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REPORT No. 73.

THE DESIGN OF WIND TUNNELS AND WIND TUNNEL PROPELLERS.

By EDWARD P. WARNER, F. H. NORTON, andC.hf.HEBBERT.

THE ELEhlENTARYTHEORY OF THE FLOW OF AIR THROUGH WIND TUNNELS.

If the air flowing through a wigd tunnel and back through the room from the exit to the
entrance of the tunnel followed Bernouilli’s theorem with exactness, there would be no change
in the energy possessed by a given particle of air, except for the loss due to friction, as the

....- . ..-

kinetic energy lost on issuing from the tunnel would be .r~tored in the form of pressure energy.
The power required to maintain the flow would then be .

,.

P= Tnx7tf

where hf is the head (in feet of air) lost by friction and m is the mass of air flowing per second.
As the same mass of air must pass every point in the turmel, the product of mean air speed by
cross-section area must be a constant for its whole length, neglecting compressibility and changes
in temperature during the passage. Since the major part of the frictional losses occur in the “

—-.-. -

reduced section of the tunnel (provided that it is not very short and that the diffuser is not so
constructed as excessively to hamper the.travel of the air from the tunnel back into the room)

..-.

hf would be practically independent of the size and a-ngleof the exit cone, and the power corl-
sumed would also be independent of these factors.

As a matter of fact the conditions of flow are not simple enough to permit the direct appli-
cation of Bernouilli’s theorem. Borda has shown that the loss of energy when fluid moving at ~”

. .==——

high velocity in a pipe is discharged abruptly into a large room or reservoir is equal to the
kinetic energy initially possessed. The ldnetic energy is not converted into pressure energy m
the theory indicates that it should be, and it is therefore profitable to use an exit cone of con-
siderable Iength, in order that part of the kinetic energy may be saved by conversion into the
potential form before the sudden discharge into the room. The length to wtich it is desirable
to prolong the cone is limited by the growing 10S by friction within the exit cone itself. A
more rapid conversion of the kinetic energy by increasing the vertex angle of the exit cone is
forbidden by the unwilli.ngnws of the air to change its course suddenly and”follow the walls of
the exit cone. U the vertex angle be made too large the effect is almost the same as that of
an abrupt increase in cross section. E~el, as the result of an elaborate theoretical and experi-
mental research on tunnek”having exit cones gegsrated by straight lines, has come to the con-
clusion that the vertex angle of the exit cone should be not more than 7°, and that the diameter

----

at the large end of the exit cone should be three times that at the small end. It is necessary to
base the dimensions of a tunnel on a compromise, as the arrangement which would give the
absolute maximum of efficiency would have to be housed in a building of prohibitive size. The
over all length can be materially reduced at the cost of a slight ~cre=e ~ power) ~d the ~t

--

cost of the-building, depending on its dim~wions, mtit” be balanced against the cost of opera-
1 tion, which vark with the power of the motor and so with the etliciency of the tunneI. The .—.—

relations to be observed among the various dimensions of the tunnel and the angles of the cones
will be discussed more fully elsewhere. Knowing the power consumed by a tunnel, its diam-
eter, and the speed of the air, the toM lCMSWcan wily b computed for that particular speed,

5
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and the magnitude of the figure thus obtained will serve as a measure of the e.fEciencyof opera-
tion of the tunnel. Since, however, the 10SSSSvary with the speed, they can not be compared
directly for two tunnels unless they are mm at the same speed. The factor most commonly
used for comparison between tunnels is the ratio of the kinetic energy possessed by the air
passing through the tunnel iu unit time to the work done by the motor in unit time. This is
sometimes called the “over-all ef%ciency,‘X but it is her&n alluded to as the “energy ratio,”
The term efficiency in this connection is misleading, as the two quantities introduced into the
ratio are not directly connected, but merely happen to have the same dimensions and so t.abe
convenient for the purpose. Furthermore, the vahe of the ratio is very commonly more than
1, and is sometimes very much more.

To determine the manner in which the power consumed varies with speed, and so dete~
mine the validity or otherwise of the above relation, as we~las to find the relation which must --
be preserved among the various factors in order that geometrically similar tunnels may be
strictly comparable, the Theory of Dimewions maybe used. The method pursued need not be
gone into @ detail, as it has been descrihd many times before, and it will stice to summarize
the resdts. It appears that, if the compressibility of the air and the action of gravity on it be
assumed to be of negligible importance at the speeds employed, the power consumed is pro-
portional, for geometrically simihw tunneIs, to the croes-sqotion area and to the cube of the speed,

VD
,.

provided that

.-

~ where V is the air speed, D the timnel diameter, and P the coefficient of

kinematic viscosity, is maintained constant. Experiments conducted with a model tunnel at
Langley FieId and fully described elsewhere in this report, as well as those carried on by Durand,

Castelkzzi, and others, show thatvthe” energy ratio” varies but little with changes of —
VD and

v
‘ it is therefore safe to apply the results of model experiments to fall-sized tunnels, even though

the speeds may not be strictiy in inverse ratio to the diameters, In generaI, the “ energy ratio”

@cresses as ‘D “— mcreasee, and it bherefore requires less power to drive a tunnel than would bev
predicted from a direot application of the remdte of tests on a model of the tunnel and propeller.

The useful work done by a propeller is equal to the product of the thrust by the speed of
flow of the fluid through the propeller disk. The thrust of a wind tunnel propeller is then

where V’ is the speed of the air past the propeller, and this equation hokls good whether Ber-
nouilli’s theorem is followed or not, so long as hf is the total loss of head from all causes.

m=~xAtx VI

A’ being the cross-section area at the propaller, and the propeller thrust is therefore equal to
the weightmf a column of air having a height equal to the total loss of head and a cross-seo-
tional area equal to the disc area of the propeller. Since the power is proportional to the cube
of the speed, tha thrust varies as ite square.

If the factors causing departures from Bernouilli’s theorem are neglected, the useful work
done in moving the air against friction .wilIbe, as rdready mentioned, independent of the degree
of expansion of area in the exit cone, and so of the diameter of the propeller. Under these condi-
tions, in fact, the advantage in respect of power consumed would rest with the short exit cone
and small propeller, as the.propeller efficiency is highest for a large value of the ‘ %lip function” I
and this is obtained.hy making the speed of the air though the propelkr high and keeping
down the diameter of the propeller. Assuming that the output of work is the same in all cases,
the thrust WW be invemely proportional to the speed of air through the propeller, or directly
proportional to the disk area, .
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LAWSOF SIMILITUDE FOR m TUNNELPROPELLERS.

It is obvious from a study of the Drzewiecki theory of propeller action that a series of pro-
pellers of similar blade form and width-diameter ratio, all working at the same true angle of
attack, will give thrusts approximately proportional to N31Y,where N is the engine speed in
revolutions per unit time and D the propeller diameter. This proportion can be demonstrated
by the Theory of Dimensions to hold exactly true for geometrically similar propellers of perfect
rigidity, but it is very nearly correet even where propellers of ditl%rentpitches are concerned.
It has been shown that the thrusts of a series of propellers designed to drive the same wind
tunnel or geometrimdly similar tunnela, “is proportional ta WD, and also to the cross-section
area, which, in turn, variee as D’. It follows from these two relations that ~lY must be. a_
constant, and the peripheral speed of the propeller required ta draw air through a wind tunnel
at any particular speed will therefore be quite independent of the diameter of the propeller if
the power required is independent of that diameter. It follows as an obvious corollary that, if
the power required is not independent of the degree of expansion in the exit cone, the peri-
pheral speed of. the propeller will be least”under the same conditions as those for which the
power required has its minimum value.

