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ATTAINIJG A STEADY AIR STREAY IN WIND TUNNELS®

By L. Prandtl

Many experimental arrangements of varying kind in-
volve the problem of insuring a large, steady air streanm
both as to volume and to time. For this reason a sepa-
rate discussion of the methods by which this is achieved
should prove of particular interest.

I. UNIZORHMITY WITH RESPECT 70 TIi3

In but few cases will it be possidle to draw air from
R a welghted gas tank or {rom a large pressure tank, or to
exhaust air from the atmosphere by means of a2 previously
evacuated tank. In this cocnection it may be noted that
. the last-mentioned arrangement insures an especially propi-
tious uniformity with respect to time, because the inflow
remains unchanged so long as the velocity of sound is not
exceeded benind the narrowest point of the wind tuanel,
notwithstanding the gradual pressure rise in the vacuum
tank (reference 1). In suitable cases tho air stream is
naintained by a piston blower, compressor, or vacium DURp.
3ecause of the unsymmetrical air delivery of such machines,
a larger tank will have to be mounted between the machine
and the working section, 2ut in the najority of cases a
fan will be used. The fan is fitted either in fromt of
or behind the working chamber, so far as tae air is not
nade to circulate from the pressure toward the suction
side of the fan. Then the fan aspires from free air it
mugt be borne in mind that the air leaving through the
other end, sets the air witain the test chamder irto rath-
er irregularly eddying motion, and that the fan draws
these eddies in again, whereby 1ts rotational veloecity 1s
augmented, according to Kelmholtz's vortex tiheory. 4 re-—

*"Herstellung einwandfreier Luftstrgme (Windkan;le). Re-
print from Fandbuch der Experimentalrnysik, vol, IV, part
2, Pp. 65-100,
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2 X.A.C.A. Technical Memorandum No. 726

volving fan generally produces a lower pressure gradient

when the:oan~coming air itself revolves in the -same direec- . EUNEDS W

tion as the fan, and a higher pressure gradient when re-
volving in the Opposite direction.

To improve the time uniformity, it 1s therefore neces-
sary to void such rotation prior to eantry in the fan by
some guide mechanism, such as a straightemer or honoycombd.
(See section II.) It is also recommended to lead the out-
flowing air through a screen, cellular plates, or lattice
trunk, which insures a much steadier motion within the ex~
periment chamber. With the fan mounted behind the work-
ing chamber the inflow is as a rule, steadlier to degin
with. In certain cases, however, a honeycomdb fox the air
stream directly before the fan is also recommended. 4is
concerns the types of fansg, it is ckiefly a matter of ael-
ical fans because of the small space required cad their
high efficiency., The types for low pressure gradients are
not much unlike the orthodox airplane propellers. Eigh
pressures require prapellers with numerous cambered blades
and a guiding device for voiding slipstream rotation.

This applies in particular to propellers mounted bvefore

. the -working chamber. With such propellers it is, above

all, necessary to guard against undue flow resistance in
the tunnel for the employed type. 4 drop in the rate of
flow below a certain point due to increasing resistaunce,
is -followed by geparation of flow from the propeller
blades and irregular running of the propeller.

. .Centrifugal blowers are chiefly used with high re-
sistance of the tunnel and to produce high speeds, Sut
they require a large space coupared to the helical fans.
In most centrifugal fans the outgoing -air leaves through

- a volute casing enclosing the bdlade. The enlargement of

the volute casing fite only one particular rate of flow.
This rate of flow can be usually recognized by the fact
that the humming noise of the propeller is tlen at its min-
iuum, The efficiency becomes less with tlie greater volumes
of flow whersas the air delivery is uniform. Iut with
smaller. tlo: volumes . it readily vecomes profoundly irreg-
ular, bocauso the rotating air first ,fills the. volute cas~-
ing and that part of it which caanot flow off ou account

of the undue high resistarnce, is then pusiaed back tarough
the blades toward the suction side. 48 the wheel sets

this part of the air in rotation, eddies are formed in the
suction stream which, under certain circumstances, con-
tinue to grow and are then sucked away again from the
wheel, thus produciag an adnoriual pulsating motion. Munv

S
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-"fans “¥n whiéh the section -of. t“e rassage does ‘not correct-
-1y -conform wlﬁh the enlargenment .of the volute casing, maa-
© 41fegt sucH preasure pulaation within a considetadle range
of opsrating nonditiona, This can be quite often roeme-
Pes died‘ty tT6sing the exit-pection of ‘the wheel:- for a cer—-
“taid fraction, sayv, by fitting a strip of netal, or oil-
clbth or such, wkich, of conrse, must be guarded against
being blown off,
2. HKost electric motprs-ure subject- to speed variatioas
- -due -to-fluctiations in voltage or frequenacy of tae power
'pucply; "dsiae” from that, the speed of-dicsi-motors especial-
"1y, gra&ually ckanges ag the motor. varme up. Therafore,
it is mecessary.to provide ia soune.way for coastant sraed
-of the-mutor, or better yet, of the wind velocity, ruscec-
tiveivsy Llie dynamic pressure. Theo lebttar 1s especially
~Y-‘presszdsnied ¥or air-resistance eapcr;ne:ts. (See section
¥.) h:y prassurs difference exis:ing in the tunnel which
is promsrticaal to tle dyaamic prussuvre, caa be Xept con-
. stant uheret,, Tais ray ve achieved ty micromancmeter,
maaual regutation of the-mwleciric motor, or witk an aute-
matic rogulastor, which holds this prossure difference
constant, 7ais latter ~ethed lLas proved very satisrzcte-
ry in the Gottingon lavoratory, waere it as teex in use
fof’ twenty Yyears.. Tue esseztial part of tle regulator is
a pressure.scale wihich can-be loaded witk weights uwatil
it balances under a certain pressure. .any deviatigm frou
fais v-rrsssu.re cloges au eleciric coatact wiich acturntes a
'smail booster motor. he latter in turn adjusts a rosist-
B anco and through it, chna es tie spced of tiae motor. Pro-
vision must bde made for creaking tiie contact vefore tre
new equilibrium attitude is roached, in order to prevent
permaneat regulator oscillations. Tiis can be offected
in various ways as rnown from other resgulator tyres. Ia
one method the contacts ~re slowly pulled to the side con-
wtrrently wita the regulation staze and resumoe threir orig-
inal’' sptting after regulation by meune of &3 oil damper.
Tife- scalo itsolf must alsp be equinpod with’au oil dauper
to- guard against oscillations dre to shock: Doscri“t*ods
‘0f ‘such regu¢ators can te fouad in.2.V.D.I. 19C9, p. 1735
(roguldtor of the Gottingen wind tunmol), 2lso ia R. .Zron-
er's report: Experincats in 3mlarged Tunzels," TForschuzgs-—
neft =9, 222 des Veroinus Deutscher Irgoewieuro, 192€, page
22 (s:all sypecial wird tnunazel); fuortiier. ia Irgedzissen
der Aerodynauniscaea Versuchss.s stalt zu ;J.tin»un. no. 1,
. 1921, p~ge 20 {large Gotiiases wind tuaael).
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Quite recently there has appeared still anotier kind
of regulator which, at the suggestian of .Dr, K. Schilhansl,
was constructed in a D.V.L, wind tunnel at nerlin-Adlarshof
(referonce. 2)+ This regulator can be used when there is a
room containing positive pressure, before the working chan-
bar. Suitable valves controlled by a ragulator pernit lat-
eral .escape of part of the air, wieredby the specd of the
main air atream is more or less reduced, according to tx
size of the lateral openings.

0. Schrenk (reference 3) demonstrated that the air

stream itself could dbe utilized to regulate the openiags.

. The weighted valve in figure 1 opens a little wider when
tae fan r.pe.mq shows a slight increase. Taen the voluue
of air per second delivered by the fan increases and the
pressure drops again. With suitadle valve design, it is
thus possible to hold the pressure before the main open-
ing Jjust constant. Admittedly, certain coanditioans depend-
ing onthe fan characteristics, must be borne in mind, as
axplained hereinafter,

II. LOCAL UNIFORHITY

Tkis can best be odtained when still air drawn from
a large chamber passes through a well rounded—-off mouth
to the working portion, because each air particle speeds
with this arrangement through the pressure from rest {pres-
stre pog) teo the lower pressure of the working chamber (pi1)
and while doing so, attains a speed of '

w = / 2 (po - p)*

‘
-

according to Beruoulli's theorem., The pressure gradient
Po - Py being cornmon to all particles, they likewise
assune the same speed and, because of tie previously ex-
istent quies cence, no reciprocal rotation of the individ-
ual parts of the air stream is im:inent, otaer than inter-
ferences next to tae walls caused oy the friction of tue
air stream.- However, the disturbed zone is usvalliy of
lirited exteat. But tae usual odatacle in practice is

