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THE DESIGN OF LOW-TURBULENCE WIND TUNNELS i

By HUGH L. DEYDEATand Im H. ABEKWT

SUMMARY

Within the pas~ 10 years there hare been placed in operation
in the lTnited States four low-turbulence w“nd tunne[s of moder-
ate crow-sectional area and $peed, one at the ATafional Bureau
qf Standards, two at the N.-KM Langley Laboratoy, and one
at the ATXC.4 Ames Laboratoy. In these wind tunnels the
magnitude of the turb uknt relo~”tyjiuctuati”ona i~ of the order
{if 0.0001 to 0.001 times the mean rekity. The wi8tence of
these wind tunnels has made possible the development of lowdrag
mhg section8 and the experimental demonstration of the unstab~t?
laminar boundary-layer 08cillation~ predicted many year8 ago
by a theory formulated by Tollmien and Sch[ichting.

l%e development of the Lw-turbulence wind tunnels w
great[y dependent on the development of the hot-wire anemom-
eter for turbulence measurements, meawrements of the decay
~jf turhlence behind screens, meawrementi of the e~ect of
rfamp.ng screens on m“nd-tunnel turbulence, measurements of
the J70w near a ffat plate in air 8tream~ of raying turbuknce,
and measurements qf the drag of ~pecially designed ho-drag
airfoi18. The8e inre8tigation8 were conducted in collaboration
with Schubauer, Skramstad, Jacob~, Von Doenho$, and other
members of the w%$ of the Arational Bureau of Standards and
the A’ationd Adrisoiy Committee for .4eronautic8, Von Kdrmdn
and Liepmann of the California In8titute of Technology, and
G. I. Taylor and hi8 colleagues at Cambridge lTnirersi@.

This paper reriew8 brie$y the state of knowledge in the8e
rariou~ $e~d8 and tho8e feature8 of the results which make
possible the attainment of low turbulence in wind iunne18.
Spectjic applications to two wind tunne18 are de8cribed.

INTRODUCTION

One of the important teds of airpIane design is the wind
tunnel, a tool older than the airpIane itself. The increasing
complexity of the airplanedesign problem during the Iast
20 years has stimulated the continued improvement of xind
tunnels and w-kd-turme~ techniques to pro-ride data of
increasing accuracy and applicability.

The fit essential requirement of wind tunneIs, that of
obtaining a reasonably steady air stream approximate ely
uniform in speed and direction of flow across the test sec-
tion, was met as long ago as 1909 in the wind tunnels of
PrandtI and Etiel, which produced a great wealth of scien-
tflc data to be appIied to aircraft design. The presence of
“scale effect-,” or influence of size of model and speed of test,
was recognized at am early date and model tests were pIaced
on a sound theoretical has-k through use of the principles

of dimensional analysis. The ReynoIds number became
the key measure of the applicability of wind-tunneI data.
The desire to approach flight conditions of scale and speed
as measured by the flight Reynohls number resulted in the
obtioua trend to wind tunnels of large size and high speed.
Important advances in techniques i.rduded improved bal-
ances and other measuring equipment; new methods for
supporting modek, especially at high speeds; more accurate
corrections for the effects of the hmited size of the air stream;
and the inclusion of the effects of power and of same dynamic
flight conditions. These trends have continued to the
present time.

One solution of the probIem of scale effect was reached in
1923 with the construction of the mriabIe-dem=it y wind
tunnel by the National Advisory Committee for Aeronautics,
in which the Reynolds number -ivas increased by operating
the wind tunnel at a pressure of 20 atmospheres, thus in-
creasing the air dem=ity and the ReynoIds number by a
factor of 20. A second soIution was reached with the con-
struction of the full-scale wind tumnek in 1931 at the h’ACA
LsngIey Laboratory and in 1944 at the NACA Aries Labora-
tory. These tunnels are Iarge enough to test full-size small
airpkn= at moderate speeds.

& airplane speeds have increased, the principka of variable
density and Iarge size have been applied to high-speed wind
tunnels with necessary compromises because of high power
requirements. The goal is to approach full-scale Reyaolds
numbem and Mach numbers as cIosely as possible.

Less obvious, but equally important, advances have been
made in improtig wind tunnels with regard to uniformity
and steadiness in speed and direction of the air stream.
The wind-t unnel air stream is characterized by the presence
of smalI eddies of mrying size and intensity which are col-
kt.iveIy know-n as turbulence. Many aerodynamic meas-
urements are greatIy influenced by the values of the inten-
sity and scaIe of these eddies e-ien though the turbulent
fluctuations may be very small as compared with the mean
speed. Flight investigations have not indicated the pres-
ence of atmospheric disturbances of sufficiently smaII scaIe
to cause appreciable aerodynamic effects.

The use of wind-tunnel data for predicting the fight per-
formance of aircraft has always been hampered by the
presence of turbulence in the air stream. Comparison of
resuk obtained on spheres in the wind tunnels of PrandtI
and EiHel in 1912 shored that turbulence could have grosi
effects on aerod~amic measurements comparable with the
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effects of ReynoMs number. Such rwults led to the estab-
lishment of international programs of tests of standard air-
foil and airship models and w numerous comparative tests
of spheres in wind tunnels of different turbulence. It is
now known that the drag of a sphere may vary by a factor
as large as 4, the minimum drag of an airship or airfoiI
model by a factor of at least 2, and the maximum lift of an
airfoil by a factor of. as much as 1.3 in air streams of different
wind tunnels at the same Reynolds and Mach numbers
(references 1 to 5).

Improved simulation of flight conditions in wind-tunnel
testing through the reduction of air&ream turbulence was
slow in realization. Considerable confusion existed at one
time about the desirability of reducing the turbulence. The
effect of increased turbulence on some aerodynamic charac-
teristics is qualitatively similar to increased scaIe, which
was greatly desired. The apparent success in mme applica-
tions of the concept of an “effective” Reynolds number led
many investigators to believe.that turbdenc.e was desirable.
Moreover, the wind-tunnel designer was faced with the prac-
ticaI situation that, although it was easy ta increase tur-
Mencel it was not known to what extent it would have to
be reduced ta simdate flight conditions and no effective
method of reducing turbulence to small values was then
know-n. The result was that the turbulence of the usual
wind tunneI of about 10 yearn ago was of the order of )4 to
1.0 percent of the mean speed.

