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SUMMARY

Detailed methodz are presented for determining the
corrections to results from wind-tunnel tects of three-
dimenslonal models for the effects of the model-support
gysten, the nonuniform alr flow in the twunnel, and the
tunnel walls or jet boundaries. The procedures for
determining the ceorrections are illustrated by equations
and the requlred tests are dlscussed, Particular atten-
tion is given to the parts of the procedurcs dealing with
drag measurements. Two general metncds that are used
for deternining and arplying the corrections to force
tests ere discussed. Some dlscussion is also included
of the correction procedures 'to be used for wake survey
testa. Thc methode descrived in thls report apply only
to tests at subecritical speeds.

INTRCDUCTION

The purpose of the present report 1s to discuss
methods for determining the alr-ilow conditiosns in wind
tunnels designed for the testing of three-dimensional
modeles and to indicate the procedure for applying the
necegsary corrections to the measured aerocdynamic char-
acterlstice of the model., The verious factors that
affect the applicability of wind-tunnel tects to flight
have been studied for many vears. (See references and
bibliograyphy.) Recently, wlth the development of
cleaner alrplanes operating at high 1ift coefficlents
end of large high-speed low-turbulence wind tunnels,
the problem of determining the correctlions to the
required degree of accuracy has become increasingly
acute,
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The usual practice of predicting ths flying gualitles
of airplanes from wind-tunnel %tests of relatively small-
scale models makes It imperative that the model test
resulte be gorrected to free-air coanditions. 1In addition,
the large number of wind tunnels In use makes it desirable
that a more or less standard callbration and correction
procedurs be adopted In order to make data from different
tunnels as nearly comparable as possitle. Not much com-
prehenslive informatlon has been published previously on
the subject »f wind-tunnel calibraticn and correction
methods, The discussion contaired in reference 1 is
rrobahly the best information to date., A dlecussion is
gilven In the present report of the methods iIn use at the
present time for calidbrating a wind tunnel and determining
the corrections to ve applied Lo the measured mcdel data.
Some refirements to the nsval procedures are suggested
with special attention to those partz of the procedure
that aflfect the drag meacurements. The use of large
models in order to more nearly approach the Reyrolds
numbers oshtained in flight has increaced the magnitude
and thus the importance »I the jlet-bLoundary corrections.
A detalled dlscussiosn of Jet-boundary corrections is
not glven herein, however, becavse thies subject, except

or the effects of compressibility, has been treated
rather thoroushly in previous publications. (See refer-
ences 2 to 12.)

411 the following discuseion applies only to tests
made at subcritical speeds and for arrangements giving
fairly low restrictlon effects, The discucscslion is also
1imited to three-dimensional-model tecsts. The procedures
described comprise only the part of the tunnel-testing
techrique concerned with determining the corrections to
the model data necessltated by the dlfferences between
the alr-flow conCitions In tha btunnel and those in an
vnlimited wmiform alr stream with the same Reynolds
nurber, Mach nurber, turbulence, and other factors.

For purposcs of simplicity, onlv three components - 1ift,
érag, end pitching moment - are considered in mest of

the discussion. Correctlions to the other three components
may be derlved by procedurecs similar tc those given herein.
During the converslon of the data to final form, 1t will
usually be necessary to apply some correctlons for the
deflections of the balancc system and to transfer the
forces and moments to other sets of axes but, since these
corrcctions are essentlally geometric and not aerodynamic
rroblems, they are not dealt wilh in this report.
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SYRRCILS

1ift coefficlernt
gection 1ift coefficlient
1ift .

section 1lift

L]

drag coefficient

profile-drag coefficlient

csection proflle-drag coefficient
drag

section drag

resultant-force coefficient
ritching-moment coefficlent
rolling-mhment coelficient
vawing-moment coefficient
lateral-force coefficlent

drag correction at zero 1ift
compressibility factor

total pressure

Mach number

gas constant

cross-gsectional area of hody
crosc-sectional srea of fest section of tunnel
free-stream veloclty

volume of btody
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effective volure of body for static-pressure-

gradlent corrections (denoted by A' in
references 2 and 3)

wing aresa

wing spéan

#irg chord

sranwice distance from center of tunnel

angle of incidence of horlzontal tail surface

absolute stagnation temperature at low-cpeed
section of tunnel

absolute temperature at test section of tunnel
static-orifice pressure difference

statlec pressure

dynemic pressure

angle of atteck

alr dersity

argle used in derivation of alinement-angle

correctlon G = tan

ratio of =apecific heat at constant pressure to
gpecific heat at constant volume

alinement angle, degrees (angle hetween air-
stream direction and drag axle of balance
system)

chiange in alinement angle

ratio of incremert of dynamic pressure to clear-
tunnel dynamic pressvre
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Subseripts