= air density =

+ SR S
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N.A.C.A. Tecinical Uemorandum No. 726

that it is impossible to consistently take away air from a
room without corresponding rsplenishment, and that this
replaced air-is usually not sufficiently quiescent before
it is sucked in again. Unless this replenishing is ef-
fectcd with care, the chamber frequently reveals rather
severe rotary motions of air as effect of the outgoing air
Jet, and the suction of air in the mouth 1s then followed
by the cited increase of this rotary motion., This can be
guarded against up to a certain degree by straightening
the flow. Generally speaking, a honeycomb is a guiding
device through which the individual air filaments are ren-
dered parallel. One type of honeycombd consists of crossed
sheot-metal sirips, such as shown in figure 3, The inden-
tations of one section face upstream, those of the other.
downstrean. The comrlete honeycomd viewed in stream di-
rection then lcoks as illustrated in figure 2a. Such hon~
eycombs can also be made of square or hexagon drawn thin
metal tubes ‘soldersd together as in figure 2b., ZEven ordi-
nary round tubes r 9 suitadle. Still another type con-
sists of bullt-up scoraight and corrugated sheet-matal
strip. (Sse fig. 2c¢c.) Corrugated strip may also be used
for building a honeycomd of design 2b. The strips are
drawn through two indented rolls (fig. 4). To insure a
fiazl symmetrical corrugation, tihe indentations of the
ro.ls must be unsymmetrical. 4s to tho fineneas of divi-
sion o tho honeyconb and the depth in stream direction,
it may be stated that a depth equal to twice the division
is quite accoptable, altaough by geaecral prererence, the
depth equals four to sover times thec division. To insure
exact parallelism of the individual parts of the alr
stream, the honeycormb requires caroful workmqnsnip to in-
sure parallelism in 21l 1its componeants.

A standard reference velocity 1s not obtained with
the homneycomd, out can be achieved with screens..  The flow
resistance of a wire screen is approximately proportional
to the square of tiae speed. Consequently, the resistarnce
ian a flow whick locally manifests different speeds, is
grocater at the points of higher specd than at the points
of lower speed, Together with the fact that the final
pressure drop is atout the same for all stream filaments
the result is that the speedier filament- expands upon
striking the screean, the slower oa’e contracts, and so the
speeds Decome comparable upon passing through the screen.
But this comparabdbleness is always obtained at the expense
of a great pressure drop in tlie screen. Putting thae pres-

3
sure drop in the sereen at py ~ pz = ¢ E§!~ » TWwhere ¢
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»

is a typicai~§creen density factor, a previously existent,
moderate velocity difference is approximately.lowered to

T i . Disposing n screens, not .too closely spaced,
c-

. 2
one behind the otmer, the pressure drop is =n ¢ £ and

1
tas discrepancies are reduced in the ratio of (————;) .

It 1is readily proved that such an arrangement of =n
screens with moderate ¢ factors, say with ¢ =1, 1is
more promising than one single screen of very close mesh
and .a resistance figure of ¢! = n ¢, For reasons of exn-
srgy-.conservation, the screens are as far as possidle
mounted in a section in which the stream manifests lower
speed.

Insofar as it pertains to local speed gradients con-
Ast“nt in time as ascertained perhaps by a record of the
velocity distridbution witk a static pressure j2Ze, a wide~-
ncsh gscreen can also be utilired vory advantageously waen
the points of a2brormal speed =re covered with pleces of .2
much finer mesh scruen. 3ut instoad of that 2 astirrup ds
wire or metal strip may be suspended on the upstream side
of -the honeycomb to contract the stresa section wherever
the speed is too :igh. The result nust of course be
checked by another velocity distribution reading, and it
must be continued uatil the uniformity of the velocity is
acceptable.

Another nmethol consists of coatisz the points of adv-
normal speced on tiae screen with color varrish, such as
dilute spirit varnish. This renders the individual wires
taicker and thus raises the screen resistancoe. For the
rest, - the use of any screen requires careful atteation
-because accumulated dust or rust increasecs tae reslstaace
unevenly and may readily vitiate a difiicultly achileved
uniform velocity distribution.

Witk a honeycondb of design of figure 2, the folilow-
ing method may be arplled: MNourt double flaps (as skown
in figure 5) at the upstream end of tke honeycorb, These
flaps can- be bent apart, thus offering a controiladble ru-
slstance against the on-coxziang air stresm. Tkt velocity
distridbution is markedly irrogular zext to tae honeycorxd
dut soon becomes uniform again farther on. It is Test to
exreriment witk the flaps aatil t.e existeat discrerancies
in velocity disgtribution are¢ coualiczed,

S, .
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Another method which requires wmore space dut is un~
commonly effective and much more economical, consists of
glving the air stream coming, say, from a faa, a low
speed by gradually expanding the tunnel section and then
producing a pressure gradient through a coantraction of the
tunnel at the working section, wherein the alr particles
are speeded up again, The conditions here are similar to
tha aforesaid induction of quiescert air from a large
chamber, . Then the wide section is 1 times the section
behind the contraction, the mean speed iz the wide sec-
tioa is the nth part of.the speed in the narrow section.
Then the pressure Crop from the large to the small sec—
p_w

2
li's equation., The energy corresponding to this gressure
drop is quantitatively bestowed on every air particle, and
tie fluctuations aprly only to the relotively small ar-
rivine energy of EE -3—!2. To illustrate: With 2 con-

2
traction to 1/5 of the section the wean encrgy of the ou-
coming stream is only 1/25 egoinst 24/25 imparted on the
articles in the pressure gradient. Fluctuatlions of from
425 percent in the on-coming onergyr t.en become fl percent
in the final ener;y; vwiich courres-ondsg to a i‘% nerceat
velocity variation.

tion is py - p2 =

1N
(1 =~ —5 .conformabdle to Bsrnoul-
\ n</

Cazeful avoidaice of transve.se motions =2:7 siipstream
rotation throuzh a homeycomd is, of course, 2ccessary nrere
nlso, If an air .ass rotates about tze stroam directiox
as axis, its diancter, upoa transition tc the ath part of
tie section whkich is equivalent tc a diawmctrical roduction
to the ,/nth part, is likewise coutracted to —L— of its

original diameter., This also holds true for the peripaery
of a closed lire plotted in the prlare transverse to the
tunnel axis. Duri.g iis change from the large to the small
section the meaxn sveed of the rotadty motion rises Vfﬁ fold,
according to Thouson. (See Frandtl, "Introduction to the
Fuadanental Princivles of Hrdrod;mezmics," section 9, vol.
I7, part I, Eardbuch der Experimeantalphysik.) The pria-
ciral speed in tuunel axis direction rises n fold, followed
Yy # slicht drorx of the laterzl iaclination of thie stroam-
lines, nzmely to 1//3 fold. 1Iamstead of tke Thomson for-
mzla, it is, of course, meraissible to use Zelmkoliz's
formula, accordia; to =maicu the arnjular velocity of rota-
tion changes in roportiou tu tu. length of ihe piece of
the vortex line.

i ©UPDATA 1975 K
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8 ¥.A.C.A. Technical Memorandum No. 726

Tith sectional contraction to tko nth part, pioce
cf vortex line parallel to tiae tunnel axis is ezpanded io
n-fold langth and thd angular velocity then rises n fold.
Siace at the sane tine the radius of the vortex filamenis
1s rodvced to the ./ @th part, the peripheral speed (=u7r)
has inéreased to /n times; the samoe result as before.

A rotation about’ an axis athwart to stream directioa gives
a shorter plece of the vortex line to the .,/ ath part, and
litewide a roduction of the dimensions to tie ./ ath part
in tro direction at right angles to the vuanol axis and the

vortex line. Tke result is a reduction to the - ath part
in the velocity gradieats. This rolationship for thre lon-
gltudiael veloclity gradients is in perfect agecord witih the
results obtained above with Borroulli's equation (since
tlie speed rose to = times ard the gradiozts decreased

to the -nth part, tl:e comparative deviations zare reduvced
to 1/n® times).

From the foresoiag, it ia concluded that, wiorever
possible, a wide. caamber cont .rmavle $o figure 6 shoumld
Ye nounted ahead of the working section and containing o
carefully desigred honeyconb in its entrance sectiion.

The traungltlorn to the experiiert section should occur irn
woll-rounded forn, although =2 stevp sectional coatraction
of the ¥ind 4indicated in the figare is accentabvle, 3Be-
twcen this sectional coantraction and the homnoycond a siort
parallel plece sihould Ye maintained, owing to tde vitiat-
ing resistance to flow which otherwise occurs with the
doflection of the stroamu directly dehind the honeycoho.

Por eduction froa a2 larger room, it is advisable to emnloy |
a suction flare as indicated by tue daslied lines in fig-
ure o, .

The complete experimental set-up should be caref:illy
ci,ecked for velocity distridbution. As concerns the mag-
nitude of tue velocity, this is suitably -effected witiz a

“statis pressure gage. (See Muller-Peters, "Speed and Vol-
ume ieasureuents of Fluids," wol., IV, 1.) 7For verifyriac
tie direction, the use of loang, light tlhireads fasteaned %o
crossed wireg at different soiats across tae worxing sec-
tion is convenient., The dlstribution o7 the sitatic nres—
suvre is also very importaant fcr precisso experii.cats.