The reduction in turbulence of more recently constructed
wind tunnels is largely the result of a better, though still
incomplete, understanding of the effects of tnrbulencg on
the boundary layer and of the character of turbulence itself,
especially the laws of decay and the effect of damping screens.
This understanding was greatIy dependent on the develop-
ment of the hot-wire anemometer for quantita tive turbulence
measurements Comparative drag measurements on low-
drag airfoils in various wind tunnels and in flight showed the
sensitivity of their characteristics to Yery low levels of tur-
bulence and stimulated further work. These investigations
were conducted in collaboration with Schubauer, Sk.mmstad,
Jacobs, Von Doenhoff, and other membem of the staff of the
National Bureau of Standards and the National Advisory
Committee for Aeronautics, Von Khrmfm and Liepmann of
the California Institute of Technology, and G. L Taylor and
his colleagues at Cambridge University.

It seems appropriate, because of the great importance of
turbulence effects in fluid mechanics, to outline the principles
of design of modern wind tunnels of low turbulence and to
illustrate their application to two specific wind tunnels, the
4}{-foot wind tunnel of the National Bureau of Standards
and the Langley Lwo-dimensional Iow-turbulence pressure
tunnel of the NACA.

SYMBOLS

A cross-sectional area of wind stream or duct
c constant
D diameter of a sphere

scale of turbulence

P

R
R.
R8

R,
u
u’
c
cd
f

k

n

P
P.
u

r), ‘w

(“ pressure coefficient ~
~Pul

Reynolds number “
“eflective” Reynolds number
Reynolds nurnbcr based on thickness of hmdnry

layer
correlation coefficient (~/u,’w’)
mean speed
mean turbulence intensity
contraction ratio of a wind tunnel (A,/A J
section drag coefficient
turbulence reduction factor

pressure-drop cocficient for a screen

()

~

g Pus

number of screens
static pressure
static pressure of free stream
component of velocity fluctuations produced by

turbulence, para]lel to mean flow, and nwmurcd
with respect to mean speed

mutuaIIy perpendicular components of vclociLy
fluctuations produced by turbulence, normal
to mean flow, and measured with respect to
mean speed

u?, v’, ‘wt root-mean-square values of u, v, and w
U7 mean value of product of u and IJ
x distance measured paraIM to mean flow

?/ distance measured normaI to mvan flow
frequency parameter (2r/h)

; boundary-layer thickness
6* boundary-layer displacement thickness
h wave length

P viscosity of air
v kinematic viscosity (p/P)

mass density of air
&bacripts:
o conditions at a particular time or place
1,2 values at neighboring points
s settIing chamber of a wind tunnel
t testsection of a wind tunnel
U, d vaks at points upstream and downstrmm of a

screen, respec tiw+y, in a duct of constant
cross-sectional area

MEASUREMENT OF TURBULENCE

The understanding of turbulent flow and the devc~opmcnt
of methods for reducing the turbulence level are dcpmdcnt
on the existence of methods for measuring turlmhmcc. The
hot-wire anemometer has beccnnc the shmdard instrument
for this purpose (references 6 to 9). Techniques have l..wn
developed for measuring the rooL-mean-square of tlw com-
ponent u of the velocity fluctuations in the direction of flow
u’ and corresponding root-mean-square values r’ and w’ for
the components v and w in two dirccLions perprndicuIar to
the flow and to each other. Techniques have also bccw de-
veloped for measuring the mean value fi which is propor-
tional to the turbulent sheming stress, and for measuring
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the correlation coefficients of the type ~~ where UI and

Uz are dues of u at two neighboring pointa. From such
measurements the arerage dimensions and shape of the ed-
dies present in the air flow may be detemained.

The turbulence in a wind-tunnel air stream not too cIose
to a source of turbulence is a random motion with no periodic
components present and is often, though not drmys, isotropic.
In isotropic turbulence, u’=r’=w’ and ==0. The magni-
tude of the fluctuations may then be specified by u’. The
quantity u’/ZT, -where U is the mean speed, is termed the in-
tensity of the turbulence.

The scaIe of isotropic turbulence, which in effect spechles
the average size of the eddies, is defined in terms of the cor-

rdation coefficient RF=* at two neighboring points

separated by a distance y normaI to the stream. The sde
L is defined as

A more complete discussion of the intensity and scaIe of
isotropic turbulence is given in reference 10.

The hot-wire anemometer is being continuously improved
in ruggedness, convenience, and accuracy, but it remains
an instrument of considerable compkity and cost. The
services of eqert technicians are required for its successful
maintenance and use. Consequently, there remains con-
siderable interest in other methods for the qualitative de-
termination of the general turbtience leveI of an air stream
using onIy the meamring equipment normally available in
any wind tunneI. Such methods must depend on the effect
of turbulence in some aerodynamic measurement which can
be calibrated in terms of u’/U and L.

Measurements of the drag coefllcient of a sphere as pro-
posed by Prandtl (reference 11] have been used with con-
siderable success to indicate the turbulence leveI of the older
wind tunneIs (references 2, 4, and 10). The critical Rey-
nolds number at which the drag coefficient of a sphere of
diameter D decreased rapidIy was found to be a function
of [u’/U) (D/.L)lJS, decreasing with increasing dues of the
turbulence parameter. The critical Reynolds number was
stated either as that for which the drag coef&ient of the
sphere was 0.3 (reference 2) or that for which the pressure
coefficient from an orifice in the rear portion of the sphere
was 1.22 (references 4 and 10), The value of the critical
ReynoIds number for turbulence-free air is of the order of
385,000 (reference 4).

Mthough such sphere tests provide reIiabIe indications of
the genertd turbulence Ievel in Iow-speed wind t unneIs with
high Ievels of turbulence (>o.5 percent), they are not suita-
bIe for tests in high-speed wind tunnels or in wind tunnels of
very Iow turbulence. Thus, as a redt of sphere tests in
the Langley 8-foot high-speed tunnel, Robinson (reference
12) shows that spheres could not be used to determine the
turbulence leveI at speeds above about 270 rides per hour
because compressibility effects completely masked the effects
of Reynolds number and turbulence. The sphere is aIso
insensitive to the effects of lo-iv leveLs of turbulence. Thus,

Robinson meamud critical ReynoIds numbers at IO-Wspeeds
in the 8-foot tunneI that were essentially the same m those
for flee air. Subsequent measurements of the turbulence
in this wind t unneI with a hot-wire anemometer showed the
intensity of the longitudimd fluctuations to be about 0.15
percent and the horizontal normaI component about. 0.5
percent of the speed corresponding to the sphere measure-
ment. This turbulence Ievel is now known to be sticiently
high to affect considerably the Reynolds number of transi-
tion of a laminar boundary Iayer in a region of zero or smalI
falling pressure gradient.