It is easily demonstrable that the stresses, both those due tQcentrifugal force and those due
to bending by the air pressure, in a series of geometrically similar propellers depend only on
the peripheral speed, and that they vary as the square of t4at quantity. There is therefore a
limiting peripheral speed which can not be exceeded with safety. For wooden propelle~, it is
unsafe to run the peripheral speed much beyond 60,000 feet pm minute, or 305 meters per second,
and it is better to stay well inside this figure. In the case of an airplane or aimhip where large
power must be taken on a single propeller the peripheral spee@ can be reduced by gearing doivn,
as the engine speed decreases more rapidly than the propeller diameter increases. In the wind
tunnel, it has just been shown that this is not the case, and that the peripheral speed, and so
the stress, actually increases if the propeller diameter is enlarged beyond a certain point. There
is then a clearly defined upper limit to the power which it is safe to apply to driving the pro-
peller in any given wind tunnel, and therefore a limit to the maximum speed attainable. This
maximum can only be raised by reducing the 10SSSSand so improving the over-all ticiency
of the plant.

Since the power required to secure a given speed with a given “energy ,ratio” is propor-
tional to the cross-sectiomd area of the tunnel, and is also proportional to VIP.@, the propellers
in a series of tunnels of different diameters operating at the s-e speed and having the same
“energy ratio, ” dl work at the same value of N2D2,and so of the peripheral speed. This leads
to the rather astonishing conclusion that the peripheral speed neccssmy to produce a given
air speed depends only on that air speed and on the energy ratio, and is not at all “tiected by the
size of the tunnel or of the propeller (except indirectly, in so far as these factors have in kfiect on
the energy ratio). For any value of the energy ratio, then, there is a limiting air speed which
can not be exceeded without running the peripheral speed up beyond the limits of safety, and
this speed is the same for large tunnels as for small, although the actual power consumed of
course varies with the tunnel diameter. In order to realize the higheet possible wind speed the
power coefficient of the propeller must be made as large as possible. This can be done by using
many bladee and by making them of Mgh-hft sections set at relatively large angles of attack
If the velocities desired are tio high to be obtained in this way, it will be necewary ta use two
or more propelkm arranged in tandem, acting like a multi-stage compressor.

It has been shown that ,

P = &Dj V?

and also that
P = K, V21WD;

.-

—

.-

.

—

..—.

.—...>

where the subscripts 1 and 2 denote, respectively, the conditions existing in the experimental
chamber rmd at the propdler, and Ki and & are experimental constants depending “on the
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type of tunnel and propelIer. Sinca D? VI=D,2 V,, if the velocity across the exit cone at the
propeller is uniform, the first of these relations may be written

P= I@: v, v?.

Dividing this by the second of the reIationa above,

LWD: = K, TT,Z--
and ~i=p.. -... __.- ... . —.

K,”

The ratio of the ah speed to the peripheral speed is thus a constant for a given tunnel, and
its value for any particular tunnel depends only on the type of installation—not at all on
its size.

VaIues of & for a few tunnels are tabulated herewith:
a

- -..m---- - *---

Name. v@./sw). N (r. p. s.). D,(m).
&

.-

Eiffel. Autitil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..~. - 31.8 3.83 3.&l 2.18
Lehd Sh~ord. Jr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24.0
Langle Field, model

6.77 3.35 L 06
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

N. P. i., 4-foot...
41.5 63.3 0.610 L 00

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . . .- . . ..ak . . 15.24 %5 ?. 1.676 0.40
cuti.4.foot . . . . . ..' . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34.5 22.92 z 44 .0,62
c@b.7.foot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20.00 3.66 0.68
M~kfieId . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2%: 29.50 1.52 4.92

-. . .._ . . . . .,-
1Thfs tunnelwasequaraand tbe ratioof VI to Vi la therafm equal to the ratio of the cmm+eetioo areas and not to that of the ~quamof

dkuetem at the mfnhnum sectionandat the propelkr.

Ca8tdkri’aexpa+nemk

B&e
Number of bladss. V!(m./w.).

diamet&.

z::::::::::::::::::::::::::::::::.;:::::::::::::::::::::::0.0435
.0300

16. . . . . . . . . . . . . . . . . . . . . . . .... . . . . . . . . . .. . . . . . . . . . . . . . . . . . . .0650
12. . . . ... . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . ... . . .0435

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::
.0650
.0550

-

N(r.p. s.).

17.26
19.17
16.37
20.50
19.33
22.17

.

0.600 2.41
.600 2.17
.600” 2.50 .
.600 2.03
.600 2m
.600’ L 88

It wiIl be.noted that the highest .v&e of ~ in this table, with one exception, is 2.50,
*

and this value was obtained in a tunnel of very e.ilkient typo in combination with a propeller
having a total blade width equal to one-third of its circumference. Anabmis by the Drzewicclii

F-,method leads.to the belief that.it will be possible to raise ~; to 3, but that this figure can hardly

be exceeded with propelks resembling those now in uee.- The exception mentioned above,
the -small tunnel at McCook Field, has a fan of special typo and will be discussed latur.

If the allowable peripheral speed be taken as 285 meters per second, iVDais 90.6 meters
T7

per second. If W be assumed to be 3 the I.imiting,val:e for T’ is 271,8 meters per second,
9

or 607 miles an hou;. This is a considerably higher spci-d than has yet been attained, or than
is ever Iikely to be desirid in ccmnection with the study of aircraft. If higher speeds should
be needed they cm be secured either by the use of a multiplicity of propellers in series or, up
ta a certain point, by the use of a fan with an abnormally large hub and short-blades entirely
filling the periphery of the hub, as in the McCook Field hMd,l where the hub diameter is.— .. . . . , . . ...>._--.. -,..q.; ; ?,:.--

JStudies In high speed aarodynamio phemomena, by F. W. Catchall and E. N. JhIes; Automoti~e Indostrios, Aug. 28, 1919, p. 422.
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two-thirds of the total diameter. If & is raised to 5, a value ody a little higher than that
3

in the McCaok Field tunnel, the limiting air speed for th~ peripheral speed given above is
increased to 453 meters per second, or 1,012 miles an hour.1

The assumption has so far been made that the air has a free passage across the whole area
swept by the propeller., Of course the hub alwayB blocks off a part of this area, but it has
usually been an insignificant fraction. If the propeller diameter is n times the hub diameter, the -—,—.