(See Petors, "Pressure ileasure—oats,* vol. IV, 1.5

'Wt
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¥.A.C.A., Technical Memorandum No. 726

III. DESIGN OF EXPERIMENT SECTION

The soction in which the experiments are made, may be
or the closed- or open-jet type.

a) Closed-jet Type

. "he.older wind tunnels (sce Flachsbtart, "History of
Zxperimental Hydro- and Aerodynamics,"” ch. II, section 3¢)
were irequently of the closed type with parcllel walls.
With tzls desizn of type it must be dorne in mind tlLat the

. wall friciicn sets up a layer of retarded air growiag in

flow direction, as a result of which the soction for the
alr rot airfected by friction becomes comsistently smaller.
Thus cnsues a volceily increment and a correlatcd pressure .
drop accorcCing to Pernoulli's equation. Iu precise oxper-
iceats, esprcially with solids of large volume, such cs
airship modcls, this pressuro drop is very sigaificant,

Its effect is in the sense of secemingly increased resist-

.ance oi the airshlp model, etcs In the British laborato-

ries, wihore most wind tunnels of this type are to be found,
the nsual procedure, first employed by I. R. Panrell (ref-
crence 4), is to equato tho force due to thc pressure drop
to the volume of the tody times the pressure drop per unit
leagth, in analogy to the "irchimedean buoynacy. The Brit-
ish therefore call this force "horizontal duoyancy"_ and
subtract it {from the neasured resistance. Since the air-
skip body itself procaces yrofound charges on the entire
pressure dictribution, the pressure drop is, of courso,
reasured in the ermpty tunnel and assurmed that the inter-
ference due to wall friction with and without the model
has the same nmagritude, G. I, Taylor has proved, a Zew
years a2go {(reference 5) that, in ordor to rightly effect
the pertinent correction, it is necessary to add the "ap~
parent mass" for the accelerated motion to the air mass
displaced by the body. Adnittedly, this apparent mass 1is
very srall for airship bodies.

This shortconing was also noticed 4in the old Gottin-
gen tunnel cf 1908, incidental to resistanco measurements
on alrship nodels; and we attempted to overcome this Ly
€iving the tunaol a slight socctional eanlarzement, waick
vas so tried out that the prossure in the enpty tunacl re-
rained constant along the tunnel axis (reference 6).

Lestly, on the sudject of-wird tunnoels with nczgative
pressure iz the oxperirent section, it may be pointed out

.
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that the air entering tarough leckages also ylelds a pres-
sure drop, inasmich as the air speed in stream direction
rust increase in accord with the air flowing in through
the lerkage. The effect of thils pressure drop on the mod-
“8l.18 the..same abthat doscrided in the foregoing.

b) Open-Jet Typg

To Gs Ei1rrel (referenco 7) goes the honor of haviag

first employed an open jet in a-large wind tunnel. Drawn

from-a large chamber, the jet entered tntough a flared en~-

trance .cone into the experiment chambér (fig. 16). Such

‘a jet, if suitadbly parallel upon exit from the eatrarce

cone, passes the free space rectilinearly and is only grad-

ually dissolved - starting at the boundaries - by coales-

.cencoe with the contiguons gquiescent air. (See Tollwiiea,

vol, IV, 1, regarding such nixing processes.,) Infornma-

tion as to the serviceable part of the air jet will bve

"found elsewhere ia the report. The pressure in the jet

axis is, apart from the imnmediate vicinity of entrance

cone. and exit-cone flare, very exactly corstant, for whiech

reason there is, with this type, 20 correction for buoyan- )
.cy:of the kind mentioned above, This is a great advantage
-which togetiher with the sudsitantially greater accessibil-
ity of ‘the experimental object in tke air stream continues
.to £find nore and more favor. Accuracy. of workmanship o=z
-entrancé cone and exit-come flare is here of great impor-
tance, With an entrancs cone wiich next to the flare
shows none or oaly a skort parallol pilece *_e coantraction
in.the flare continues to act to a small extent henhind
tte cone end, which explaians tho cxistcnce 0f a slight
pressure drop. in the jet axis for a short distance outside
of tae entrance cone. This can be avoided with a very
slightly flared exit., The amouats involved Lerein are nl-
aute and are coaveniently determined on the complete en-
trance coae ‘itself or, if necessary, in 2 model test for
the entrance conc used, For an experimental corne of fig-
ure 7, which was quite satisfactory, the diameter in-
creases 0y G.Cl D between a and b,

Attt of the working chamber thd jet passcs conveniently
to an exit—cone flare and so to the proveller., The prodo-
lea of best. exit-cone flare has not been solved ontirely
satisfactorily. In the Eiffel, as woll as in the Gottin-
gen ‘type, the alr mass passing tl:e exit coro flare rust
correspond with the air coning from the catranco cone.
2ut, since tho jot has in the neuntimo toconce nixzed with
parts of thoe surrouadig air, the air volume kas becone .

; ©UPDATA 1975 j-
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M.i.C.A. Tecinical Kemorandum Ho. 725 11

greater, and thls excess must in some way be removed again,
or else thls excess 1s ejected as a fairly strong dlast
from the exit-cone flare (fig. 8), in which case it is ad~
visable to protact the obsorver as weil as the test equip-
‘ment from this biast. One possible means of amelioration
is the fitting of a slot aft of the exit-cone flare through
vhich the excess air can escape; another, is to provide
perforations in this flgre at the point where the entrazimned
«ir impinges, In the Gottingen system tho openings in

the downstream passage, before or behind the tlower, serve
‘tlic game purpose, while the Eiffel system provides leak-
ages in the suction chamber, (Sce descriptions cf the re-
spective tunnels in section VI.) To dbe sure, the conical
air blast cannot be removed altogether,

The nroportion of the narrowest section of the oxit-
coac flaro is also very importaat. If too narrow it ro-
stlts in a2 pressurec drop which is perceptible even part
way in thoe free jot; if too wide, it is followed by a
pressure rise, 1In eny case, it is advisable to make the
narrowest diameter slightly larger than that of the en-
trance cone., Tre amount, however, depends on the length
of the frec jet r;th respect to the entrance-cone diame~
ter. According to Gottinben expe*iences. a minimum exit-
cone flare diameter eyual to 1.1 %0 1,2 times the eatrance~
cone dianeter is appropriate for a2 jet length equal to 1.5
times the entrance~cone diameter.

In tuls connection, we may mention the ready occur-
rence of oscillations, vhere the wind tunnel acts as or-
gan pipe waen tae free jet is too long with respect to
its diameter, or when the edge of the exit-cone flare is
too siort, or else tne exit-cone flare is altogether ab-
scnt. Such pulsations can be minimized or eliminated in
tlhe Gottingen trpe of tunnel by having recourse to an im=-
provcd for:a of exit-cone flare or else by providing suit-
able opeaiags 3ia the retura passzge wiich is under nega-
tive pressure. 3By this means the natural oscillations of
the air ian tkhis passage can be damped dowa as ian a leak-
izg organ pipec. A detailed account of such pulsations.is
to be found in 0O, Schrenk's report (refercnce 8). .o

The useful zono of satisfactory velocity distridu-
tion is substantially greater in the ciosed type of wind
{uznel tecauvse oF the more restricted exten®t of the fric—
tional layer a2t the wall than witl tihe open~jet tyre
waero the eddies in whiich the flowing air mixes with the

,w“‘
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,.surrounding still air, pezxetrate comparatively quickly
into the jet. - The acceptadble zorze is, so to speak, Dbound~
24 by a cone whose generatrices emanate with 1:8 slope ..
froa the edge .0of the entrance cone. R This would mean that
at a distance equivalent to twice the entrance-cone - diam-

. eter there is 8till a sound stream to the amount of 50
percent of tke .entrance~cone diameter,. This length should

" guffice for mast practical purposess: Velocity distribu~
tions of such free jets are descriled in Reporf II, Ergebd-
fn%sae der- Aerodyramischen Versuchsanstalt zu Gottingen,
Luncben; 1923. P. 7i..

