea ed the speed of the 

tunnel by 7 per cent and the maximum variation of speed was 
± 6 per cent and the direction varia.tion wa ± 50, so that it 

mm. would seem that the :O.ow is slightly straightened but nowhere 
near as much as with the honeycomb. A econel difruser was 
tried as shown in Fig. 15, which con i ts of a latticework across 

mm. the tunnel room at the experimental chamber consisLing of 50 
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rnm. quare cells having a 6 mm. wall with a length 2t time 
their diameter. Thi diiIuser only ;reduced Lhe speed of the tun-

SECTION Or OlrFUSER. nel by 2 per cent, anel the maximum ,ariation was ± 7 per cent, 
Fig. IS and the ,ariation in direction was ± 5°. AlLhough this elifl'u er 

has very little eITeet on the e:fIiciency of the tunnel, at the same time it cloes not much improv-e the 
teadiness of flo,,-. A third diO'u er \,a. constructed as hown in Fig. 16 and placed in the samo 

position as the In.st. This cliO'u e1" deC'rea ed the air speed for the same po,,'er about 5 per cent, the 
variation in velocity 'was ± 5 per cent, and the variati?n in direction was ± 4°, howing only a light 
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improvemen t over the open room. It seems strange that these diffusers did not improve the 
air flow more, as the British have found that diffusers greatly improve the flow in their tunnels. 
rf he results of these tests would not, however, justify the use of a diffuser in a full-sized tunnel 
because of the rather large expense of construction of such a piece of apparatus. 

EFFECT OF PERFORATING THE STRAIGHT PORTI'ON OF THE TUNNEL. 

In order to determine the effect on air floW' of opening the doors in the cylindrical portion of 
the tunnel and in u ing small holes for the introduction of apparatus, various tests were made 
on the model in order to see how this would effect the efficiency and steadiness of flow. Also 
the velocity of the air in the experimental chamber wa determined by a mall anemometer. 
A slot was £1. t cut. in the cylinder para1lel to its axis and one-fifteenth of the diameter 'wide, 
rUlming the whole length of the experimontal chamber. The air flow extended out about 
the width of the slot from the walls of the cylinder, and beyond thi there was no flow in the 
chamber and the efficiency of the tUnnel Was not appreciably affected. This lot was then 
increa ed in width to one-sL'<:th of the diameter of the tunnel , thus decreasing the efficiency 
of the tUllllel very slightly, and the :flow of air extended about one-sixth of the tunnel diameter 
into the experimental chamber nearest the exit cone, but this air flow was less marked as the dis­
tance to the entrance cone was decrea ed. When the width of the lot was increased to three­
eighths of the tunnel diameter the efficiency was decreased abbut 15 per cent and the air flow 
extended two-thirds of the width of the slot into the experimental chambe:r, near the exit cone, 
but there was no flow elsewhere in the experimental chamber. 

TESTS IN FULL-SIZED TUNNEL. 

A few tests were made in the large tunnel in order to afford a comparison with the model. 
In Fig. 17 is shown the slip in the large tunnel. In comparing this with a similar condition in 
the model tunnel (Fig. 4) it is seen that for the same air speed the revolutions per minu te is 
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5.7 times as large in the small tunnel as in the large one. Theoretically, the ratio should be 
exactly 5, bu t the fact that the model test was run in a propor tionately larger room would 
account for this difference. 
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As the exact efficiency of the driving motor in the large tunnel is unknown, a curve of 
horsepower supplied to the motor is plotted against air speed, but to give some idea of the 
power supplied to the propeller a dotted curve is drawn from the estima ted motor efficiency. 
(Fig. 18.) 

In comparing this curve with the one obtained in the model, it is seen that the full-sized 
tunnel is slightly more efficient,.so that results may be taken from models to safely predict the 
performance of the full-sized tunnels. I t is also interesting to notice that the power does not 
increase as rapidly as the cube of the speed but more nearly as VZ.5, although, as the efficiency 
of the motor is not exactly .known, the value of the exponent can not be determined very closely. 