.
proportion of the area blocked off is $, and the speed of the air across the propeller blades, ._

,

aeauming a uniform distribution evermhere outside the hub, is increased in the-ratio ~ll. ——p

H the propeller be made, as is the common practice, titi a comt~t blade width, and if the
Mt coefficient be assumed constant all along the blade, the portion of the tdal thrust given by
the part of the blade inside of any given point is very nearly proportional to the cube of the
radius at that point. For example, one-eighth of the thrust wotid be given by the inner half
of the blades if they extended clear to the center, with no hub at all. The use of a hub, or

..

the covering up of part of the blades with a “spinner” therefore decreases the thrust in the .—
.

ratio I —$. SinW useful power is equtd to the produot of the thrust by the speed across

the propeller disk,. the net change in power, cfue to hub or spinner, is

=1
1“

+nz+n. —

The increase in power ocdcient by the use of a spinner, the propeller pitch being adjusted
to give the same angle of attack of the blades with as without the spinner, is 5 per cent for
a spinner or hub one-quarter the diameter of the propeller, 17 per cent when the ratio is one-
half, and 27 per cent when, as in the McCook Field tunnel, it is two-thirds. Furthermore, the .—

use of a very large hub makes it possible to use more blades and make their tataI width a larger
fraction of the circumference of the circle swept by the blades. In the McCook Field fan there

.- —

are 24 blades, and their total width is approximately equaI to the circumference of the hub.
—

Where v&y high speeds are desired, as in the calibration of air-speed meters, i throttling
insert has sometimes been used to reduce tie seotion of a large tunneL T!heeflect is ta increase
the speed, but USdlY muoh less thank expected. If the “energy ratio” remained con&ant,

--

halving the diameter of the tunnel would increase the speed available with a given expemditwg
of power by 59 pSr cent. A change of this sort usually, however, cbinishes the energy ratio
unless the turd is of the type combining a long straight portion with conical ends, and per-
mitting of the extension of the cones back inta the straight cylindrical part. we use of a throt-
tling insert in a tunnel with a short experimental chamber, like those used by IIifbl and Crocco,
is almost certain to lead to a large drop in energy ratio, and the increase of speed by halwimgthe
diameter in such a laboratory wotid probably be Iess that 50 per cent. ?i’urthermore, it is
necessary for beat results that the propelk ordinarily used be replaced by one especially designed
for use in conjunction witi the throttling insert. If the diameter of the tunnel be halved the
area at the smallest section is divided by four, and~even tith an increase of 59 per cent in speed
at the throat or in the experimental chamber, tie speed of the air past the propeller is reduced
by 60 per cent. Since the propelkw diameter and its normal rotational speed to develop the
rated power are unchanged, the propellw for use wit& the throttling inser~ must have a much
smaller efFectivepitch than tit employed with the full section, if the maxrmum of efficiency is
to be obtained.

.

1In W me.lgsk the ohsrue of density of the air, due to dscrwa of statfc p~
.-— -.—

with inaeashrg .spe@ Is nsgleeted. ‘l!hk dce not Iead
to a very lerge error, u bti m WOrdk tfit =d tie fifJo~l r-m ~ me p=we of tie ah inme with the atr deueity, the fOIIIW
Very@ more rspidly tlwa the Iettel.

144640--2
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RELATIVEADVANTAGEOF SMALL AND LARGETUNNELS.

It has just been shown that tlm gain in speed by reducing the diamcker by M usc of s
throttling inswt is disappointingly small. This l~ads naturally to a study of the best size of
wind tunnel to be employed, and of the r.elaticmbetween.speed and size which shouhl be sought.

In the construction of aerodynamical laboratories, as the attempt bs been made to apprcmh
evm more nearly to full-flight conditions, two ffivergent=schoolsof practice kve WOWnUP. ~1~
first, best representcxiby the National Physical I&boratory in England, has constantly increased
the diameter of the wind stream, and so increased the size of model which maybe tested, but has
remained content with relatively modemti wind speeds... The. se.co,ud,on the other hand, has
concentrated its efforts on the pumping of the air across a small section at enormous vclociw.

In compming the merite of the high speed and the large diameter tunnds, thcm me tlmw
points which must bo borne in mind. In the first place, the highest-possiblo w-due of L V (L Jr
being the criterion of dynamic similarity) is to be obtained with a minimum expenditure of
power. Secondly, the interference between the model and ib support is to be reducwi ta R
minimum, and, finally, Mdisposition should be favored which enables us to secure the greatest
accuracy.in tha construction of the ,models. .

It has been shown that
P= KAT3=KID2V

where D k tho diameter of the tunnel and K, is a constant.
In order to avoid interference between the model and the walls of the tunnel, the ratio of

maximum spfin to tunnel diameter must not oxcced a certain value (usuz-dlyabout 0.4]. Setting
L, the span uf the model, proportional to D, we can then modify @e above equation:

P-.~z P=&ms
--m-”

.—

The power required to drive the fan will therefoxo b.e least, for my given ~alue of L V, in that

tunnel where the diameter is largest and tlm speed is smallest.
The relative magnitude of the interference between the model and its support, the so-called

“spindle ticct” depends on the, ratio of the spindle d&@eter to .-thelinear dirnengions of t@
model. Its reduction is a matter of very vital importance, the symdle correction undoubtedly
b&g tie largeet single source of error immost wind-tunnel tests.

The..bending moment in the spindle at any point (say one chord length from ho WIW tip)
is proporfio@ to,&e product of the-span by the force acting on the model.

H= C,LF= Q&(L’ P) = C&SP.

If d is the diameter of tho spindle, the relations between bending moment, fiber stress, and
deflection may be written:

f=~=”+~’

if the matarial of the spindIe be tho same in aIl cases.
If the maximum fiber stress be limited to a definita value,

The ratio of sp@lle diameter ta model size, and co~equently
therefore be greatest in the high~peed, sma.11,diameter tunneL

,, ... ...—- -.-, —._

the spindle intcwfereuce,will -.
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If, as is usually the rose, it is stiffness and not Sttrength which prescribes the diameter of
the spindle,~and if the defle.ctioribe limited to a d~termined ?alue, the required spindle size is
given by the equation:

d 4 CJL’P
()

~ .T . . .

For a given yalue of L V, then, $ will be least when the speed is low and the tunnd diameter

large. The advantage of the large tugnel on this score is e-i-engreater-than app&a at first,
as a larger spindle deflection-is permissible with a large tunnel than witi” a smsll. one. In fact, -- ‘-”
the permissible deflection increases nearly as rapidly as does the tunnel diameter.

In respect of &e third coneidemtion, accuracy of construction of the.model, the superiority
of the large tunnel, permitting the use of a large model, is so manifest M hardly to call for dis-
cussion. A model of 3-foot span can include many pints, such as fittings and wires, which ii is “”
quite hopeless to put on one of half that size.

So far, the advantage has rested with the large diameter in every particular. It has one
disadvantage in that the size and w&~ht of the balance are much increased, longer weigl@g
arms, heavier countmw&~hts, and a ggmeralstrength@ng up of the apparatus are necessitated. ‘ ‘ ‘--
Furthermore, the initial cast of the building to house a large tunnel is “ver-jhigh. In the -ivri&”i’s - “‘- .._ ~”-
opinion, however, the advantages far outweigh the drawbacks, and any future development of
wind tunnels for model testing should proceed along the lines of, increasing the diameter rat&er
than the speed.

-.

All that has been said agqinst high speeds applies, of ~ourse, only to @nnels for the teshg
of modek. Speeds equal to the speeda of flight of airplanm are essential for the calibration of
instruments. ‘

.,””

bESIGN OF WIND TUNNEL PROPELLERS BY TEE DRZEWIECEI THEORY.