.Whereas. accordzng to the foregoing, -the free jet af-
fords material advantages as far as measuring accuracy is
concerned, aside from the enhanced accessibility of the
nregsureneats, it should equally be borne in miad that it
manifests substantially grester flow resistances conmpared
to the closed~jet type of tunmel, so that more powerful,
hence more expeisive motors are recessary 10 iansure the
sare wind velocitJ.

c) Analysis of Velocity

Ary of the various methods given by ¥uller and Peters
in vol. IV, 1, can be aprlied for the determination of the
Yelocity of the experizental air stream, although in prac-
tice. the following are preferred:

1, Closed jet type: The wind velocity is usually ob-
tained with a Pitot survey annaratus des*zned so as to be ro-
tatable in the sir flew and thus provide an acceptabdble
nean value of the veloecity The investigation of the
strean processes about a soli- (o* its drag measurenent;
involves the problen of appropriate reference of the meas-
ured velocity to tie ideal case, a.cording to whiclk the
body coves within an air rass of infinite extent. The
tunnel walls cause certain deviations of the type of 1low
from that ensuing in an infinite air mass, It can be de-
duced froz tacoretical considerations* and it khas also

*v. Valeovici, *Discontinuous Fluid i‘ctions with Two Free
Jets. Gottin&cn iissertation, 1%13. In tais thesis the
potertial flow is computed with Zelmtoltz's surfaces of
discontinuity, which result with 2 znizte at rignt angles
to the air streanm waen £33 nlate is a) in a channel with
parzllel wall, b) in an cren jet. The exact drag coeffi-

cient is Zg;ﬁ- = $,879%, Goriuting in case &) the drag
m

(Continued at botton of =mage 12.
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been proved correct experimentally {refereace 9) that the
finito tunnel dimensions involve the least error waea
choosing the spoed moasured slightly aft and -to: “the side
of the bodx-as tiat. speed whigh-is--equated to tlat of the
body in” an..nfinite air .oass. - The velocity in front of
the- cody is parkedly lower and results, vhen equated to *
tle speed in'the infinite. air mass (that ie, computing
the xir .eaIstance coofficients fron the rcsistarce :eas—
vrements with 1%, for 6xamplq), ‘in substantially:greater
discre“anciea bacauae of the finite dimoneionﬂ of the tua-
nel. ! .

e
-

Vieon, as tn rost closed w*nd— tuarel designs, tho atr

is drzwn frO* a lnrgc roon (a hall, etc.), :the pressuro .
drop rrom thko outsido roon up to ‘the wind tunnel may alge
be used for ve‘ocity ceasurements; in which' case, tho pres—~
suro lossos iu the zenerally. exieteant honoycomd zre ‘de-
fired cmpirically (a" convaring the preasure drop witk tac
rocords oi a siatic prossure gage moved atocut ir the air

. stroar)s To allow fo: the aforerentlioned rreaise ef veloc-
ity ncasurcmeat latorally aft of thue Lody, this can de
closcly approachud by measuring the pressure drop botveeca

. the outer room and a poiat at tihe. wall downstrean frer tle
experinzentel object. To be sure, tzis is rocommendod only
when the tunzel has ducn s3ligatly widened in the aforemon-
tioned mantor, so as to corpensate tho pressure drop due

(Coutinded Iraom.paze 12.)
coefficiont Ty means of the velocity laterally aft of the
plqtc, gives o drag coefficient c¢y,, wiich varles very
we Plate width
litiie with tae tunsel width
choosing the volocity ia froat of theo plato givos a differ-
¢nt drag coefficiext cy,, which'is zwca higier and ox-
trezasly varlavle., {Sec tabie I.) .7ith the jot vwe have
drog coefficient cg which again is very liitle varia~
?le. {Sze tcble II. ? b = plhte widtk; 3 = widt“ ot tua-
zel, *ospect*vely, t..e jet.._- : i S
Tabie I (turnel) e fmable I (jet)

% = 0.045 | 0.125 i°'279 ' 0.035‘4 c.138 L 0 309
!

Q.87838 50.8Ao ;0.8680

ratio. Oz the other Land,

uu&
]

cw, = 0.3815| 0.586 | 0.8972" cg,
|
|

1.994 | 3.59

WV .
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to tae growth of the frictional layer.®*

2. Open—-jot type: Owing to tiae constancy of the
pressure on the jot surface, tae velocity within the un-
disturbed joet is also constant, so taat -it is immaterial
where the velocity is measured. Of course, it slould de
remembered that a pressure field is created in the vicin-
ity of the body introduced into the air stroam, which zat-
arally entajls speed changes. If there is no honeycombd
in the antrance cone (homeycomd in the large section be-
fore the entrance cone), the pressure drop in the entrance
cone lends itself very acceptadbly for the velocity deter-
ninations If p, is the pressure in the room surround-
ing the free jet, p, the pressure in the anteroom of
the "entrance cone, and if w 4is the jet velocity and w,
the velocity in the large section before the entrance ,

“"Bernoulli's squation gives for the case of absent honey-

comb between both sectioans,
PL - Po % (w - w?)

Sinco, according to the continuity
w1 Fl = '4F

vhere F = jet section and F, = large section before en-
trance cone, the dynanic pressure of the free jet 1is

_P LA T T
1 3 T \
Fo

This relation has proved very accurate in check read-
ings ~ so exact, in fect, that now it is conversely pre-

*1t may be pointed out that the dictum of velocity meas-
urement laterally aft of the bdody is not waolly exact even
i this rule is adkered to, because the velocity to one
side of it is, strictly spocaking, not constant because of
the displacement effect of the t0dy and the wake behind
it. However, if the model is sufficiently small relative
to the section of the air stream, the changes are so slight
tat the ensuing inaccuracies are within measuring accura-
cye. Unduly large models iavolve ;et other sources of er-
ror (nmodified pressuroc distridbution, etc.), so that tue
experirmeats :ere are always inaccurate.
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forred to compute the cumerical coefficients of the static
pressure gages oy this method., If ozly a closed tuanel
with Lonoyconmo in the snallest cross section and one stat-
ic pressure gfage is availadble, the goge factor must ve de-
ternined in sone otlier fasiiign, probdably by whirling arn
calidration. Ir tho first Gottirgen wiand tunnel tho wairl-
iaz arm calibdbration was t30 tasis for the determina-
tion of tho air resistance coefficients. If a wind tun-
~el of the closod type is oquipped with & bell conforrca-
blo to figuro 6, tho dynamic.prossuro gq can be obtained
exactly as with the free -Jet from the prressure difference
recorded at stations a and b, ¥ita the dynanmic pressure
deteruined from the pressure drop in the entrance cone

tao reusmlts are completely free of any accidental errors
ir static pressure gage calidration.

Relative to the deternination of air resistance fac-
tors, 1t unay be rmentioned tkat it is very oxpedient to
detorzine the dynamic pressure direct rather than tho ve-
locity, bYecause density and velocity ere used in tle sane
manner ia the foruula as in the air resistazce forrulag
for which reason the sir density noed not be known at all
to deternine a resistance factor in wind-tunnel experi-
rents, since it becones readily apparent with the direct
introduction of the dynamic pressure ian tic reosistance
foruula. Adnittedly, it is a differeant problem whea, sar,
the Jeynolds 'nntaer is to be defined at which the reasure-
nests wero ne=de, Then air pressure and temperature of
the air strean rmst bdo ascertained.

iV. PAFS FOR TIJD TUJIUELS

Apart fron what Las bcen said about fans in section
I, thie following 1s also of significancey Centrifugal
fans with diffusers require disproportionately -ucih space,
ior wiiich roason tiaey are not nuch in use for wind-tunnel
vorizs To te sure, tliey have aa advaztage over nelical
fazs, in that their tip spoed is substentially lower thas
tiat of helical fans for an identical inflow velocity of
the air, heuco are less noisy. (The roise of tho farn in-
creascs naterially with tie tip speed, as chown elsevhere.)
The tip spued u = R« of contrirfugal fans drops to 1l.5
tixzcs the gsuction velocity w, as against 2,0 tines witl
=selical rans. .
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The trend of the pressure jump or variation pz - p;

produced -ty a helical fan versus tihe rate of flow w with

—constant r.pe.m., is as shown in figure 11, The right-hand

rart of the curves rising toward the left corresponds to

-the sound blade flow, the léft-hand portion to the sepa-

. ©UPDATA 1975 1
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rated flow at the blades, The first attitude is absolute-
ly essential for wind-tunnel operation. The ckoice of fan
also depends, to soue extent, on its location. The loca~-
tion of ‘the fan in a section of verr Lhigh velocity of a
vind tunnel with little stroam resistanco results in a

low fan load, and vice versa. To arrive at a criterion
for the fan loading, one may comrpare tho desired pressura
dirference p, - p, either with the dyaamic pressure of
the mean rate of flow % w2 or the dynmanic pressure of

the peripheral speed of the blade tips % u2, Vhence tkre
two nondimensional factors

- L &
cg = 227 F1
E.wa
2
and
. P2 =~ P2
v = _: P
P 2
5 u

Up to around c¢cg = 5 single-stage fans can be employed.
Two-stage fans are acceptatle up to atout cg = 10. Be-
yond these figures the Zlow separates at the blades, the
efficlency drops rapidly and tke cited hum uvccurs. The
obtainable ¥ value depends on the nunber, widtia and set-
ting of the blades. Up to adout 7y = .08, counveational
airplane propellers may be used advantngeously. 3By ia-
creasing tane number of tlades or the blade width up to

¥ = 0.15 can be obtaincd, while 2 system of deflectors
behind the impeller maXes it possible to raise ¥ up to
about V = 0.4, TFor still igher y it is advisadle to

*p, = pressure defore the fam; p: = pressure bteaind fan.
s*Thig corresponds fto the propeiler load factor, also de-
aated by cg. (Sce Flachsvart oa propellers, ch. 1, sec-
tions 1 and 3, vol, IV, 3.) In the.resulations for per—
formance testinz of faas aad compressors, rublished dy the
Society of German Enginﬁcrs,(zd editioa, Zeriin, 1928),
the reciprocal value J = l/cg, is used.
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use a mnltistaze fan with imserted guldés., The arproypri-

- ate exovat of tiade angle, neasured at tbe outside radi-

us, ranzes between g = 15 and a = 40° Referring to
figures 9 and 10, are two relizdle fras: one for low, the
other for high loading., The pressureos produced dy these
two fans are graphed in figare 1ll. TI:e efficiency of cor-
rectly desigpned fans of thic type ranzes Setween 0.7 a2ad
C.85.