In alinement-angle equations:

S scals reading
E erect-medel test
I inverted-model test
av average
w welghted according to aspan-load distribution
In tare equatione:
1 test of model on tare support
2 test of model on tare support with dummy support
in place
. 3 tect of wodel on normral support
- M model
’ T tare support
D dummy surport
N normal supnort
I interferenc

hese conditions (MT, ¥D, ete.) are also

Comblinatizsnes of th
ints Iin the tare equatlions.

uged as subscr
The JACA standard systewm of wind axes is used for
ell equations.
GCENRERAL DISCUSSIOM
Basic Corrections Necearsary
Before the results of wind-tunnel teste on a mndel
- can be uscd to predict the flying qualities of an alr-

rlane, cnrrectinne to the measured acrodynamic character-
istics must be determined to account for the effects of
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the mocdel-support system, the nonuniform air-flow condi-
tlons in the tunnel, and the tunnel walls or jet bounda-
ries,

Teres,- The corrections for the effects of the
model-cupnort system are usually determined in the form
of 1ncrements of forces and moments or the corresponding
coefflcients and are called tarecs. The tares are com-
posed of the direct air forces on the support system
rlus the mutuval interference between the suprort system
and the model. Tt could be expected, therefore, that
tre tares wculd be greatly dependent on the gize and
shape of suprports, the configuration of the model, and
the point of attachment of the supports to the model.
The relatively great effect of the model configuration
on the tarcs is illustrated in figure 1, which presents
some tare values measured in the Tangley 7- by 10-foot
tunnel for two different models under reveral test con-
ditions.

Recaunse of thelr dependence upon the support and
nodel confliguraticn, trhe tares shculd be determined
experimentally for each model. The tare teste should
be made with the complete model including tail surfaces.
This condition 1g neccssary because the tall of the
model may pass into or out of a region of reduced
velocity behind the support struts as the model is
pitched or yvawed and may thus affect the pltching
momentes and yawing moments. The tares should be ceter-
mined for all test conditions to be encountered, such
as the conditilons with the flap neutral and deflected,
with tl.e model yawed, wlth several power conditions,
anéd with any model modification that might affect the
tares. Thie regquirement ie¢ particularly impcrtant when
accurate drag measurements are deslred because, as indi-
cated 1In figure 1, the drag tarss may often be greater
than tle drag of the airfoll.

Monuniform alr-flow conditions,- The nonuniformi-
ties 1n the alr stream may be thought of as belonging
in the three following categorieas:

(1) A change in the average alrspeed along the
lorzitudinal axls of the tunnel

(2) A variation in ailrspeed over a plane perpen-
Gicular to the leongitudinal axlis

5
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(2) A varlation in the air-flow angle in the
region occuplied by the model

- The change 1n the average airspeed along the
axis of the tunnel is caused by any actual or effec-
tive convergence or divergence of the alr stream.
This change 1in velocity along the zxis of the tunnel
causes a varliation iIn the static prressure and a correc-
tion muet be applied to the drag to account for the
buoyancy effect of any =such static-pressure gradient.
For an open~-throat tunnel the possibility of having a
diverging or convergling air stream is obvious. For a
closed-throat tunnel the formation of a boundary layer
along the walls of the test section changes the effec-
tive shape of the tunnel. Closed-throat tunnels are
usually designed with a slightly divergent tecst section
to counteract this effect but in any case the static-
pressure gradlent must be measured. The tunnel leakage
conditions can have a very marked effect on the static-
pressure gradient (referenceg 2 and Z) because a leak
in the tunnel charges 1ts effective shape. All holes in
the tunnel walls of the test section should therefore
be sealed. If sealing is not possible, the amount of
leakage should be malintained as nearly constant as pos-
sible.,

The alrspeed generally varies slightly from point
to point in a plare perpendicular to the tunnel axis.
The usual procedure for correcting the test results for
this variation in velocity 1s to use the average value
of the dynamic pressure over the space occupied by the
model in computing the model coefficients.

The deviatlion of the direction of the air velocity
from trhe drag axis of the balance system over the
region occupnied by the model has a counslderable effect
on the measured model characteristics, particularly on
the drag. Lift ancd drag are defined as the forces
parallel and perperndicular, respectively, to the air-
stream direction. If the average alinement angle ¢ is
not zero, the 1lift and drag forces measured by tlre
balance system will not be the true 1ift and drag as
may easily be seen from the following derilvatlion:

CL = CR co8 (c + €)

i

Cr (cos g cos ¢ = sin 3 sin ¢)
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Inasruch es ¢ 12 a snall angle, ccs ¢ = 1.0 and

-~ { «2 -

L] E
3in ¢ = =v—zx. Therefore,

Cr. = Crcoz @ - E#%E Cr gin 3

1
9]