It is possible, if therate,of flow of the air througha wind-tunnel propeller be known, to predict
theperformanceof thepropeller bytheDrzetickitheory. Indeed, theapplicationof that theory
to wind-tunnel prope~ers is rather simpler than its application to the airphane, as Mere is no
in-draught correction to contend with. If the velocity at the minimum section of the t~el is
given, the velocity through,the propeller can be computed with absolute accuracy on the assump-
tion that the distribution acrcss the tit cone is uniform. This assumption mn only justify
itself in the results of the.analysis derived from it as a basis.

The best way of checking the accwcy of the analytical method .of design is to apply it
to a propdler already working satisfactorily. This has been done with t.hepropellerused in the
model wind-tunnel experiments described in a later section of the report. The ar+je of the rel-
ative wind to the plane of the propeller can be computed from, the wind speed., and it@ then @s_
sible, knowing the angles of blade setting, to work back and iind the an@e of attack of”‘each
blade element. Having t@ the power consumed by the propeller and it&efficiency can be
found in the usual way. This was done for two cases. In the first case.-the.tunnel was of the
EMel type, with an enlarged experimental chamber, and the calculated pow~ che@ced the
actual consumption wdti the experimen-t@ error (about z pe~ cent, owing to uncertainty as”k
motor losses). In the second case the an stream was inclcsed thoughout, a cylindrical tube
be& carried across the experimental chamber, and the power consumed was about 15.per cent
more than that calculated. It is considered that both of-these tests showed a very fair heck
and that the use of the Drzewiecki theory for design is amply justified. The average error,
both in thw.e and in other cases which have been tried, is in the direction of underedigmtion. of
the power consumption.

1The effect of spfndle de!ktfcm on the aeenrecy of msewremsnts k
. . . .. . . . . . . ..
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In designing a propeller for a new tunmd it ie neceseary to make an estimate of the energy
ratio, and so of the 8peed for a given power. If the esti@@e is tog.low, the propelIer pitch will
be made too low, and the propeller will work. at an inefficiently small angle of attack, The
speed will be higher than that estim~ted, but still not so high as it would be with a proper
propeller. If the propeller blades are made too narrow; or if too few blacks are used, the full
power of the motor will not be absorbed at the rated revolutions per minute. The speed will
then fail to reach the value expected for the rotational speed realized, tho angle of the relative .
wind to the plane of the propeller will fall below the estimated value, and the angle of attack
of the blade ekunents will become inefhcient.lylarge. An-y change of this sort from the designed
conditions of operation tendz to correct itself, as the larger angle of attack incre&a the power
consumed and the thruet given by the propeller. This in turn spee@ up the air and brings tho
angle of attack tcnr lower value. It is for this reaaon that fairly satkfactory rawdts have so

.. —

frequently been .8ecuredwith propdkra chosen almost
(i- —

at random, but the best efficiencies can onIy be Qb-
iained with a. propelle~ desigged qepocially for the

10-— ~-- conditions under which it k t.a operate. The cww//”
v

9 —-
/

monest faults in the design of wind-tunpel propellers.b..—_- ..
‘ ‘“”have been either to ovorhtimate th; energy ratio for/:8’ .-:. ..... ..

8—– / “ a projectad tunnel or to underestimate the total blade—. .. .-.—- —..-,., . .
/J width required for ~iiksorption of the given power.

/
7

at the most eficient angle of attack. The result in

/t both cas= b to.cause the- blmles to work at too large

6 / En angle of attack.,-.,
I There is some doubt m to the-manner in which the

1)
5

angle of attack should vary along the blades. Most
I .. wind-tund propellers in which the Drzewiecki syabm

Cauvxx?fmmuti
4 —

was used at dl Ii&vebeen kligned for a constant angle
MM7unn.Y/R@elhr c~sfiti of attack, but sirqe, as waa just noted, the propelkm

have usually been made too small to absorb the fullJ — -
%5 power of the motbr, they actually work at an angle

2 — / of attack larger than that desired and increasing from
, the tip to the root of the blade. In the design of apro-

1-— peller for the I&nglej I?iehi wind tunnel the oppo-..
site disposition has bem deliberately chosen, the angle
of attack being made largest near the tips and do-

0 .I .2 .3 y 44 .5 .6
47 creased toward the hub in order that the sir may be@

drawn out along the sides of the exit cone and in order
F[Q. 1.

that the larger part of the thrust may come on the most
efhient portion of the bhdes. No experimental data Oi ,jhe effect of taiz arrangement of the
blade’ sections are avaiIable as yet.

In order to make it easy to estimate the number of blades and the blade width required
in a propeller for a tunnel, aamrning that the wind speedlpgwer cogsumpth, and revolutions
per minute are known, a number of prope.~erehave hew. computed for a viriety of condition
and the results expressed by a formula and a curve. The power is given by the formula

~=vxbx D’x N’xn” .... ..
ox Iv

.. . .

where P ia the horsepower input of the motor, V the ti”%peed thro~~h the propeller in meters
per second b the blade width in centimeters, N the revolutions per minute, n the. number of
blades, Dthe propelhw diametir in metere, and C a constant, the magnitude of which dependz

on the pitch of the propeller. C is plotted against &in figure 1.
.

If English unite be used,
2
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c

~ beii given in mlilesan hour, Din feet, and 6 in inches, a factor Illgreplaces 1(Pin the denomi-
nator of the power formula given above, and C is given by the dotted curve in figure 1. The
theoretical basis for the derivation of this forrmda is the same as that for a formula derived
by the writer, and previously published,’ for the power consumption of airplane and airship
propellers.

The efficiency of wind-tunnel propellers is usually verj low, and the maximum attainable
depends largely on the ma=mitudeof the pitch ratio. In the propeller dwigned for the Langley
Field tunnel the calculated efficiency is 58 per cent. In fi.mre 2, probable propeller efficienciw

have been plotted against ~. The efhciencies there predic~d may be exceeded when the.
peripheral speed is 10W,so th;t thin sections can be used over the whole length of the blade,
or when a very large hub or spinner is used to cover up the less efficient parts. In order to

give an idea of the range of values of& employed in successful tunn& a few are tab~ted
2

bdow, the data being taken from the table under
“Laws of Similitude for Wind Tunnel Propellers”.

V*—

LelandStiord, Jr.. . . . . . ..’. . . . . . .. ..-- . . . . 0.2&
N.P. L.,4-foot.. . . . . . . . . . . . . . . . . . . . . . . . . . . . .27
&lr@4foot . . .. . . . . . . . . . . . . . . . . . . . . . . . . ..- .20
cnr*7-faot.-.- . .. . . . . . . . . . . . . . . . . . . . . . . . . .20
Langleyl?ieldmodel. . . . . . . . . . . . . . . . . . . . . . . .25
McCook FieId . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .4s

THE FORMS OF ENTRANCEAND E2Q?TCONES.

There has been a great deal of discussion and die-
pute as to the best form for the conw in which the air
acquime and loses its speed, and further experiment
is ddrable. The e@ct which changes in the form
of these cones have on the eiiiciency is, however, much
less than has commonly been supposed, judging from
experiments recently performed at Lmgley Field
and reported in another part of this paper.