The drag characteristics of smooth and fair NACA low-
&ag a~oilg were ~o~ to be ge~iti~~e to turb~ence.

Jacobs proposed that this characteristic might be used to
indicate the rehtive turbulence IeveI of wind tunneIs for
which the turbulence could not be evaIuated by sphere tests.
Even small increases of the turbulence Ievel reduced the
ReynoIds number at which the transition poin~ moved up-
stream from the location of minimum pressure with a corre-
sponding increase of drag.

A special symmetrical airfoil was designed for this purpose.
The section (fig. 1 and table I) was 15 percent thick and had
a very low, slightly favorable pressure gradient selected to
increase the sensitivity of the Iaminar boundary layer to
low turbulence IeveIs as compared with the sensitivity of
the usual ATACA low-drag airfoils. A steel model of this
section was constructed with a span of 91Minches and a chord
of 60 inches. The modeI was constructed in three sections
to permit tests to be made in either the narrow test sections
of the LangIey two-dimensiomd tunnels or in the large con-
ventional wind tunneIs. The central portion of the model
was built of a ~~inch-thick stainkss+teel akin on cold-rolled-
steeI ribs. Compamtive tests of other modeIs of the same
sect ion showed that no surface irregularity ies were present
that would Mectt transition in the Langley twodimensional
low-turbulence pressure tunneI. Drag tests of the modeI at
zero angle of attack using the wake-survey method were
made in severaI ATACA wind tunnels.
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TABLE I

ORDINATES OF N.4CA G6,1-015 AIRFOIL SECTION
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REsults of drag tests of the model in four low--speed
NACA wind tunnels are shown in figure 2. The turbulence
Ievel of the Langley twodimeneional low-turbulence pressure
tunneI (T13T) is a few hundredths of 1 percent (reference 13)
according to hot-wire measurements. Similar measurements
in the Langley 19-foot pressure tunnel showed the hrbu-
Ience Ievel of this tunnel to be about 0.3 percent based on
the IongiLudinal component. The NACA 7- by 10-foot
wind tunnels are indicated to have an intermediate turbu-
lence level, while the Ames 12-foot low-turbulence pressure
wind tunnel appears to have the Iowest.
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FIGURE2.–Compamtfve dmg msasummentsof NACA 00JO15 fdrfoflin fonr NACA low-
s~ wfnd tunnels.

A comparison of the drag measurements for the modeI in
the Lmgley 8-foot and Ames ltl-foob I&&speed tunneIa is
given in figure 3, together with the data from the low-turbu-
lence tunnel for compmison. The drag data from the high-
speed tunnels difTer from those obtained in the low-speed
tunnels in that, folIowing the original drag rise, the drag
curve levels out and even decreases with increased Reynokis
numbers. This result is thought to be wociated with com-
pressibility effects, and the data should not be interpreted
to indicatb a very low turbtdence level at high speed. Even
though the data were obtained at speeds below the critical,

&oo2
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FIGURE3.–Compsmtlwdrug mewrements d NACA 00J+16 SMOUh LhmcNACA wfnd
tumlets.

compressibility effects mt~y be eqwrhul to increase thu favor-
able pressure gradients along the airfoiI surfaces and Ihus to
increase the stability of the laminar Iaycr at the high speeds,
The stagnation pressures of both the high-speed tunnda ma
substantially atmosphmic and, consoqucnt]y, equal Ilcy-
nolds numbers indicate approximately equal kl ach numbrrs,
It may, therefore, be concluded thnt the Ames i&fout
tunnel has a Iowcr level of turbulcnco thtin the Lm~gl(~y
8-fooL tunnel.

It maybe concluded that dmg mmsuremcnts on a smoo~h,
fair model of a sensitive low-drag airfoil are uscfuI for the
qualitative determination of the relative IcveIs of turbulwwc
of wind tunnels having turbulence levels of the ordw of u few
hundredths to a few tmt.hs of 1 pmwmt., providw.i the
measurements are made at low Llach numbers. Consider-
able research will be necwsmy to develop similar methods
suitable for high hfach numbers.

ORIGIN AND DECAY OF TURBULENCE

Recent. progress in the reduction of turbuh’nco in wiml
tunnels is dependent on the knowlwlge whirh has been
gained of the origin and decay of turbulent motion, Tho
present.e.of turbulence in a flow may l.m traced to the exist-
ence of a discontinuity in temperature, dcm~ity, or velocity
in the flow. Such a surface of discontinuity may mist
in the flow around or near a solid body as a result of flow
separation, as a result of an incoming jet of air, or in various
other ways. .4s a consequence of a dynamic instability,
such a surface of discontinuity rolls up into discrctc vortices;
because d the viscosity the locaIized vorticity Wn diffuses
to form the fully developed turhulcnt motion. Even in the
case of frictional flow along a surface, an instability develops
which final~y leads to turbuhmt motion.

Much of the information about the origin rIud dwwy of
turbulence has been derived from expwiments on circular
cyIindera or on screens made up of woven wire. AIO turlm-
lencc willbe generated if the Reynolds number is sufficiently
low. Dr. Schubauer in the rrport on damping scrccns
(reference 14) shows that no turbulence is shed by a scrccn
if the Reynolds number is Icss than about 30 to 60, the value
depending on the mesh and wiro dinmet.cr of the smccn.
Thus, for any reasonable speed and size of object., any
obstruction in a wind-tunneI air stream will grnernte
turbulence.



THE DESIGN OF LOVF-TURB’UIJ3XCE WTSD TUNNEIS 391

At some &tance ~m the source the turbulence will tend
to b~ome isotropic. The laws of decay of isotropic turbu-
lence have been investigated both experimentaIIyand theoret-
ica~y but are not yet finalIy estab~~hed. TayIor (reference
15) gave the reIat ion

11——— .
J

c ‘+
u’ IfO’ ~ ~TL (1)

where Uo’is the intensity of the turbulence at the point from
which x is measured, u’ is the intensity of the turbulence at
the point z, U is the mean speed at x, and L is the scale of
the turbulence at the point z. The value of the constant C
has been found to be about 0.22 for mire screens -with wire
diameter equal to about one-fifth the mesh distance (reference
10). There is reason to believe that the due of the constant
does not vary greatly with the shape of the turbulence-
producing obstde.