4s to the fan noise, ospecially in high—speed wind
toanels, the following may be said: 4t high rate of no~ |
tion, tae individual tlade nmakes a whistling or aissing
roigse so far asg it movee tarough a horogeneous air mass.
Tnis part of the noise, however, 1s, in most cases, not
3didble for tle souad produced when the blade wairls .
tkrough inhomogeneous air, as a result of which there is
a change in prescsure on the wheel with every change of in-
flow velocity which moves as sound wave. According to

‘suall-scaie experimexnts a propeller ccuses very little
no0ige provicded the inflow is fairly uniforn (reference

10)e The introduction of a dar into the inflow so that
the cddics, set wp by the bdar, strike the fan, is immo-
diately followed by ar audible sound whose frequency cor—
reosponés with the time sequence of tie propeller blades,
In analesy herewith the mrincipal part of the wind tunnel
fan noige shoald te so visualized taat all inhonogenei-
ties of the stream are bisected by the propeller blades
followed by a sound ippulsec at each cuttlag tnrough,

This is also taie reason way the noise of the bdlade3s pre—
dominates most in tlhe uproar. Jaturally the resonance

of tluose sounds. plays an important role since the wind
tunael acts as a resonator. .

Yote.~ Tke principal ,ressure differenxces on a blade
occur with adierinz flow oa botl sides as a result of such
inflow disturbaxces which produce a change in aangle of
attack If v 4is tl:e speed of the blade znd w a veloc~
ity varintion athwart taie bYlade motion, tae variation of
the angie of attack is = w/v. that is, the pressare vari-
ation 2t cne of the two sides of the blade is approxinate-
ly

dCa

d

Ty

, £ v2 .
L p= “—— = number p VvV ¥

411

Consideresd as plane wave tLis pressure variation is equiv-
alent to o velocity or soundéd of

'W-»‘
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u = 22 = sumber TX
pe . c

c 'ieing the velocity of scund. The sound eaergy per anait

volume is then measurod by

o u? _  p vl

= nunber ——g— .
2 B c

Usually another gquestion of law of propagatioa is
bound up with that of the plane wave, which supplies s nu~
merical factor of the order of size of blade surface to
tuanel scction, depending on the loecal conditions, but
which, beiag constant, is irrelevant for tke subsequent
analysis. Tie formula reveals the followirnz: The mere
increase in propeller r.p.m. with a give: arrangeneat is
followed by iacreased blade-tip speed azd air-strean ve-
locity and coasegquently, by zZreater meaan velocity varia-
tion in the inhomogerneities of -the air stream. Accord- -
ing to our formula, tais interprets as an increase in
sound eaxergy with the fourth power of the blade speed.

The conditions are somewhat differeat whon tle same drawan-
in air stream with given inhomogeneity w 1s one tinme ot-
tacked by a high-~spoed~low-plitch propeller, and anothsr
timo by a low-speed-high-pitch propeller., In this case
the sound energy obviously rises as tue second.power of
the blade speed wien disregarding the effect. of the form
factor.

Bowever, this relationship is valid oaly whea speed
v 1s snall compared to sonic velocity c¢. Uhen approx-
imated to the sonic velocity the compressibility effect
produces yet highoer pressures than the foregoing formula
stipulates; the noise then bdecomes utterly insvfferabdle.
Besides, taere are reasons of strength and efficiency
which lead to blade specds well below the velocivy of-
sound,

With separated flow, that is, attitudes as illustrat~
ed in the left-hand part of the curves in figure 11, a
change of angle of attack involves only minor pressure-
changes. dere the blade noise is usually silenced by =
peculiar roar which can te explained by periodical btreak-
away and adaerence of the tlade stirean.

\ﬁ
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V. PROPELLER DRIVE AXD COHTROL

tiost wind tunnels arc driven by clectric motors* and
almost oxclusively by d.c. motors and Ward-Leonard type
.of control, which pernits speed coatrol ia the ratio of
1:10, or higher. Figure 12 1llustrates such a hook-up.
4 driving motor 4, usually of the tareée-pLase induction
tyreo, actuates a d.c. generator whose fitld is adjustadle
witain wido 1limits (for varying the gcnerator voltago).
The genzrator armature is short circuited with tkhe arna-
turoc of tie coastantly oxcited blower - d.c. motor set M -
so that tlhe speed of the motor is approximately propor-
tionate to the adjusted voltage. The exciting curreuts
are supplied by a small exciter, B.

The general method of regulation (see fig. 12a) is
as follows: A regulating resistance &L, gives the rough
generator cortrol, the influence of the macnetic field
circuit of motor ¥ with a resistance Ry, effecting a fine
control of the r.z.n. of propeller V. The rough control
1s generally by hand, the fine control witi automatic re-
lay, either tnc propeller r.p.m. or the dynamic pressure
of the air stroam bYeirg kept conrstant. Tue former is ob-
tained, for instance, by actuating an adjustadble relay
from 2 small tachomster geaerator T on tlie propeller
shaft, which siort-circuits and releases resistance BR:
in rapid sequence (so-called Tirril regulator). This ar-

rangomeat is in use in various wind tunnels in the United
States. » ‘

Iz the thtiﬁgen wind tunnels tie control is, as al-
ready stated, effected with dynamic-pressure balances.
in cdntradistiactiog to the above hool=-up, the fi;e con—
trol ir the large Gottingen tunnel is not with resistance
R- in the field circuit of motor X, but with a booster
resistance =, in series with resistance R; and a re-
sistance Re hooked up in parallel. (Se= Tfig. 12b.)
Witl: scall resistance HRi Ry  is principally effectivg;
with largze =,;, however, 24 1is effeoctive, (A detailed
description of tixis type of contirol can te found in Report

A

*Qccasicnally oze finds direct-driven internal co?husﬁion
engines, as in the Zeppelin wiad tuanel atl Friedrichsanafen
(airstip engirvs) 2zd in the six-meler wind tunnel at
Langle; Fioeld, Va. {U-boat Diesel engincs).

TA 1975 -
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I of Ergebnisse der-Aerodynamischen Versuchsanstalt zu
___Gottingen, pp. 25-27.) Suffice it to say tkat the con-
trol is entirely automatic, i.c., including the rough

-contrels - -

"If-d.cs power supply is availadlo, the r.p.m. can
2lso be rogulatcd by a hook-up as shown in figure 13, which
employs A potentiomcter for low r.pe.m. With switch- §
open, R; 1is the series resistance; vhen closed, the po-
tentiometer. Ro 1s the serlies resistance before the

gnetic fleld. Accessibility to 3~wire lines affords
still other possibilities. (Compare the hook-up of the
small Gottingen wind tunnel, described in Report II, of
Ergb. Aero. Vers., Gottingen, Pe 24)

ds to the choice betwcen contrclling the propeller
T.Pele Or the dynamic pressure, it-may be remarled that
for short, 1solated experiments, wherein approximately
constant barometric pressure and coastant air pressure
may be anticipated, both methods are equally gocod, In
extended test programs a change in air density, due pri-
marily to the Leating of the air, is to be expected. Taen,
toe, the dynamic pressure changes with comstant propeller
.TeDels, because of the modified rosistcnce of the test . -
object; for instance, due to changed angle of attack.
dowever, there are times when it is of interest to main-
tain the same dyramic pressure, namely, when air resist-
ance factors are to be determined, for which it is nec-

- essary to divide the recorded forces by the corresponding
dynamic pressure. Hereby it is more expedient to divide
all data of one test series by thc same dynanic pressure
rather than by an even only moderately changing dynamic
pressure as occurs with constant r.pe.m. This is the rea-
son why the dynamic pressure regulation is given the pref-
erence at Gottingen. At tines the r.pens regulation Las
the advantage insofar as commercially availadle equipwent
can be resorted to., Of course, constant dynamic pressure
can also be insured with this regulation when the r.p.m.
is readjusted at shorter intervals accordiag to the read-
ings of a dynamic pressure indicator.

VI. EXISTENT WISD ZUTUZLS

Hereinpafter follcws a somewkat wmcre detailed descrip-
tion of some ‘of the better knowa wind.*unzels. iio attenmpt
is made toward completeness or historical aspect other

w

S
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. ~-—~~than -to suaow the-progress walch lhas been maée to the present.”