In the absence of data to indicate the best form,
mcxd of the wind tunnels which have been constructed
have used, at least on the exit aide of the experi-
mental chamber, the frustrum of a right cone gen-
erated by a straight line. This was true of the h’. P.
L. and all their imitators, md it has been true also of
most of the tunnels designed with an eye to the remdts
of the experiments of Crocco and CSStdkmzi,and using
long exit cones of very gradual sIope. A surface of

.80
I

P808.48LEEFFKA%Fcv

.7s
Wfh+ ?Zu.nelA-Op*lhra
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FIQ. 2.
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this type has at least the advantage of being easy to generate and to fabricate from wood or
sheet metal. There is, however, no Particular reason b believe that it is the most efikient
that can be constructed from an ‘aerod~amical point of tiew. Eiflel and his folIowere, on the
other hand, have always used cones of curving form. It seems fair to assume that tie loss ~
diverging nozzle is partiaUY dependent on the deceleration of the fluid, and that the loss will
usualIy be least where the deceleration is least. It is obvious, furthermore, that the flow through
the exit cone will be smoothmt and least turbulent when the form of the cone is smooth, and
that any abrupt change of slope of the walk, such as that at the juncture of the parallel portion
of the tunnel with an exit cone generated by a straight line, is Jiable to cause the lines of flow
to break away from the contour of the tunnel wall, and k establish a region of’ ‘dead-water”
—

1Aviation and AeronauticalE
———

n@neer@, Feb. I& 1919,p. 84.
. .

1.

. . ..-

(,: “’
,c~- .= -.. --.. —
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and turbulence around the periphery of the exit cone.. The smoothness of a curve can. best .._ __ _. .
b~ judged by taking differences or, if the equation of the curve is known, by plotting the deriva-
tives. This was done & designing the cones for the L&aid Stanford, Jr., tunnel.’ Tho plotting 2._.. .-
of the curve of acceleration for a tunnel wiU then serve the double purpose of indicating. the
smoothness of the curve and of giving the maximum rate at which tho velocity of the air is
changing, and so the rnaxhmqn force necessary for acc&rat&g ~he moving stream.

A curve of velocity against distance along the axis of the tunnel can be drawn Ori the
assumption that velocity is inversely proportional to the square of the diameter of tho tunnel.
This, of course, is true only for velocity parallel to the axis, and entirely neglects the radial
component. In order to obtain the acceleration from this curve, the derivative giving accelera-
tion is written

(?V (h? (iX dv
Tt’zxa”v ‘a

The acceleration at any point along the tunnel is therefore equal to. the product of the
ordinate of the curve just described by its elope at that point. These factors can be found
graphically or, in the case of a curve for which the equation is lmown, analytically.

In the case of a straight cone, for example, the formula for diameter at any point is

D= D,+(D2– D1)x;

where DI and Da are the diameters at the small and large ends of the cone, respectively, 1 the
length of the cone, and z the distance from the small end. Then

D,z
————

V=v, x ;=VIXr [ 1,
2 “’

,. ... ..—

D1+; (D2–D, )

and
, D,– D

‘=[%s” -””” ‘

-.
. . . ..-

The acceleration is equal to the product-f these expressions, or

.—.

If the exit cone is generated by rotating about the~xis of the tunnel a parabola having its
vertex at the junction of the exit cone with the straight portion the fmuula for diameter of
the cone at any point becomes

D= D,+@x(D, -”D,)

The acceleration may then be obtained by the same steps just employed fur the straight cone.

‘=VIXFW=I”-”““”””““” ‘-----
2“-”2V1X7XFW=I”
‘=’a%%%i””~-- ..-. —... ..— --..—

1ThirdAwm81Rem oftlMNathnsIAdvfsoryChnmftteefc?Aeronautic P. S?, Washington, 1918.
— .—
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h f@.re 3, the velocity and acceleration, as well as the cone diameter, are plotted against z
for cones of these two forms. The units are meters and seconds, and thecurves relate b a tunnel
having an exit cone tapering in diameter from 1.5 meters to 3 meters in a length of 6 meters, and
a wind speed of 50 meters ~er second. It aypems that the straight cone is far inferior, judged

...

by the criteria laid down abo-re, to that of parabolic form. The maximum acceleration for the
first is more than two and a half times that fo,r the second, and there is a large discontinuity in
the acceleration curve for the straight cone,
as might be anticipated from the disconti-
nuity in the slope of the sides of the tunnel.
The parabolic form gives zero acceleration
at the juncture of the exit cone with the ex-
perimental chamber, and this is very desir-
able, but it do= not gi~e a zero acceleration
at the point where the air emerges from the
exit cone. There is some question as to the
desirability of using a reverse curve which
will have tangents parallel to the axis of the
tunnel at both ite ends, and so securing zero
acceleration at both enda of the exit cone.
The air has to be slowed down some time,
and there would seem to belittle advantage
in bringing it to a constant ~elocity M it
leavea the retaining walk of the exit cone if
it is to be decelerated again the instant that
it is free from those walls. ho, the
current of air, since it is to be turned

.

Fm. 8.—VoIocitfes and accderstkms of fluid fn esft cones.

--- L ..-

through ~ mgle of 180° and travd back through the room to the entrtmce of the tunnel, must
ac@.re a radial velocity either inside the exit cone or immediately after it has left it. h70 gain “-
is apparmt from a comtruction wfich. permik the air b acquire a certti amount of radial

—

velocity and th~ s~aighti~ it out aga~j O~Y b force it to turn outwards once more a few
feet farther along its path. The effect of a reversal in the curve of the walls near the large end

of the exit cone is certa~y fight, m VCH good rsulb have been obtained both with and with-
out such a re~ersal.

The form of the entrgnce cone appears to have but little effect on the “energy ratio, ” and
this is in accmd ti~ tie r~~~ of hydmulic experimen~, where it is always fmmd that the 10SS

—.

\ ““-
. .

—

/-/

Fm. 4.—Fairing of$ntrance to N. P. L. tunnel. Fm. 6.—Prop.osed fafrfng of entranoe cone.

in a converging nozzle is much %x than that in a diverging one, and that the nozzle can cop-
verge very abruptly without seriously increasing the 10SS. Mo@ of .$heEuropean experiment

-o-

n model tunnels have been made with straight entrance cones. While these are probably as
efficient as any other type, they must have a vena contra@a near the large end,, ca@.ng t~b~-
lence which persists into the experimental chamber, and there is further eddying and disturb-
ance due to the turn@ of the air around asharp corner at the small end of the cone.

.:---- -=.—
To avoid
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them difficulties. and to secure as steady a flow m possible in the experimental chamber it is
the almost universal practice, in actual tunnels, to maka the entrance cone of curving form. I.t
has been found at the National Physical Laboratory ‘that. even if the entrance cone, or bell-
mouthj as it is called there, is curved around ‘untiI a tangent h the walI at the large end is pm-
pendicular to the axis of the tunnel, there stilI are marked and persistent eddks in the neighbor-

a

f-

W

5’

A!’

n #bt!w./j?r,til
Fm. 6.—Psrcsntage lwmss h sxitooaes of varIoo6”forms.