When the turbulence is produced by screens, the due of
L increases with increasing z. Little information is a-rail-
abIe as to the variation of L with the shape of the turbulence-
producing obstacle or as to chan~ in L during flow through
w passage of changing cross section, as in the entrance section
of a wind tunnel. Howe-rer, the scale of the turbulence at a
distance of about 200 diameters behind a wire is of the
order of the diameter of the wire.

Yery near the source of turbulence, that is, at values of z
1sss than about 100 times the wire diameter, the turbulence
is not isotropic and there is appreciable variation of mean
speed in the wake of the obstacle. The test section of a
wind tunneI should in no case be so cIose to a turbulence-
producing obstucle.

31any experiments have been made of the variation of u’
and L behind screens in a stream of uniform speed and cross
sect ion. 1:1 the pr-nt state of Icuo-dedge the following
re~ations are suggested for design purposes

(2)

where Ut and L are the intensity and scale at x, and 1~~and
L are the intensity and scale at z,. These relations are
believed to be conservative. Theoretical considerations
suggest that in many cases as the intensity decreases to lovr
values the rate of decrease is greater than indicat cd by the
formulas (references 16 and 17]. Even though these equa-
tions may not be rigorously accurate over a tide range, they
are a sufficient guide to methods of reducing the turbulence
in wind tunnels.

SOURCES OF WIND-TUNNEL TURBULENCE

In a satisfactory rind tunnel, the speed and direction of
the flow at any point are free of long-period fluctuations, and
the short-period fluctuations, collectively classed as tur-
bulence, are statistically constant. In other words, the
flow must be free of large eddies or speed changes associated
with such eflects as unsteady separations of the boundary

layer on the tunneI -rd. The flow in the difluser and
return passages should be checked and all permanent or
unsteady flow separation eliminated. Sometimes this can
be done by airfoiI deflectors to deflect high-speed air into.8
separating region, by screens to promote Ming of the
dii?iuser, or by boundary-layer suction. At any rate,
large-scaIe slow fluctuations must be eliminated.

The turbulence in the test section of a wind tunnel may
not be identtied with that normally present in pipe flow at
Reynolds numbers above the criticaI value. . The con-
traction and acceleration of the air stream entering the t-t
section produce a stream with a core of nearIy uniform speed
tith a thin boundary Iayer at the walls. The growth of
the boundary Iayer through the short test section is small
compared with the dimensions of the air stream, and fully
de-reIoped turbulent pipe flow doea not result.

V%iIe the turbtdent boundary layer flowing against the
increasing pressure in the diffuser and return passage
thickens rapidIy, this source of turbulence appears to be
much less import ant than the wakes of objects in the stream
in various parts of the circuit. Such objects are the pro-
peller with its associated mountings, spinner, and antiswi.d
vanes and the essential guide -wines at the corners of the
circuit . Honeycombs are seIdom used in huge modern
riind tunnels. Guide -rams, like honeycombs, are fairly
effective in reducing large+caIe turbulence originating up-
stream. Consequently, the set of guide -rams immediately
upstream from the test section is usually the most important
source of turbulence.

Recent experiments and theoretical anaIyses (references
18 to 20) ha-re shown that the noise of the propeller and
other sound sources may place a lower limit on the turbulence
Ievel since sound waves cause air motions which produce an
effect sindar to that of turbulence.

METHODS OF REDIK’ING TURBULENCE

The form of equations (1), (2), and (3) suggests certain
methods of reduciqg turbulence-namely, (a] reducing uO’,
the initiaI intensity of the turbulence; (b) making the dis-
tance z from the source of the turbulence to the test section
as great as possible; (c) making the scale of the turbulence
as smalI as possibIe; and (d) keeping the mean speed U
small for the greatest possible part of the distance z. These
considerations Iead to the design of a wind tunneI with a
Iarge contraction ratio; individually smaII, closely spaced,
and well-designed guide vanes at the corner directIy upstream
from the test section; and a lorg set tIing chamber between
this corner and the start of the contraction of the entrance
cone. Wlt.h such measures it htis been possibIe to obtain
turbulence Ie~els of 0.25 percent with a contraction ratio
of 7. These design features are also farorabIe for the
imroduction of damping screens which have permitted a
further reduction of turbulence by a factor of 6 or more.

The aerodynamic characteristics of damping screens are
presented by Dr. Schubauer in considerable detail (reference
14). It is sufficient for the present purpose to note that
damping screens reduce the intensity of the oncoming
turbtience and, urdess their ReynoMs number is very low,
generaIIy introduce a smaII-scale t urbtdenee.
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As shown by Schubauer, the effectiveness of one screen in
damping the oncoming turbulericc is well approximated by
trhe formula

f=+

or, in the case of n screens (reference

f= (~+1~)./2

19)

(4)

(5)

where f is the reduction factor and k is the pressure-drop
coefficient for the screen. lt is obviously more efEcieut to
obtain a desired reduction factor by the use of severaI screens
with smalI pressure-loss coefficients rather than by the use
of a single dense screen.

If the damping screens are operated above their critical
Reynolds number, turbulence is caused by the screens them-
selves with the result that the intensity immediately down-
stream from a screen may be considerably higher than that
upstream. The utility of the screens in reducing turbulence
results from the rapid decay of the. fine-grain turbulence
resulting from the screen. These effects me shown in dehiil
in the paper by Schubauer.

In the course of work associated with the design of screens
for the NACA low-turbulence wind tunneIs in 1939, it was
noted from tests of screens in a smoke tunneI that no turbu-
lence was produced if the screens were operated at suffi-
ciently low Reynolds numbers (reference 13). This effect
has been studied by Schubauer who found that every screen
has a weIIdetined Re-ynolds number, which depends on
solidity, beIow which eddies are not. shed. AIthough the
screens of the NACA low-turbulence wind tunnels are de-
signed to operate below the critical ReynoIds number, the
practical necesity for so doing has not been proved. It
appears that the decay of the fine-grairi Turbulence from a
screen of smaIl mesh size permits a very low turbulence Ievel
to be obtained at ordinary distances from the screen.