Regarding the forerunners of the wind fnnnels in an~
cient times, we refer to Flachsbart'!s "History of Ex-
perimental Hydro- and Aerodynamics.” i

le¢ Tae.¥ind Tunnel of the liotorluftschiff-. -
©  Studiengesellschaft (Society for the Study
. of Engine-Driven Ailrships), Gottingen,
duilt 1907-1908. -

Vhen this tunnel was designed, it was a matter of
choice between an open type - the air being drawn from the
atmosphere and returned to it.~- and a circular closed type.
But small-scale experiments manifested that, unless the
wind tunzel could te housed witlin a large hall, the closed
type was really preferable, because the-iaterfercnce by
the outside wind was too severe even on conmparatively caln
dayse The choice fell to the desiga showa ia figure 14.
T0 mianinize the flow losses, as well as to g:ard against
interference .of the steacy velocity distridbrviion, we fit-
ted deflecting vanes at the four coriers as showan, slight-
ly exaggerated, in figure 15. The uaderlying idca was to
slice tiie air stream into so many bands, each baad deing
returaed serarately ia a narrow channol and afterward
uniting again, -

~ On the other hand, such vanes can induce eddies which
are bound up with tie fluctuation of the circulatien about
the blades, 1f there are accelerstions and decelerations
in the flow, such as occur in pulsatiang air streams. To
insure tkhe necessary steadiness for the working chamber,
we first nounted a system of guides behind the 4-dlade
propeller V with large hud so as to divide the downflow
over the.whole section. Hext came a coarse hédeycoadb 61
with 10 by 10 co section channel and metal flaps as in
figure 5, at the upsteam end. After the passage through
two deflectors, the second of finer mesh than the first,
came the fine honeycoud Gz of straight and corrugated
netal strips spaced 2bout 7 mm apart, ahead of which we
later fitted a acreemn S. After prolonged, rather diffi-

*Practically everi civili.ed country has one or =more wind
tunnels, soue in research laboratories, others in technical
universities, etc. 4 list publisked recently, cites 1%
wind tun:iels in the JUnited States alome, which by now ray
have been increased,
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cult attempts in all direciions, we odbtained a fairly sat-
isfactory uniformity (about 1% percent velocity fluctua~-
tion), but the dust and tae oxidation of the screen, to-
gether with certain other causcs, made the obtained uni-
formity very short-lived, and necessitated repeated re-
adjustment’s Tae velocity distribution was recorded wit
a statlc prossure gage, which could be noved horizontally
and vertlcally across the whole channel section ard which
was connected to a recording cylinder. (This applies to
both regulating work and nodel testing, as basis for the
air sveed used in computing the air resistance coeffi-
‘cients.) The space between propeller and fine honeycombd
* belug nade as tight as possible, while the experimental
chanber was intentionally made untight,® the pressure in
the chanunel was the same as in the observation room.

Owing to the high resistance of the narrow honeycomd
and the scroen combined with the vitiating propeller de-
sign, the speed wiih a 34 hp. motor bsrely reached 10 n/s.
But aside from these shortcomings, the plant operated sat-
‘isfactorily and remained up to 1917, the oaly pudlic labd-
oratory in Germany. 4 detailed description may be found
in 2.v.D.I,, vol, 53, 1909, p. 1711, as well as in differ-
ent Tearbooks (1907-8 to 1912-13) of the Motorluftschiff-
Studiengesellschaft.

2¢ Eiffel Tunnels at Champ de lars, near Paris

and at Auteuil, duilt in 1909 aad 1911, respec-
tively.

These wind tuanels operate, as already mentioned,
with an opon jet accessible from tho experiment chambder.
The latter is under negative pressurs during operation.
The air streanm is circulated as a propeller draws air fronm
the suctiou chamber, thus allowing an identical amount to
oater therein via a funanel-shaped coas, and to pass through
iz the forn of an opon jet. In the first provisory plaant
at Champ de iars (fig. 16) & centrifugal fan was used; ia
the final design at Auteuil (reference 1l1), a helical fan.
(Sece fige 17.) At the left is the entrarnce cone with two
soaeyconbs G, and G, at the right an enlarged passage
7ith propeller V and deflectors at the end. The section-
al enlargenent serves to minimize the exit energy of the
air which :ust be considered lost. The resnlt is that tae

*Frovided with an opea slot across tle entire length of the
test chazbcr, for insertiag the Pitot bar.

s
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propeller output is only atout one tuird of the theoreti-
cal air output (p Ez!- with F = jet seotioen, = jot

velocvity)., Tihte diameter of the experimenhtal air stream

at Champ de Mars was at first = 1,50 m (4,92 ft.), sudbse~
quently = 2.0 m (5.56 ft.), the speed = 20 m/s (65.6 ft./
sece), respectively 12 m/s (39.4 ft./sec.), with 68 hp.
motor. %The Jet in the Auteuil tunnel was = 2.0 m, the mo-
tor of 60 :pe., and the speed, 32 m/s (104.9 ft./sec.).
Incidentally, tie Auteuil laboratory housed, besides the
main tunael, also .a copy of the modified Champ de Mars .
tunael, but whether it was ever actually used, the writer
does not bnov.

Inasmuch'as the air enterirg the hall from the exper-
iment caamber is left to itself and the irregular shape
of the hall contaiaing divers installations undoudtedly
préduces consideradble turbulence, the air is apt to ar-
rive before the entrance cone with a fairly unsteady ve~
locity distribution both as to time and space. The honey-
comb appears to have been fitted later on to effect some-
what better stream conditions. Tae stay in the ‘suction
chamber is somewhat uncomfortable. especially ‘at high air
speeds, ¢lthough the system seems %o have proved satis-
factory iz Paris, as well a8 at other places where this
type has beea used,

A larger, modern version of the Eiffel type is found
at Issy les Moulineaux (fig. 18), duilt in 1923, with an
entrance-cone diameter of 3.0 m (9 8 ft.), and a maximun
speed of approximately 80 m/s (262.5 ft./sec.) with 1,000
hp. power plant. E. Rothd gives a description in his
"Cours de piysique, part III - Adrologie et Aérodynanique,"
(paris, 1928), p. 258,

3¢ The. N.FuL. Type and Related Designs

A special syster of closed-jet type wind tunnel has
been dBVelopud ty the National Fhysical Latoratory at
Teddington, England, Tae first desigm, built im 1912 (ref-
‘erence 12), was 4 feet square in section. 4ir was drawn
into the cone~skaped mouth from a large room, and passed
through a honeycond into the experiment chamber. After a
small enlargement follovs a conventional propeller and be-
hind that, to mitigate the exit of the air, a long trumnk
or cage of fairly closely spaced wooden strips, between
waich tae air re-enters the room. Trhis insures negative
rressure in tihe experiment chamber relative to the obser-
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vation caamber; for which Teason, tals wind tunnel nust
be Lept very tigﬁt. - * T

Numerous. wind tunnels ina. Engﬂand apd the United states
have been built after this pattern. sonme with 4 foot square
in aection. some with 7 foot. square. in section. One par-.,
*icularly large tuanel at Teddingtan,_was 7 by 14 foot
section. with two propellers mounted side. by side (fig.
19). (See reference 13.) With its two 200 hp, motors, . ..
its top speed wae 30 n/s.(98.4 ft./sec.),

‘One particular featurs Qf this design is tke cellular
wall (of brick masonry), which divides the building in two
rooms. The air upon passing this honeycomb wall, is fur-
ther damped down and thus reaches the suction cone in
much ‘steadier attitude. There is also.a honeycomb ahead

of the propellers whici should enhance the time uniform-
ity.

A new version of the 7-foot tunnel is. illustrated in
figure 20 (reference 14). The exit cone is larger az=d .
the truak has been removed, evidently, since the honeycomt
wall insures sufficient gquiescence.. The wind tunnels arse
built of wood and iron and presumably represent the cheap-
est construction of this kind,

Similar tunnels to figure 20 kave been built else-
where to a considerable extent, some of round section.
Of course, the square section has the advantage of allow~
ing greater freedom of nmovement o0f the personnel when the
floor is level and the walis vertical. On the other hand,
the round section offers less frictional. surface. . Repre-
sentative of this type are the wind tunnels at the Saint
Cyr Aerotechnical Institute (reference 15), at Rome, (ref-
erence 16) and various American universities.’

4. The Aerodynamic Iastitute of the Technical Uai-
versity, Vienna

This wind tunnel (referemce 17) is also of the open—
jet type but employs pusher propellers and a dome=-.lke
system of deflecting vanes instead of entrance cone and
honeycomb {fig. 22), thus converting the radial iaflow
into a unidirectional stream. In contradistinction to all
others the air strean is vertically downward (fig. 21).
The open Jjet, indicated by arrows, is in the cellar and
under atmospberic pressure, Tue air passes. through the
diffuser aad the exit-cone flare in the cellar, vhenc-
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© four helical fafs af the four corn eré with conrnected dif-
fusers carry it:to tae attic, which ‘s under negative.
pressure =nd from there, after the flow has become_ some-
what quiescent, through the large opoaning to the roof-
shapdd system of guide vanes, The octagonal entrance-cone
sectiod is about 2.5 m2(2€6.9 sqifte.), its over-all length =
2.0 m (6.55 ft.), and its maxirum width = 1.4 m (4,59 ft,).
‘The maximun speed is 22 m/s (7 .18 ft, /sec.). with a power
glant of 4 by 7. 5 ‘hp.