--

,

.

hood of the sharp edge. To entirely eliminate this edge it is now the practice at the N. J?. L.
to carry the bell-mouth around, as shown in figure 4, until it meets. the straight portion of the
tunnel, This method has not been adopted at Langley Field, as it is desired to make somo
experiments on the fu~-si.zed tunnel with the normal imtrance .c.one,but protiion has been
made for building a fairing to extend clear arouncl to tl-moxperhnental chamber, as shown by
the dotted lines in figure 5, so giving the air a perfectly smooth passage.
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THE THEORY OF LOSSES IN THE EXIT CONE. ●

The losses in the exit cone of a wind tunnel wise from three sources. The first is the fric-
tion against the walk, and is best determined by Fritzsche’s formula for fluid friction. The
second is the diverging angle of the cone, which, as already noted, always leads to a loss of
energy as compared with the ideal conditions expressed by Rernouim’s theorem. The magni-
tude of this loss is determined with satisfactmy accuracy by a formula devised by Fhgner.
Finally, there is a loss due to the sudden release of the air from the exit cone and its passage into
the room, where its velocity drops almost to zero. This loss was shown by Borda to be equal
to the kinetic energy possessed by the air at the large end of the cone. These 10SSSS,and their
relation to the factors entering into wind tunnel design, together with aU the losses in other parts
of the tunnel, have been fully discussed by E~el,l and it is not necessary to repeat his work here.
For the benefit of those designing tunnels, however, a set of curves has been plotted which

.

make it possible to read off at once the loss in a striight conicaI exit cone. of any type and to
. .

determine, given the limiting conditions, such as size of building to ‘house the tunnel, the char-
acteristics of the best exit cone for that particular case. Since from 80. per cent to 90 per cent ,.
of the total 10SSSSin a tunnel (not including those in the propeller) occur in the exit cone the
problem of designing a tunnel with a high energy ratio is essentially a problem of reducing the
losses in the etit cone. ,.

In figure 6 the ordinates are the -m.rtexangles of exit con@, the abscissae the ratio of the ‘
cross-section area at the large end of the cone h the cross-section area where models are tested,
at the throat or in the experimental chamber. The family of curves drawn in full lines are
curves of equal loss, and the number which each one bears expresses the 10S in the exit cone as
a percentage of the kinetic enere~ possessed by the air at the smallest section of the tunnel.
For example, if there were no losses except those in the exit cone, a tunnel having an exit cone ---
of form corresponding ta any point on the curve marked 20 would have t-m energy ratio of 5.
The near.Iy straight dotted lines running across the sheet diagonally correspond to various
constant lengths of exit cone, and they are marked with the ratio of length to diameter at the
small end.

TO illustrate the use of this chart in choosing an exit cone a ,few illustrative examples will
be given.

—.

1. A tunnel is to be 2 meters in diameter. In order to keep the size and cost of the building
within reasonable limits, it is dmired that the length of the exit cons shall not exceed 20 meters.
Subject to this limitation, the cone is to be chosen for maximum efficiency.

The ratio of length to diameter here is 10. “ Passing along the dotted line bearing that
number, it is seen that it cuts the curve of 16 per cent loss at two points and that it does not cut
the 14 per cent curve at all, but that it approaches nearest to the latter at the point (a = 6.8°,
n= 4.8). It is usually best to make n a Iittle smaller than the value for minimum loss in the
exit cone, as a reduction in n is a reduction in the diameter at the large end of the cone and sc -
in the propeller diameter, and it has already been shown that this is favorable to propeller
efficiency. It would probably be best, in this case, to take n= 4.3, a= 6.1°, or some other

L..

combination in that iromediat~ neighborhood.
2. A very large tunnel is to be built, and, in order that the propeller diameter may not be

unreasonably large, as well as to keep down the height of the building, the propeller diameter is
limited to twice the diameter of the tunnel at the minimum section. ~~

If the ratio of diametem at the ends of the exit cone is 2, n= 4. Drawing a vertical from
the scale of absciswe at this point, it is seen that it approaches nearest to the 14 per cent curve
at (a= 4.50). The length of the exit cone for this angle is 13 times the minimum diameter. It
would not be advisable, under thwe conditions, to choose the cone for the absolute maximum

.— —

of efficiency, as the length could be decreased 4+ diameters at a cost 01 only 5 per cent
increase k- the total po-wer by increashg a ta 6.7.0:. Since the .c~atwe, of ‘.&he_-&g@4qt ... .. –. _ ...- —

1Noh on thaC%lotilatIon of the E5ckncy CoefSidsnts of Air ChaIUISls, C?.EffM, Pam; 191&

. :..
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power curves is not abrupt the ccmditione cag be changed considerably from those for minimum
loss without very much aflecting the efficiency,” and it is almost always worth while to mako
some concession Qf.efficiency in order to reduce the dimensions of the building and of the tunnel
itself.

EXPERIMENTS ON MODEL WIND TUNNELS.

The fit set of experiments conducted dealt with a model of the wind tunnel for Langley
Field, as it was originally planned. The tunnel was of the Eiffel typo, with a large experimental
chamber, and this chamber was reproduced to the proper scale in the model, All of the models
used were one-fifth the size of the large tunnel, the experimental chamber being 30.5 cm. in
diameter in the models. The entrance apd exit cones were made of plaster over a base of wall-
board, and were shellacpd, so that a very smooth surface was scoured. The plaster was scraped
to form, as soon as it is set, with a steel template rotated about a shaft running along the axis
of the tunnel. An exit cone is shown, with the template in place and ready to apply the plaster,
in figure 7. The drive was by belt from a 2-horeepowei induction motor, and the propeller was
four-bladed. The blades had a constant width of 4,5 cm. The speed of the propekr was
measured with a Veeder liquid tachometer, and the power consumption with a polyphaae wat&
meter. The tunnel and instruments-ready for use are-shown from two pointa of view in @r@.
8 and 9, the propeller in figure 10. Figure 11 illustrates the Pitot tube used for measuring the
wind speed. A hole 1 mm. in diameter is bored in t= tapering etid, and communicate with

—-—-—.. .
.

one of the two ,hypodermic

T“
-.---—.=

c,”,.” ----------— .
------

,’ ;
,i

~! I
,1
,1;,

t, ,1

1:
u.

FSQ.11.—Filet tube used in fir@d-
ments with model tunnel%

tubes passing down the shank. ‘The ;tatic” pressure is secured insido -
a hole 2.5 mm, in diameter drilhd from the other cnd of the.tube,
and this hole communica~ with the other hypodermic tube. The

—

piece between the”two hfioderrnic ~ubee is a solid rod to provide
Stiilness. Since the static~rcssure aperture points to the rimr, the
pressure in that side of the gauge “-k1sssthan the truest atic, and
the readings are higher than they theoretically should be. The tube
was calibrated against a standard Pitd in the wind tunnel:@ the
Bureau of Standards, and was found to have a constant of 1.167
(i. e., the readings of the small Pitot tube were 16,7 per cent higher
than they theoretically should have been). This Pitot tube was

very insensitive to rotatiow in all plan~, as it could be turned 200 without aflect.ingthe reading
more than 8 per cent. This is a great advantage where, as-iritraversing the cones, the direction
of flow of the air is uncertain. The dynamic head on the Pitot tube was measured by an alcohol
gauge, shown in figure 12. Only one sidp.of the gauge is ordinarily used. Siice the glass tube
is raised and lowered by a micrometer screw so””fiat the meniscus of, the alcohol stands opposite
the same mark on the tube for each reading there are no corrections, such as are required in the
ordinary I@ll manometwj for varying diameter of the glass tube or for changing level of the
fluid in the reservoir.