An important consideration in the application of damping
screens is the abnormaI behavior of certain screens reported
by Schubauer. AIthough not understood, the production
of abnormally high, slowIy decaying longitudinal fluctuations
by certain screens is thought to be associated with imper-
fections of these screens. It appears important, especially
in the case of large screens, to seIect a mmh and wire size
capabIe of being woven with accuracy and to handle the
screen in such a manner as to avoid distortion of the mesh
in installation.

EFFECTS OF CONTRACTION

A large contraction or area ratio between the setthg
chamber and test section has several advantages. A large
contraction ratio rundts in a low airspeed in the settling
chamber, thus permitting the installation of a number of
damping screens without excessive penalty for the power
absorption and RISOpermitting greater decay of turbulence
in a given Iength of settling chamber. Furthermore, unless
the contraction has the effect of greatly increasing the turbu-
lent energy of the stream, the ratio of the turbulent intensity
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to the mean speed will decrease through the entrance cone
as the mean speed increases.

The effects of ctirih%ction htive been studied theoretically
by Prandtl (reference 21) and Ttiylor (refcrcnco 22). These
stuc]ies were Iimited by consideration of only regular types of
disturbance and neglect of dectiy. Taylor’s rcsuhs dcprnd
on Lhe type of disturbance assumed find indicato that. con-
traction may result in either an incream or n t?ccrcaso of the
turbulent energy. Prrmdtl predicts a decrerwc of u’ in the
ra~io I/c and an increase of o? and w’ in the ratio ~&, where
c is the contraction ratio. If a turl.mh’nt. inhmsity U’ is
defined as

u’+ (.’’+0’’+?0’9

then, according to Prandtl, U’ would vary as

m
This formula would predict. an incrcasc of U’ of al]proxi-
mately 2 for a cent.met.ion ratio of (3and of 3.5 for n ratio of
18 and result in a net reduction of the ratio L~’/U of 0.33 nhd
0.19, respectively.

Such calculations shouId be used cautiously Iwctiusc of
Imitations of the theory. ExperimentnI observations show
that contraction, by czserting a scIcctivo cflcc~ on the com-
ponents of velocity fluctuation.., decreases u’ nnd inmwwcs
Ot md uf. It is not known that. decay in thu contrfirting
region can be predicted quantittitivcly by linwm considma-
tions of the velocity and distance traveled or th~~t the results
can then be superposed on the estimated effect. of cent rm-
tion. Measurements at the N’ationrd 13urcau of Sttindards
in the 4}&foot tunnel, behind thu scrctma in the settling
chamber and in the test chamber, indicmtc (rcfcrcncc 19)
for this particular case that the cflects of contraction nnd
decay on the turbulent energy substtintially cancel cnch other.
This result should not be generalized, however, withoul
further study.

APPLICATION OF PRINCIPLES TO SPECIFIC WIND-TUNNEL
DESIGNS

THE 4%FOOT T~NNm OF THE NATIONAL BUREAU OF STASIJAIUIS

The application of the methods of reducing wind-t wmcl
turbulence is ihstmted by the modtv-nization of the 4}&foot
wind tunnel of the National Bureau of Shmdmds. Figure
4 is a photograph of the wind tumd a ml flgurc 5 is a longi-
tudinal section through the center Iine. The design of thc
tunnel was begun in November 1937, and construction wm
completed in Sopt.ember 1938.

The over-all length of the tunnel is 80 fed ml [he height
k 25 feet, theac dimensions being fixed by the requirement
that the tunnel be housed in the existing building. Tiw
Jtructure above the ground line, except for (he vntrancc
wction, consists of tongued-and-grooved pine Ixmrds fastvned
to angle-iron framing. The entrance sect.ion is made of
~alvanized iron fastened to joined wooden stringers. Tfw
~tructure below ground level is of reinforced concrctc.
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FIGrEI 4,-mG +!+f~: find ~~1 d & N*- B~ ~ ~~ti.

The test section is 19 feet Iong. Its cross section is a
regularoct~mon, 4X feet between opposite faces. The ex-
panding exit cone provides a transition from the octagonal
cross section at the test section to the 7-foot circular cross
section at the fan. The eight-blade fan is driven by a 75-
horsepower, direct+mrrent motor. The return duct. is
recta_n@ar in cross section throughout its length. The
straight section or settling chamber upstream of the entrance
wction is octagonal in cross section, 12 feet across the flats,
and 7 feet 10~. The contraction ratio is 7.1:1.

Cmnmercial guide vanes are used at. the four corners as
indicated in figure 5. The guide vanes in the first. turn
upstream from the test chamber are of 2~-inch chord
and are spaced 1Z inches on centers. The guide vanes in
the other turns are of 6:Anch chord and are spaced 3% inches
cm centers. Damping screens are installed in the setthg
chamber.

The turbulence leveIs in the test section of the tunnel
with various single screens and combinations of two, three,

TABLE II

COMP~RISON OF OBSERWD ~~D PREDICTED RED~C-
TIUN OF TURBULENCE BY [TSE OF DA31PIIYG SCREENS
IN NATIONAL BUREAU OF ST.+ NDARDS 4;+FOOT ‘iTIND
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and sk screens instalIed in the set thug chamber are sum-
marized in table IL The turbulence level expressed as the
ratio U’/Ut is seen to vary from 0.265 percent with no damp-
ing screens to 0.043 percent with six screens. The predicted
-m.hwa of the turbulence level with screens based on a damp-
ing factor of

dfl

are aIso given in table II. It will be seen that the agreement
of predicted and measured turbulence Ievels is exceuent ~
considering the limit ationa of the theory, except at the
lower levels where the measured values are higher. This
discrepancy is thought to be associated tith noise as preti-
ously mentioned.

It is apparent. that the use of damping screens is the most
import ant feature in obtaining a very Iow level of the turbu-
lence. It should be noted, however, that the turbulence

25’

FIGL= &—Iagitndfnrd ems sectfcm d the .i)+fd wind tmmeI of the Natkmf Bureau of Standards.
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level without damping screens is rehitively low, especially
for a wind tunnel of this size. This relatively low initiaI
turbulence level undoubtedly simplifies the screen installation
required and is obtained by the use of smaII, cIosely spaced
guide vanes and a long settling chamber.