5, The Second Gottingen Iind Tunnel, Erectod 1916-17

The first tunnel was, to *egin with, only a”tpmpo-,
rary maxeskift, and the design of a new, iarger wind. tun-
nel was soon under way. This project undervent many mod-
1fications as time went on, althcugh the principle was
retained, The circular, closed arrangement 6f the first
tunnel was very satisfactery and without a doudt, supe-
rior to the’ method of drawing air fror a room and returan~
ing it Yo it, or account of the enhanced urifornity of
flow'. On tke other hand, to aveid the great resigtances
manifested in the first tunnel, the return flow, the de~
flection around the corners and the gpatial comparability
through hoheycomb etc., had to be effected with lower
speed; tlat fs. larger sect*on which, of course, involved
hi-her construction costs, ‘The transition from this larg-
er section to tle working gection next to the experiment
chanber led, horzsover, to the advdntages cited in section
II, as far as *ocal untformity was concerned, Prelimi-
nary exper*ments ‘had proved the superiority of the open:-
over--the closed jet (reference 18). Since the air was to
flow in a closéd passage while ;rassing from propeller to
entrance core, co negative pressure ckauber of Eiffells
type was necessary; on the contrary, the opea jet could
be allowed tc pass into the open hall as in the installa-
tion at Vienra. The return flow, then, was, of course,
under negative pressure, Thke circulation was first pro=-
jected on a horizcatal plane (lateral return next to the
experimeat ckamber). But at the sug-estion of my then
coworker, E. Thoma, we decided to dispose the circulatioa
in a vertical plane sc as to bring tlie return vertically
beaxeath the workiang chamber. The necessary leight of the
whole struciure was takea care of by tuilding the parts
under positive pressure of reinforced concrete. The re-
turn passage was about 2 meters below the ground. The
vertical arrangement made the working portion very access-
ible from all sides., The test equipment i: mounted on
rails witi turantable (fig. 23). The jet section is 4 el
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{13405 sqeft.) (diamester of-inscridsd ctircle of the 16—
cornered bell mouth is 2.24 m (7.35 ft.)). The section

in the closed tunnel increases consistently ian the flow
dirsction up to the entrance cone, reaches 7 m2 (75.35
sq.ft.) at the propeller and 20.25 m® (217.97 sq.ft.)

4,5 b7 4.5.m (14.76 by 14.75 fit. square) in the maximum
section at the lhoneycomdb. It is very important tkat the
open jet be exactly level, when eifecting the measurements.
With this in mind the entrance D was made rotatabdle
tiirough a few degrees. The deflecting vanes are of air-
foil design with round leading, and sharp trailing- edge.
Tacy were made of reinforced concrete {(the same way as
cement pipes aro made). The honeycomd consisted of smooth
and corrugated :etal strip as shown in figure 2c. The
speed is 58 m/s (190.29 ft./sec.) with 300 hp. 4 descrip-
tion of the wind tuanel 1is given in Report I of Ergd. Aero.
v»rs.' Po 8f.

« The doscrided design has been variously copied, at
times with horigontal, at others with vertical, return
passage., One of the first of these, that of the Zeppelin
Jorks at Friedrichshafen, of 2,90 m (9.51 ft.) entrance-
cone diameter {(ii, Munk, designer) (referoace 19), is of
the double-return flow type (return passage on either side
of the test chanber)., The same arrangement is found in
_ﬁne large wind tuanel of the National Advisory Commitiee
for Aeronautics at langleoy FTield (fig. 24), which also
was designed by M. Yunk. Other wind tunnels, which were
closaly patterned after the so-eslled Gottingen typo are
found in Japan, as described im Report No. 15, of the
Aeronautical Researcn Institute (Tokio, 1926). and in theé
c“lifor?ia Ingstitute of Technology, at Pasadena (refer-
erco 20 .

6e Various Receat Designs

The trend of modern wind~tunnel practice is in two
directions, namely, large size and change from air under
aorzmal conditions to air at high pressure. The first
nalkes it possiblo to make asrodynamic tests with labora-
tory accuracy on full-scale fuselages, engine cowlings,
tail surfaces, and other airplane parts; and or model
wings of large size, which is of tiae utmost importance for
the study of eagines and propellers under actual working
conditicns, as well as for the the neasurement of 1ift and
drag. - The second {(reference 21) makes it possible to ob~
tain with small models the Reynolds Number of large-scale
objects, since in compressed air.the density rises bdut not
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the viscosity and consequently,: the kinematic viscosity ,
varleg inversely proportional to the density. - The product
of velocity times length may be considered as -equivalent
to’1/20 of the same product for full scale whea working .
with air of 20 atmospheres. . : - :

- "Represeatative of the first are: T .

a) The 20-foot propeller research wind tunnel of the

National Advisory Committee for Aeronautics, at Langley
Tield (fig. 24). The air~stream diameter is 6.10 m (20.0
ft.) Its power is 2,000 hp., and the maxizum speed is ap-
proximately 50 m/s (164 ft./sec.). It 1s driven by two
Diesél engines. ‘In the meantime, another tumnnel of still
larger size has %oen built ‘at Langley Field, in which a
full-scale airplane may be tested. . The oval section-is 30
by 60 ft. (S.15 by 18.3 m). 4An alleged speed of 51-m/s
(167.32 fti/sec.) is reached with an 8,000 hp. power plant.

b) Figure 25, tie wind tunnel of the Moscow Aero~Hydro-
dynamical Institute is a peculiar combination of a 3 m
(9.84 ft.) and a 6 m (19.68 ft.) tunnel (reference 22), The
circulation is closed, The movadle section (shaded portion)
can be swung aside. In the shaded position the tunnel 1is
closed and ready for operation with the 3 m diameter. The
shift of tho section into thé.pesition indicated by dashes
permits the air to pass in".tke 6 m scction direct for ex-
porimentation. Tith the 3 m section a speed of104 m/s
(341.21 ft./sec.) has boen reached with 820 hp. minus homey-
comb, anrd 78 m/s (255.20 ft./sec.) with honeycomb, and 30 m/s
(98.42 fta/sec.) in the 6 m section. As may be. expected,
the velocity distridution in the 6 m (19.68 ft.) section. is
not very good. . .

c) The only variable density wind tunnel in operation
"is thaat of the M.A.C.A. at Langley ¥ield.® The wind tun-
nel proper is housed within a 54 mm (2-1/8 in.) steel tank
4,57 m (15 £t.) in diameter, and 10,52 m (34.5 ft.) long.-
It was origiaally built according to the-closed-jet type,
but recently redesizned for open jet (fig. 25)«** - The max~

*A gecond tunnel of this kxind is being built in England; air-
stream diameter 1.80 m (5.90 ft,), inside dianmeter 5.20 m
(17.06 ft.), length 15.50 @ (50.85 ft.), wall thickness 63.5
ma (2,50 ian.), maximum pressure 25 atm., anticipated speed,
25 m/s (82.02 ft./sec.), according to Enginecring, 1930, p.
805,

*sPigure 25 shows the tunnel with open jet. The data for
this photograph was obtained through the kindness of Dr. G.
¥. Lewis, Director of Aeronautical Resecarch of the N.A.C.A,
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inmum pressure is 20 atuospheres, the tank is filled dy 300
hpe air compressors. The driviag notor is of 250 horse-
power, tlie eir stream has a dlameter of 1.52 m (5 ft.),
and the maxioum speed at 20 atuospheres, is 24 n/s (78.74
ft./sec.). All experimental equipment must be automatic,
that 1s, be with remote controis - 3But-in-spite-of this
conpliclty, the tuanel has produced some very valuable re-
sults., 4 description may be found ia N.A.C.4d., Tecanical
Report No. 227. (reference 23).

d) In view of the requirements incidental to propel-
ler experiments, the inverse principle of the variable
density wiad tuznel was employed in a more recent Gottin-
gen tununel waich, on the whole, is similar to the large
Gottingea tunnel, dat in which the open oxperiment sec-
tion caa be hermetically sealed by means of a detachable
¢ylindricel section, The remaining parts of the tunnel
being of sufficient strength as well as air tight, the
tunuel can be evacuated to adout 1/4 atmosphere, so ‘that
an air stream of lower density can be produced. With
propellers tie blade tips gulte often worl: at or near the
velocitr of sound, in whigh case the compressibdbility of
the air becomes very significant. In order to be able
to follow the them occurring phesnomena on a2 model, it is
necessary to apply tLe same relative velocities as in a
full~-scale test. 3ut that involves a fairly high output
for the blower as well as for driving the propeller model,
wherein the propeller drive in particular, presents expor-
imental difficulties. These objectionable features can
be eliminated by lowering the pressure to 1/4 atmosphers,
so that the performances also drop 1/4. The wind tumnel
can be used with a variety of entrance coaes. 4t air un-
der normal conditions, a 225 hp, output glves a speed of
around 57 m/s (187 ft./sec.) for a 1.5 m (4.92 ft.) emn-
trance-cone dianeter, and 77 m/a (252,62 ft./sec.) for a
1 m (3.28 ft.) air-stream diameter, at 1/4 atmosphere pres-
sure, a speed of approximately 120 m/s (392.70 ft./sec.)
can be obtained vith the 1 m entrance cono. These data
are provisory because the tunnel has orly been put 1into
operation quite recently and its definite structural form
Las not becn decided.
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VII. SURVEY O TEE INERGY CONSUMPTION OF WIND TUNNELS

The useful performanced of a winé tunnel consists in
bringing a stated air mass to the velocity w required
at the experiment chauder, Tane rass ger ‘second 1is p F w,
thae performance per unit nass is = w?/2, heaco the per-

formence {work per second) is E—!— . Yow tlhe question

is, Wkat otker performance is to be produced by the pro-
peller?