.

The mode of procedure in each complete test wse to make traverses of the entrance and
,..

exit cones -and the experimental chamber at several points, measuring the wind speed at several
radii, and then to make runs at a number of different speeds, measuring the wind speed at the
point ?here a model -y.ould be placed for test and .tbe power consumption. The energy ratio
and the mannw of its variation with speed wm””deteri.iinedfrom thk set of runs.

The traverses for the original model are plotted iii figure 13. The points A and B were in
the entrance cone, A being at the large end of the cone, B midway between the ends. (?was in
the experimental chamber, 5 cm. from the entrance cone side. D wiis 20 cm.. downetrcam
from the entrance cone and E was 40 cm. from the. pntrance cone, 15 cm. from the exit. F,
G, and H were in the exit cone, and were equalIy spaced along its length, Zl being in front of the
propeller and as close as it could be placed without danger of having the tube struck by the
blades. The exit cone in this model was parabolic in form. The location of the point D
corresponded to that at which the model is to be placed in the full-sized tunnel.

The speed in the entrance cone had a maximum-at the center and one near the wall, the
one near the wall being higher than that in the center. The maximum occurred within 2 cm,



FIG. 7.–METHOD OF CONSTRUCTING PLASTER CONES FOR MODEL TUNNEL.
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FIG. 10.
FIG. 12.-MANOMETER FOR MEASURING AIR SPEED IN WIND TUNNEL.
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of the wall. On going still farther out the speed dropped rapidly, due h friction. The velocity
in the experimental chamber near the entrance cone was constant, as nearly as could be detected,
over 90 per oent of the diameter of the stream. On going farther donstream the velooity

distribution became more irregular, the speed being a maximum at the center and dropping off
steadily toward the edges of the stream. The ratio of the velooity 75 per cent of the way out
to the edge of the stream to that at the center was 1.00 at C, 0.97 at D, and 0.96 at E. The
edge of the stream was not sharply defied, even very near to the point of issuance from the

,“ —

-.

.—
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entrance cone, and at E, three-quarters .of the way across the chamber, the velocity dropped off
in a smooth curve from very near the center of the stream out to fm“ beyond its normal
boundaries.

The velocity distribution in the exit cone was excee&ngly strange. The velocity dropped off
;.-

rapidIy from a maximum at the center, so that the stream appears actual]y to contract rather
than to expand in the exit cone. -

.
As in the entrance cone, there was another ma-tiurn nem

the waI1,but it was farther from the wall than was that at the entrance, and the velocity was
much lower than at the center.. Directly in front of the propeller the velocity at the center
dropped sharply, due to the hub, and varied in an irregular manner over the rest of the section.
The flow at this point was so turbulent and so varying in direction that the measuremcnte of . ~ .. . ....
velacity may contain considerable errors.

In order to make direct observations on the sharpness of definition of the edge of the stream
in the experimental chamber and to determine the general nature of the flow in the chamber
an observer got inside and sounded the flow with a thread.

--
It was evident that the gir in the

whole chamber was much stirred up, and that the flow near the nominal edge of the stream WM
extremely turbuhmt, except in the immediate neighborhood of the entrance. EYcn. in -the far-..
thestmorners of the chamber, at a distance from the center of the stream equal to more than

— -.

three times its nominal diameter, there was still a distinct movement of the air. The motion
everywhere was very unsteady, the direction of flow .at a given point changing 60° or more
almost instantaneously. The best defined part of the circuhtion was near the small ond of the
exit cone, where two strong vortices rotating in opposite directions existed in the corners of tho
chamber. The examination of the flow was not extended to points above and below the stream
in this neighborhood, so it is not certain whether or not. a complete vort~ririg, surrounding the

.—-.

opening into the exit cone, “existed. The re9&ta of this e%aminition of the” flow in tbe cx@ori-
mental chamber made it clear that the balance would have to be. shiclclcd in somo way from tho
air cuments if any accurate work was to be done.

. .
In Eiffel’s tunnel partial shielding of tho

balance is accomplished by placing it on a platform which, however, extends across only a small
proportion of the width of the room, and can hardly act as a complete protection from air-currents

.:.-

for the measuring instruments.
The power curve- @ plotted in figure 14. (curve No.

.-
1) and the curvo of speed against

revolutions per minute in @ure 15 (curve No. I);.” The. enbqjy ratio varied too little –”” --
and too, irregularly to make it worth whik to plot a curve. Its mean value was 0.90,

.

making no allowance for propeller losses. If the propeller efficiency be assumed to bc 57 per
cent (the value calculated by the Drzewiecki method), the energy ratio for the tunnel proper
becomes 1,58, ..:.-. .- .. . . ------- .“.-–-—-—:... -~-l ....----- . -- -.. :-.

In view of the irregulhritiee of flow found in the experimental chamber it was de.cidcd k try
next the effcd of inclc)sing the stream in a cylindrical tube during its passage ac.roes the experi-
mental chamber. ITQ attempt was made to make the tube air-tight, the sthtic pressuro insido
the tube being equal to that in the experimental chamber, which wae carefully made air-tight.
Curve No.’2 in figure 14, and also in figure 15, correspond to this ewe, and the trawwses of tho .._.
stream at points corr@ponding with those taken for the original model are plotted in figure 16.
. Comparing these travemw with those in figure 13 i! is seen that-the naturo of thQ distribu-
tion in the entrance cone is practically untiected. The velocity at point c was a little less

.-

regular than for the case of the unconstraked stre~j show~g ~ incre~e near ~h~walls simfi~
b that which characterized the entrance cone. At II aud E, however, the velocity was much
more even with the inclosing tube than without it, b=ing constamt within 1 per mnt over 75
per cent- of the diameter. Evidently, from the standpoint of steadiness of flow, the inclosed
type of tunnel is superior to the Eiffel type.

In the exit cone the effect of surrounding the stream with a defit~ boundary was stiIl more
apparent. At F the vdocity three-quarters of the way from the center@ thewallsww 04 wr

cent of that at the center, ss agai~t 67 per cent ~ ths original model. At a the corr~p~nd~g
figures were 82 per cti%””ttnd.40 per cent. At 11 there wae, as in the fist case, a minimum at the
center and two maxbna, the distribution of velocity behg reasonably uniform across tho outvr .
70 per cent of the blade, which is the most effective portion.
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It is reasonable to suppose, in view of the bettw iilhg of the &it cone and of the generally
improved veIocity distribution, that the energy ratio would be increased by inclosing the stream,
and this supposition was fully justi.ihd by the power measurements. For a given rate of rotation

Fro. 16.

of the propellar the wind speed was increased wb.i.kthe power consumption wss decrmeed,
and the Power oonsunmtion for a given wind s~ed wss dmemed just about 50 per c~t. me

.-

energy r~tio with the i&losing tub; W= 1..83fo; the whole installation, or, nmki~-due allowance
for the propeller losses, 3,20 for the tunnel alone.



It is evident that the inclosure of the stream improves the results in every way. The results
obtained in these experiments, so far as power consumption is concerned, check very well with
those obtained in some similar experiments on mo,del tunneLs,carried out by Lieut. Castellazzi.1
Lieut. Castellazzi found that the efh&ncy was decreased 40 per cent by the use of au open
experimental c@nber. The experim@~l chamber used in his experim@s was rougd in cross
section and was twice as Iarge in diameter M the entrance and exit cones where they entered the
chamb~, and the slightly greater loss in ef6@ncy found in the experiments conducted at
Langley Field may be accounted for by the larger size and more irregqlar form of the experimental
chamber there employed.