LANGLEY TWO-DIMENSIONAL LOW-TLIBBULENCE PRESSURE TUNNEL

The LangIey two-dimensional Iow-turbulence pressure
tunnel (reference 13) was designed especially for resemch
on wing sections. A low-turbulence air stream was desired
in which systematic investigations of large numbers of air-
foils could be made at flight values of the Reynolds numbers.
It was also considered desirable to test the wing sections in
twodimensional flow to obviate the difficulties that had been
encountered in the NACA variabledensity tunnel in obtain-
ing section data from tests of fiuite-span wings and in correct-
ing adequately for support interference.

Preliminary dwign of such a wind tunneI was started in
1937, and a full-scale model of the tunnel was completed in

BIGmtE &-The Langley tmdhncnslonal Iow-turbuWca pressure tunnel.

.47rke mofor

1938. This modeI, which differs in dctflil from the find
design, was constructed cheaply to operate at atmospheric
pressure and is known as the Ltmghq two-dimensional low-
turbulence tunnel. The finaI tunmd (figs. 6 and 7) was
placed in operation carIy in 1941, It is of vwldcd s~uel
construction to permit operation at pressures up to 10 al nMs-
pherea. The tes~ section is 3 feet wide, 7?4 feet high, nnd

7% feet long. The contraction ratio is 17,fJ: 1. The tunnel
is powered by a 2000-horscpovwr motor driving a 20-tJIMk
fan 13 feet in diameter.

Structural requirements of the pressure she]] imposed
compromises on the design of the tunnel. TIM principles of
use of damping screens were inadequately understood at the
time construction of tho tumel was started. The resuIts of
research at the National Bureau of Standnrds and of experi-
ence with the modeI of the tunnel rc.quircd complcto rcvisio~~
of the planned screen inshdlat.ion. The scrccn inst allat ion
was consequently made in an air passago and slructure nol
designed for its accommodation. The final n IT~Ilg[)llNIIL is

not considered to be optimum.
An unusual feature of the tunnel is (ho t.oruslikc Ixmds

with six corners at the large end and eight cortwM a~ the
small end to accomplish each 1800 turn. lligh~ sets of gllidc
vanes are provided at the small end and three %plittcr”
vanes at the htrgc end. These feutures of the t unncl were
dictated by cost and strength rcquirerncnts and mo not
believed to be aerodynnmimdly desirable.

Cooling coils supported on a come honcycomh me
mounted in the large end of the tunnel upsknm of thu
entranctxscction. A screen with 60 nmshs to the inch is
fastened to the downstream ftice of the honeycomb. A series
of 11 damping screens is mounted bclwc!cn the dcmc scrccn
and the entrance section. Each screen has 30 meshes pm
inch with 0.0065 -inch-diamct.er wire. The scrccns fire
installed 3 inches apart. Each damping scmwn has n pressure
coefficient of approximately 1.0. TIN lust dtunping scrccm
is located at the begimirg of the contracting section.

.- tithous sditter vones,
‘t, Prqoe/.&- -

Oufer shell of fug+ chomber-=
Bbwer--”

Air lock.”” ‘60-mesh screen
t
\
\ ‘30-mesh fwbulence-rsdvchg screens

‘Cbserva +.bncwxpy

FIGCRE7.—CK49 SectIonof the Langley WAIWMOI181 loti+mtmkme Prme t~l.
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It wiII be noted that, in contrast with the NBS 4:&foot
tunnel, reliance is placed on the cooling-coil damping+creen
inst aIIat ion to reduce the high turbulence resulting from the
aerod@c~y unfavorable turns of the air passage.

Great care was taken with the screen instalIat ion (reference

13} because it was not know-n esactly what imperfections

could be tolerated and because of the ~cuhy of inspection,

repair, or replacement once the inst dat ion was made. The

phosphor-bronze screen was specia~y woven in T-foot-wide

strips with eipecial sel~ages. The strips were fastened

together by sew@ with 0.006 S-inch-diameter wire with a

stitch that preserwd equal density of the screen across the
seam. The resulting screens were installed so that any wakes
from the seams would pass above and below the model.
Each screen was tensioned along its periphe~ to a stress
corresponding to about one-haIf the ~ield value to reduce
sagging under load. Care was taken to make and instaIl the
screens without touching them by hand in order to avoid
possible future corrosion that would eventua~y cause local
changes in the pressurdop coefficient. It is not known to
what extent these precautions are required, but it is no-iv
thought thtit considerable rehmation of these specifications
would result in a satisfactory instdation.

Only limited measurements of the tunnel turbulence have
been made with a hot-wire anemometer. The rwuhs of some
of the measurements are presented in figure 8 for a preesure

_-’7eTr;
I #? 3 4 5 6 ?Xloe

/?eyt?aidsnumber per fao f of model cimrd

FIQCEE S.—TurbuImce le~el u’/L’ d the b@eY t~~ kmd Iow-tcubuleme ~
tllnnel at a pmsme d 4 atmospheres. (Data from reference M.)

of 4 atmospheres. (See reference 13.) The turbulence
leveIs presented are values of u’/Z~. It wiIIbe seen that,
at this tunnel pressure, the turbulence leveI increases from
about 0.02 percent at low speed to a value of about 0.05 per-
cent at a speed corresponding to a Reynolds number of about
4.5x I@ per foot of model chord. At hiiher speeds, the
turbulence rises more rapidly. Spot checks of the turbulence
level at other pressures indicate that increasing pressure is
favorable for obtaining a low level of turbulence at a given
value of the model ReynoMs number. A-o wakes from
the seams in the screens have been detected.

It is interesting to note that the more rapicl rise of the
turbalence shown in figure S occurs at roughly the Reynolds
number where the damping screens begin to produce turbu-
lence themsdves. It is not thought, however, that this
result is significant even with the comparatively smaII dis-
tance for demy provided in this installation. The existence
of lower turbulence le-rels at the same Reynolds number at
higher tuel presures alsotends to discount such an expla-

nation for the increase of turbulence with speed. Qualita-

ti~ely, it has been noted that there is a tendency for the
intensity of the turbulence to correlate with the power input
to the tunnel and with the noise level. It is thought that
vibration and noise are factors limiting the turbulence of this_ . .
tunnel.