In wind tunrels witlh closed circulation, only the
losses need to be covered, and in those with air stream
returriag in a l:all, the speed before the exit through a
€iffuser (gradual eanlargeuent of the passage) is likowise
rmoderated, so that, as a rule, the required driving power
is less tkar the effective power of the air in the work-
ing section. The best conditions for the "efficiency"
(effoctive power in tLe oxperiment caamber - absorbded
power) are odtaincd with wind tunnols which, by neans of
suitadbly fiared entrance come, draw the air from a hall o

. apd return it to the same room after proper enlargement
aft of tho exporirment chamder., Inclusive of that of the
fan, efficiexcies as Ligh as 3 are normwaliy odtained. (Ta-
der particéularly favoradlo circumstances an efficlency orf
8 or nore is, moreover, tossidle,) Figuring with the
"air power" aloae, an efficiency of around 4 (up to 10)
is obdtained with aun G.75 fan erficiercy. This holds true
for wind tunnels of the closed-~jet t;pe; provided the
rarallel pilece is not too long, the diffuser is very sat-
isfactory, and the erergy comsumption of tke honeycomd
is low.  The oveu~jet type., whetier of tie so-~called Eif-
fel or Gottingen type, rroduces additional losses as a
result of the coslescence of the open jet with the sur-
rounding air, waich hecoue so much sreater a2s the open
eir stream is iongsr with respect to its dlameter.®* The

*According to unpubdblished uoftingan measurecents on a mod-
el wind tunrel of the Gottingea type, there is an approx-
inately linear drop of energy ia tie open jet. Aft of

tkhe entrance-cone flare, at a distaance equivaleat to the
éntrance~-cone diarcetcr, an energy drop.of & percent was
recorded, 4Adlded to this sre vet otaer losses ia the dif-
fuser whose functioning is so nuch more imperfect as the
velocity in its entrarce sectiou is tneveanly distributed.
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loss in the nomeycombs and in the deilectiig va.es of the
GBttingen-systen are relatively low-whea care is taken to
insure a lov speed at these points, The nressure losses
are from 0,30 to 0.50 of trLe local dyzanic pressure, vro-
vided the honeyconbs are not too zarrow, and of from G.15
to 0420 of the dynamic_ prossuroc for_the vanes when the
air strean to bo deflected is very homogcneous. Witk .se-
vered inhomogeneities the vane losses can become very much
greater, as a result of secondary flows. The losses which
ocenr directly before and beaind the fan due to abrupt
sectlonal ckhanges can be mininized by fairing the propel-
ler hud.®* The efficiency of open-jet wind tuaznels ranges
in gerneral, bvetween 1,5 and 2.2, and as high as J.5 in
eszocially propitious cases. '

decording to tie foregoiag, it appoars tenptiag to
build wind tunnels for high rower with possidlo kigh cfrfi-
ciency. 3ut tais highor cfficioncy has also consideradle
drawbacks. 4s soon as a uominal part of tio power is ab-
sorded in tlio form of resistance enargy by a model in the
wind stream, the.volocity of the air strean drops, aad
indeecd, 30 nuch moreo as the losses of tie bare wind tun-

~ nel are swaller; that is, as tho officiency is rizhor.

Contrariwise, wind tuunels witk lower efficiezcy aro less -
sengitivo against additional rosistances. Tais occurs i
tho following nanner: The efficiency of the diffusor is,
sspocially irf it is near to the linit of the permitted
angle of enargement, different in tlhe accelerating and
iz the decelerating period whea the velocity fluctuates,
taat 18, the efficiercy is better ia the acceleratioa aad
poorer in the cdeceleration.*®* This obviously may cause
the deceleration to become greater with decelerations de-
cause of increased resistance, whereas conversely, the

*The use of tae propeller fairiang (showa in dotted lines
in fiz. 23) ia the large Gottingen tuunel resulted in a
32 perceat higher efficiency. The data for the Gottirgen
tunnel 1a tkis roport pertain to the attitude witk: faired
hub,
**The reason is that during the accolerating raase, tlhe re-
sultant deceloration in tue dirfuser is reduced, bdut i=-
creased during the decelerating phase, as a result of waich
the diffuser witk respect to separation of flow, acts oae
tine as a narrower, the other tine as a much steeper dif-
fuser,
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acceleration nay rise during acceloration as a result of
the lowered resistances, or in other words, fluctuations
from uinor causes may bo abrnormally incroased when tlae
characteristic case provails, and tais is thon followed
by very poor timo uniforaity, which may develop consid~
erable oscillations. To avoid such_ipterferouces, the .
ozlargemonts aft of tho experimet chamber in the Gottin-
gon wiad tuunels were intentionally fitted with a step
rataor than witih gradual sanlargement, with no regard

for efficiency, and in fact. the time uniformity ie rel-
atively very good with these wind tunnels,

Translatioa by J. Vaaier,
ational Advisory Coomittee
for Aeronautics.
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Toechnical Nemorsndum ¥o

Figure 3.~ Cross
netal

strip for honey-

comb, Tig. 2a

1~

Figure 4.~ Bollers for

forming strip
for honeycomb, Fig. 2¢

w
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Tigure 5.~ Sheet- Lot
metal :
flaps for velocity T°t
distribution 1!
regulation ~— ___» Ter
- |

. 726

od

77N

AN
f AN
[ .
y
]
]
i
]
i
._.:__ 1 BE —— —
[}
]
]
i
! ]
-
T 1
4 a

o
~

Tigure 6.~ Correct shape of
portion ahead of

experimental chsmber.
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Mgure 7.- Entrance cone of
@5ttingen propel-
ler research wind tunnel.

i
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Figure 8.~ l'iov in the exit-
cone flare of a
wind tunnel.

Tigure 9.~ Propeller-type
fan with 4
ﬂ E. ades for ].ot)
: Bet
 ©UPDATA 1975 k‘”m‘ *

s e

Tigs. 7,8,5,10,11,12

Figure 10.- Propeller-type fan with &
wide bdlades for high
loading (design:3Bets)

!

9,35

P
asP RN
\ / \
Ve Pp- Py azs . /1 .
22”0 Tz 5
P/2u2 \

015

010 \

0,05

~.
.

005 01 Ors 020 QX 230 QX

—_—wf/u

Tigure 11.- Fan characteristics

Tor fan according to
Tig. 9 with a= 16°
(at blede tips)

For fan according to
Pig. 10 with a= 34°




N.A.Cods Tochnical Memorandmm Fo. 726 Figs, 13,14,15,16,17,18

Mgure 13.- Book up for regulat-

ing propeller r,p.m.
for D.C. power supply

;

Figure 14.,- First G5ttingen wind
tunnel,

Plgure 16.~ Eiffel wind tunmnel,
Champ de Mars

(mx 3.28083= £t.)

Tigure 17.- Eiffel wind
tunnel, at

s‘ct m. A-B

Figure 18.- Wind
@ tunnel
at Issy les

Moul ineaux




N.A.C.A. Technical Memorandum No. 728 Figs. 19,20,21,32,33
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Figure 18.- The 7x14 foot wind tunnel of the National Physical
Laboratory (N.P.L.) at Teddington

b p e 30.- New 7x 7 foot
gur N.P.L. wind

tunnel

Figure 21.- Wind
tun-
nel of the A.L.

Figure 22.- Roof shaped

systea of
deflecting vanes in wind
tunnel, Fig. 21, replac-
ing entrance cons and
honsycomb

Figure 23.- Large
Gdttingen
wind tunnel




¥.A.C.A. Technical Memorandum ¥o. 726 Tige, 24,25,26

(mx 3.28083= £¢.)

Figure 24.~ The 20 foot N.A.C.A. wind tunnel at
Langley Field, U.S.A.

HIRIHIE

Pigure 25,- Combined 3mand 6m wind tunnel at
Moscow.

gllﬂlll

Tigure 26.- Variable density wind tunnel, N.A.C.A.
AP s———. . at Langley Field, U.S.A.
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