EFFECTSOF VARL4TIONIN EXITCONEFORM.

The next series of experiments dealt with the effect of tdterations @ exit cone form. It
was originally the intention to make a number of cones of difbrent forms, but this plan was
abandoned after.two had been tried, and the experiments cover only the parabolic and straight
forms of cone. These areas widely different from each other in respect of their acceleration curves
es are any two forma which would be likely to be used.

The curves of power and revolutions per minute with the straight cone are plotted as
curve No. 3 in figures 14 and 15. The mean energy ratio is 1.83for the combination of tunnel and
propeIler, or 3.20 for the tunnel alone, values identical with those for the parabolic cone. It
is evident from the curves that the effect of changing the exit cogg fro= a pvabo~c ti a str~ght
form was very slight. The parabolic form seems to have a slight advantage at high values of

.-

VD and to be inferior at low v-dues, but the dMerence between the two curves is m no case in
-----

excess of the possible experimental error. In view of these results it appears that the ef6ciency
of a tunnel is not tiected appreciably by exit cone form or by the nature of the acceleration in
the cone, but only by ita length, mean smglej and total expansion ratio.

—

The large acceleration suddenly imposed on the air at the juncture between the parallel-
sided portion of the tunnel and a straight exit cme might be expected b cayse turbulence,
so that the flow would be less regqhw than with a parabolic or other smoothly curving form.
No experimental data are ava.ilable on this point as-yet, as the experiments were temporarily

-——

halted by an accident to the propeller before traverses qnd investigations of the flow had been
carried out with the straight cone.

-—.,

OBSERVATIONSOFTEE NATUREOF THE FLOIVTEROW$HTEE PROPELLER

The most noticeable feature of the flow behind the propeller is the great rapichty witi .._
which the slip stream spreads. Instead of contracting, as in the case of an airplane propeller,
where the direction of Mow is unrestricted, the stream expands immediately on passing clear
of th~ cone, the air changing its direction so that there is a strong movement of the air, in a
direction approximately at right angles @ the ax~ of the tunnel, at a cl@apce of 30 cm. back
and 50 cm. out radially from the edge of the exit cone.

The flow in the throat and cones was very steady at all points except near the edges of the
stream. The valocity head varied with a total amplitude of oscillation of about 2 per cent of
the head and a period of from 20 to 40 seconds. On passing the propeller the pulsations of
velocity became much more marked. The period of the pulsations close behind the propeller
was about half a secund, and the maximum velocity was estimated to be about 50 per cent
greater than the minimum, although no means of measuring and rnakhig a continuous record of
a rapidly varying velocity were available. On going farther away from the propeller along the _.. _
lines of flow of the air the pulsations steadily increased in violence and the period lengthened
until, at a distance of about 80 cm. to the rear of the propeller, the flow cogsistd of a violent
gust about every second, the velocity in the intervals between these gusts being so low as to be

:- +

hardly perceptible. These observations on the nature of the flow and its Wwiations h~d in a
general way for all the modeIa tried, but the pulsations of velocity were much more marked for

—

the case where the experimental chamber waq left open than for that where it was inclosed in
-.

a tube.

1I&nclhmtidell)ktkuto Cantmde Aeronaatiw 1917.
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EXPERIMENTS ON THE EFFECT OF DISKS AND SIVNNERS ON THE PROPELLER.

In order to secure some idea of the effect of enlarging the hub of a propchr or of attaching
a spinner, some experiments were made with disks of wall board attached in front of and behind
the propeller, and also with a paper wme projecting from the propeller into the exit cone. The
reaulte of these tests do not fairly repr~ent what might be secured v$th a good spinner and a
propehr especially designed for it, es the propeller pitch should be increased when a spinner is
incorporated or the hub is enlarged, but they will give some idea of the aflect.

The effect of placing a disk in front of the central portion of the propeller, the rear not being
covered and the blades not being houead in any way, was to decrease the wind speed and incream
the power consumption. The inner parts of the bladm acted as a centrifugal blower, taking air
in from the rear and throwing it out radially. The increase in power, with a disk half the
diameter of the propeller, was 9 per cent, the decrease of speed with the same disk 19 per cent.
Wlith a disk only one-flth the diameter of the propeller the speed was decreased 6 per cent.
These measurements were made at a speed of 10 metem per second and with the parabolic exit
cone, The relative loss by the addition of a disk was greater with the straight cone and at high
speeds, the addition of a disk four-tenths the diameter of the propeller causing an increase of 28
per cant in power and a decrease of 19 per cent in speed at a Bpeedof 34 meters a second with the
straight exit cone. The energy ratio was decreased 59 per cent. All subsequent testi were
made with the straight cone, and the losses would probably be less with other forms.

The addition of another disk of equal size behind the propeller, so preventing any flow in
from the rear and out toward the tips, improved the performance as compared with tho single
disk in front of the propeller, but remained inferior to the original case with no shielding at all,
The power was increased only 6 per cent as compared yith the original case without any disks,
but the speed was decreased 16 per cent-and the energy rqtio fell.off 44 per cent. When the rem
disk alone was in place, so that any air thrown radially outward had to come from inside the
exit cone, the power was increased 6 per cent, the velocity decreased 5 per cent, and the energy
ratio decreased 1.9per cent, using the model without disks as a standard in all cases. The disk
behind the propeller therefore gave better resulte than did complete sheathing, either in the
form of disks or faired by a cone in front.

The addition of a cone, having a diameter equal t~two-fifths the diameter of the exit cone
at ite large end and an altitude of one and a quarter times its “own diameter, in front of the pro-
peller decreasad the power about 2 per cent and increased theapeed 7 per cant cs compared with
thevaluesfor the disks alone,but the energy ratio was still 30 per cent low& than for the original
case. It seems strange at &at that the entire blocking off of a considerable portion of the blades
should increase the power cmmmpt ion for a given n~ber of revolutions per minute, but the
phenomenon can be accounted for by the higher air speed past the propeller when tho mea of
the exit cone is constricted by enlarging the hub. The “theory of the &tect of an ed”arged hub
or spinner has been discussed in another section of this report.

It appears that-the addition of a spinner or the enlargement of the hub caused serious loss
in every case where it was tried with the straight cone. The loss yith a parabolic cone is much
lees, and it is likely that, with a propeller properly designed to allow for the increased velocity
due to the blocking off of part of the area of the exit cone by the spinner, results as good as thos_e
in the original case could be obtained It may even be that they couid be materially improved
on, but this dc@ not seem very probable in view of the uniformly poor resulte shown in these
experiments, where the presancemf the spinner can hardly have decreased the propeller”efficiency
more than 10 per cent (a loss which, as already noted, could be prevented by the adoption of a
propeller designed =pecially for the new conditions). The lose in propelIer efficiency, therefore,
would not be sticient entirely to account for the decrease of energy ratio. The principal vti
of a very large hub is to increase the po.ww coefficient .of @e prgpeller. and make po%ibls !he
reduction of the peripheral speed. for. a given wind speed.
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