Many features of the twodimensional low-turbulence
pressure tunnel were not used in the design of the ties 12-
foot pressure tunnel, although compromises with the require-
ments of the pressure shell were still necessrwy. In part ic-
uIar, si.. sets of guide vanes were used instead of splitter
vanes in the 180° turn upstream of the entrance section.
The cooling coil was eliminated and a sett~c chamber was ._
provided in which a simplified screen installation was mounted.
As indicated by figure 2, this newer tunnel is beIieved to have_ ___
a lower turbulence le-reI than the two-dimem~ional wind
tunnel.

C!O~TRIBUTION OF LOW-TURBULENCE ‘WIND TUNNELS TO
AERONAUTICAL SCIENCE

The two low-turbulence wind tunm% which have been
described have been essential tools in two major contributions
to aeronautical science: The experimental confirmation of
the TollmienSchIichting theory of the stability of laminar
flow and the development of lowdmg airfoils.

STABILITY OF LAMISAB BOU?iDARY LAYER

The effects of turbulence on aerodpamic measurements
have long been known to be intimately connected with
transition from laminar to turbtdent flow in the boundary
layer. L-ntil recentIy the mechanism of transition was a
subject of considerable discussion and controversy. A
theoretictd treatment of the reIated problem of the stabiIity
of laminar flow in a boundary Iayer had been given by Toll-
mien and SchIichting (references 23 and 24]. Their compu-
tations indicated instability of the twodimensional Iamimw
Iayer with Blasius -relocity distribution to smaII sinusoidal
disturbances if the Re.ynolds number exceeded a -ialue which
was a function of the wave Iength of the disturbance. Toll-
mien (reference 25) extended this work to investigate the
effects of pressure gradients, shom~m especia~y that the
distortion of the B1asius profiIe associated with rising pres-

sures in the direction of the flow was unfavorable to lamiuar
st abiLity.

The Tollmeiu-Schlichting theory -was not accepted imme-
diately as a satisfactory explanation of the mechanics of
transit ion. For the mathematical reason of obt airing a
linear differential equation, a very smaII clist urbance was
mzmmed, although it was known that the usual disturbances .
were not sma.11. The theory did not predict transition in the
sense of the cha~~e from laminar to eddying flow but rather
predicted the conditions for damping or amplification of the
-rery smalI disturbances. The theory showed that Iaminar
stability was a critical function of the wave length or fre- _
quenc~ of the disturbances, whereas all ex-perimental results
appeared to indicate that the point of transition was little
affected by the frequency if the amplitude was fixed.

lkperimentaI work at the National Bureau of Standards
(~eference 26) established the existence of comparatively
large fluctuations of speed in the lamimm boundary layer
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over a flat p~ate well upstre~m of the point of transition,
These measurements were made by means of hot-wire
apparatus with different preesure gradients along the plate
and with different levels of turbulence cd the air stream. It
was shown that the fluctuations did not cause the average
velocity distribution to depart from the Blasius velocity
profile and, consequently, that turbuIent shearing stresses
were not associated with these fluctuations. Transition
caused a departure from the Blasius distribution to the
characteristic turbulent velocity profile, but the larninar
and turbulent boundary layers could not be distinguished on
the basis of the magnit ucle of Lhe speed fluctuations alone.
It was not apparent from these data, however, whether the
observed fluctuations were “free” oscillations of the Toll-
mien$chlichting type or whether they were “forced”
oscillations produced by the turbulence of the air stream.

Later, during the investigations of low-drag airfoils at the
NACA in air streams of very low turbulence, it was observed
that small three-dimensional protuberance on the airfoil
surfaces either caused transition to occm almost immediately
at the protuberance or did not affect transition at all. Small
two-dimensional protuberances or waves, however, often
caused transition to occur sooner than on the smooth sur-
face, but stilI a long distance downstream from the pro-
tuberance. The velocity distribution, as measured by
preesure probes, in the lsminar layer between the protuber-
ance and the point of transition was not affected by these
small protuberances. It was apparent--that some traneition-
producing mechanism existed that WM.not associated with
the shape of the average velocity distribution. The Toll-
mien-schlichting concept of amplified disturbances provided
a qualitative explanation d. such phenomena.

Schubauer and Skramstad (reference 18) extended the
work at the NationaI Bureau of Standards to the lowest
att,ainable level of the free-stream turbulence. By an in-
genious method of introducing disturbances of known fre-
quency by a small vibrating ribbon, they confirmed the
Tollmien&Jdichting theory both with respect to the concept
of amplificatiou of small disturbances and quantitatively as
regards the calculation of the stability bounclaries. The
experimental results are shown in figure 9, together with the
stabihty boundaries as mdculated by Lin (reference 27).

The mechanism of the instability of the la.minar boundary
layer is now well umlcrstood. Whutever small disturbance

.5

.4

..3

d* I

— Calculated by &h (reference P7}
● + Measured by schub~er and

.Wratnsi%d (reference 18)

\

Fta WEE9.—Curve of neutral atabllfty for Blrmfuspro@.le.

are initially present are selectively amplificd until Ifirgc
sinusoidal oscillations occur. These regular wnvcs grow in
amplitude, become distorted, and burst into high-frequency
fluctuations, The nonlinear probhme of tlw amplifirrtt ion
of the large oscillations and of the mcchtmism of conversion
to turbulent flow remain problems for future rcscmch

It should be noted that the thwwy of Tollmirn rmd
Schlichting has been extended to comprcssildc flows over
ffat plates by Lees and Lln (references 28 and 29) and tha L
Llepmann (reference 30) inveatigat.ed tho cE’Ms of convex
and concave surfaces. Lleprnann showed tha~ the effects of
convexity were small but that the mechimism of t ram~it iou
on concave surfaces was different, being three-dimensional in
nature.

It is Significant that the work of Schubaucr and Skrams[ MI
required the usc of an air stream of very low turbulence
(about 0,02 percent). The earlier work in an air stream with
a turbulence level of about 0.5 to 1.0 percent lM been con-
fused by transition associated with monmntary separation
resulting from finite disturbances in the free stream as pro-
posed by G. I. Taylor in reference 31. The fundamcnt Id
difference in the mechanism of transition in a turbulrnt nir
stream and in a stream of very low or zero tmbulcnw mtikw
it imperative that aerodynamic mcasurcrnents h made in a
low-turbulence air stream if they are to h accurately
applicable t.o free flight,

LOW-DRAG AIRFOIIS

The Langley t.wodimensiom-d low-turlmh’nce prcssuro
tunnel has permitted the systematic investigtitions rcquirml
for the development of useful low-drag airfoiIs. It. ha(l
become -apparent in 1937 that any further pronounced
reduction in the profile drag of wings must be obt.aincd IJJ a
reduction ‘of the skin fric~ion through increasing thu rrlulivc
extent of the. laminar bounclary layer. The a[h]inmcmL of
extensive laminar boundary layers at large Rrynolds num-
bers was a-n unsolved experimental problem. Although the
mechrmism of transition was not understood, it was known
that low turbulence and the avoidmm of increasing prcssuros
in the direction of flow were rcquircmcnts for cxkmsivc
laminar ffow.