Record were taken in the full-sized tunnel of var~ations in velocity, and these are repro­
duced in Figs. 19. and 20. In the first figure the wind-tunnel motor was connected to a ga oline­
driven generator of 25 kilowatts and records taken at several speeds. In Fig. 20 the motor was 
connected to a 300-kilowatt generator driven by a Liberty motor. The most important charac­
teristic of these records is that the magnitudes of the fluctuations do not increase as rapidly 
as the air speed, so. that at the higher speeds, quite contrary to expectations, the ,elocity is 
relatively sLeadier. The maximum variation in aii speed at 90 miles per hour was about ± 1.5 
per cent, whereas in the model it was about ± 2 per cent, so that it would seem that the steadi­
ness was about the same in any size of tunnel. 

Yawmeter records were also taken in the large tunnel, but were not reproduced, as they 
show practically a straight line, indicating that the honeycomb was satisfactorily straightening 
out the flow . 

NATURAL PERIODS OF TUNNEL. 

A wind tunnel acts as an open organ pipe and its natural period will be given by: 

where l is the length of the tunnel in feet , 
and V is the velocity of sound, or 1,040 ft ./sec. 

The model tunnel would then have a period of 0.03 seconds and the large tunnel a period 
of 0.15 second. Vihrations of thj~ nature arc very evident audibly in the tunnels at certain 
speeds, but do not seem to be presrnt on thr re(,ords, as the pitot tube is very nearly at the node 
of the vibration. The honeycomb ha a con iderable influence in damping these vibrations, 
which are more of a curiosity than of any practical interest. 

AUTOMATIC REGULATORS. 

As it is not practical to supply a con tant voltage to a wind tunnel, although some tests 
have been mane with storage batteries where an extremely constant speed was required, it is 
either nee-essary to keep the voltage constant as nearly as possible by hand regulations or use 
some type of automatic regulator. In small tunnels it is quite easy to regulate the wind by 
hand, but in larger tunnels the inertia of the moving parts is so great that there is considerable 
amount of lag between the change in regulation and the response of the air speed, making 
hand regulation very difficult. A very complicated regulator has been constructed at G6ttingen 
(N. A. C. A. File No. 5346-10) and seems to hold the velocity quite constant. There are 
also numerous electrical devices for maintaining a constant motor speed, and some of these 
regulators will hold the speed within 0.1 pel' cent. It seems probable, however, that even if 
the revolution pel' minute of the propeller is constant that there ,yill still be fluctuations in 
the air speed, so that a successful regulator must be actuated by the ail' flow. There is a great 
deal of work to be done on such regulators, and the N. A. C. A. intends to carryon work of 
this kind in the near futme. 
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CONCLUSIONS. 

The qualities that should be aimed at in wind-tunnel design ip order of th eir import ance 
are: 

1. Constant direction of flow. 
2. Constant velocity of flow. 
3. Uniform velocity across section. 
4. Efficiency. 
5. Ease of working around tunnels. 
6. Simplicity and cheapness of construction. 

A good many of these qualities aTe contradictory, and the best compromise must be made 
between them and the type of work that is to be undertaken. For example, a tunnel for testing 
instruments should have a high efficiency, but need not have a very steady flow. On the other 
hand, a tunnel for tes ting wings should have its efficiency somewhat lowered in order to obtain 
a steady flow. It is quite possible to so arrange the honeycomb and diffusers that they m ay 
be removed when it is desired to obtain the.highest peed. It would also be of value to make 
it possible to open the ends of the building, a there are many days when the wind would have 
little effect on the steadiness, and the efficiency woul d apparently thus be con iderably increased. 
This arrangement would also make it possible to coo] off the air in the building in a very shor t 
t ime, an advantage that would be greatly appreciated in hot weather. 

'l'hi work seems to show conclusively that a str aight exit cone is more efficient than a 
cUTved one, and it i certainly cheaper to construct. Diffusers affect the air flow very little, 
and they do not seem to warrant the expense of construction. Honeycombs, however, are of 
t he greatest value and should be placed in every tunneL 
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