The requirement of low turbulence coukl best bc mel by
flight tes~, and numerous investigations have been muck in
flight following the pioneer work of Jones (rcfrrencc 32) who
demonstrated the possibility of obtaining extensive Iaminar
layers at fairly high Reynolds numbws. Flight invest iga-
tions do not, however, provide a practictd method for the
systematic tests required to obtain a useful family of tiirfoils.
OnIy in a wind tunnel is it practical to nmkc the cxtcnsivc
airfoil investigations required by our inadequate undwstand-
ing of the turhdent boundary layer and our Consequent
inability to predict airfoil charactwistics except to a limitud
extent at low lift coefhients.

The ccimpletion of the model two-dimcnsiomd tunnrl ill
1938 provided a facility for exploratory investigations cwm
though the initial turbulence level wvw not satisfactory.
The first test in this tunnel in June 1938 of tin airfoil designed
to permit laminar flow imlicatcd a minimum drag cocflkicnt
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of 0.0033, or about one-half of the lovrest drag coefEcient
ever before measured for an airfoiI of comparable thickness.
Figure 10 shows comparative drag data for an early lowdrag
airfoiI as obtained in the low-turbulence tunnel (LTT) and
in the variabk-densit y tunnel (YDT). (See reference 5.)
The minimum drag coefficient measured in the low-turbu-
lence tunnel is less than one-half that from the highly turbu-
lent variabledensity tunnel. The small range of lift coefE-
cient over which low drag is obtained results partly from the
now obsolete shape of the airfoil and partly from the unsatis-
factory turbulence le-d of the tunnel as initially constructed
(about 0.1 percent). The turbulence level of the model
tunnel was later lovrered (u’/ U about 0.02 percent) by a
screem instdation generally simiIar to that previously
described for the pressure tunnel (reference 13).

‘-x x-f”
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xi VOT;R= z8.5x106

faired surfaces because of mna~l ma-ma and spech of dust or
insects. Moreover, the turbulent boundary layer spreads
downstream from each speck so that even a comparatively
few imperfections result in predominantly turbulent flow.
It is uncertain whether estensive laminar flow can be
realized under conditions of field maintenance, although some”-
modern high-speed airplanes, if carefulIy maintained, have
suf6cient1y smooth and fair wings to permit low drag.

The problem of stabilizing the laminar boundary layer to
disturbances associated with surface imperfections has
attracted much attention. Investigations of the effective-
ness of suction slots in stabilizing the laminar boundary
layer were made in the model tunnel and in flight from 1938
to 1940. Although some extensions of the laminar layer
were obtained by this method, no apparent increase of
stability was obtained for disturbances arising from surface
imperfections. Such investigations have now been resumed
to include the study of effects of suction through porous
surfaces. Although no results of practical significance have
been obtained, it appears that suction through porous sur-
faces does have a stabihzing effect. The theoretical work
of Gee (reference 29) indicat~ that heat transfer to the

I d“
ti”- 1 surface may stabilize the laminar layer at high supersonic

.
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FIGmE 10.—Fm6Mbg ebmutedstim M NACA Zii215 &kMl sectfm. (Dnta from
rei%-elm?5.)

Esploratory investigations viere continued in the moditied

model tunnel until the pressure tunnel was completed in

1941. These investigations were invaluable in showing the

limits with which compromises had to be made between

low drag and desirable lift and moment characteristics.

Satisfactory theoretical methods were also found during
this period for designing the airfoils to produce the desired
types of pressure distribution. Systematic investigations in
the pressure tunnel then led to the evolution of the NACA
6-series airfoils, data for which are summarized in reference
33. This family of airfoils combines desirable lift character-
istics with the possibility of 10TV~U if the wing surfaces
are smooth and fair. If the surfac- are not smooth and fair,
the characteristics of this family are no worse than those of
the older sections under the same conditions.

The requhement for fair and -ooth surfaces was early
found to present the greatest obstacIe to the practical
attainment of extensive laminar flow. The roughness and
unfairness associated with usual meihods of construction
always resndted in premature transition at flight values of
the Reynolds number. DifEculty vm.s experienced in ilight
in obtaining low drag e~en with specialIy constructed and

speeds.

Comparisons of results obtained from tests of lowdrag
airfoils in the wind tunnel and in flight- are ditllcult because
uncertainties with regard to the surface conditions appear to
ha~e greater effects than the tidual wind-tunnel turbulence.
The l@hest vrdue of the bouudary-layer Reynolds number
R measured in flight just before transition is akut 900CI
(reference 34) where

R=p~

In this equation, t? is the ve~ocity just outside the boundary
layer and 6 is the dist ante from the surface to the point-
where the dynamic pressure in the boundary layer is one-
half that outside the layer. This vahm of the boundary-
layer Reynolds number corresponds approximately to a
-due of 20,000 for a B1asius profle, with 6 defied as the
thickn~ corresponding to a local speed 0.995 that of the
free-stream velocity. The drags of smooth and fair modeIs
measured in the two-dimensional low-turbulence pressure
tunnel may be predicted by assuming a Reynolds number at
transition equal to that. measured in ftight (fig. 11). It thus

$~
0G 8 16 24 32 40 48 56A-IO=

Reynokis ~ber, R

FIGEItX 11.–2&asmed and cakdated drag c0e0Ment9 for a IOw.drag akfail Wkd In th
Langley tww-dime- Iow-tul-buIeme pce=me tullud.
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appears thaL the wind-tunnel results are comparable with
them that would be obtained in figh~ with unusual care
devoted to obtaining smooth fair surfaces.

Low-tmbulence wind tunnels have-been essential to the
research on low-drag airfoils. The extensive investigations
necessary to determine the proper compromises between the
conflicting requirements of airfoil design would not have been
possible without these wind tunnels.

NACA HEADQUARTERS,
WASHI~QTON,D. C., October 13, 1948.
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