&7.3 CDg (1)

S
Similarly,

Cp =0 sin (B + ¢)

it

Cr {(#in p cos € + cos 8 =in ¢)

= Cg ¢in @3 + Sﬁ%ﬁ Cgr cos B
- €
= Cpg * 57,3 Crg (2)

al

Thir derivation may be applied to either the erect-model
or Inverted-model condltion as indicated in figure 2. -

Becavse the alinement angle 1s small and becaure the =
1ift 1s generally many timea greater than the drag, the
11ift 1s not appreciably affected by the alinement angle
and 1s considered correct as read, Insofar as the aline=-
ment anele 13 concerned. The drag, however, 1s appre=-
ciably affected and a correction rmust be applied as is
explained in detail in the section entitled "iLlinement-
Angle Corrections." The angle of attack must also be
enrrected by the amount of the average alinement argle
and, 1f there 1s¢ a difference In the measured alinement
angle at the wing and at the usual location of the tail
surfaeces, a correction to the model trim (pitching-
morent) ccondition must be made.

Jet-boundary correctliona.- The tunnel walls, or
jet boundarle«, place certain restrictions on the ailr
flow around the model and thus cause a change in the
dlrection and curvature of the alr strcam and a change
in the airspced at the model. The amount of the
restriction is, of course, dependent on the cross-
sectional shape of the tunnel, the mecdel ¢onflguration,
the relative sizes of the model and the tunnel, and the
position and attitude of the mcdel in the tunrel. Ior
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a closel@-throat tunrel the effect of thie tunnel wnlls is
generally to 1limit the downwach around the model and
thus to cause an effective upward deflection and an
upward curvatrre of the alr stream. A dlsplacement
blocking occurs bHecause ths rigid walls also prohitit
thie expension of tle air stream as it pasrces around the
model and, as the air is constralned to a smaller cross-
sectional area, the veloclty correspondingly increases.
This Increase in the velocity 1s generally considered
seperately. For ar onen-throat tunnel a physical
Interpretation of the jet-boundary effects may be
obtained by considering that the mass of moving air
which 18 affected by the model 1s not =o large as the
mass which would be affected if the model were in an
unlimited alr streem. The air stream thus undergoes a
greater Ceflection and curvature and a greater expansion
in ras~irg over the model than 1t weould experience if it
were of infinite extent. The effect of the jet bounda-
ries for an open-throat tunnel 1s therefore generally

of oppocite =ign from the effect of the tunnel walls

for a clesed-thirnat tunnel,

The subject of jet-boundary Interference has been
rather extensively Investigated for all types of wind
tunnels in common use. (See references 2 to 13 and
bibliography.) ince jet-boundary interference 1s
discussed adequately in many reports, any further dis-
cuseion In this paper is deemed unneceseary. In
table I are 1listed the various reports from which
numerical values of the different corrcctions for a
nurber of model-tunrel arrangements may be obtalned.

For those cares in vwhich the rame Information 1s repeated
in several renorts, only one of the reports is listed.
Detailed 1llustrative examples of the methods c¢f calcu-
lating Jjet-boundary correctlons are gilver in references 9
and 10.

The information on tlocking corrections for sym=-
metrical bodies presented in reference T 1s a summary
of the best data avallahle, A discussion of the use of
the electric tank for determination of blocking correc-
tiona for three-dimensional nonlifting bedles 1Is glven
in reference l4. An approximate rule for estimating
the blocking corrections for a 1lifting wing in closed-
threat tunnels is to multiply the indlcated dynamlc
pressure by the gquantity 1 + Z%T where A/A' 1s the

fractlon of the cross-gsectioral area of the tunnel
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blocked off by the mndel., This gimpnle emplrical factor
wasg derived from the resulits of uvnprublished tests- to
Getermline the blocking correction for the 1ift of two-
dimensional~-flow models as well as from resuvlts of a
few tecsts to determine the corrcctlons for three-
dimensional wings. Tt should be noted that the cdata on
hlocking corrections for symmetrical bodles glven in
reference 2 indicate that the correction varles as the
square of the area blocked off, whereas the experimental
data on lifting vings indicate thiat the correction
varles linearly as the arez blocked off. The numerical
values are roughly the same, nowever, for the usual
noderate-size models. The simple rule for estimating
the correctlon ig falrly accurate feor aerodynamically
clean bodles such as plain wings. Tor bluff bodles or
bodies of any other form that creates a large wake,
such as a wing with a split flap, an additicnal correc-
tion due to the static-prescure gradlient generated LY
the weke should be made as outlired in reference 2.
This additional ccrrection is in good agreement with
the exrerimentally determined additional correction
obtained from the teets with split flaps deflected.

The calculstlons of reference 2 Indlcate that for
en open-throat turnel the change iIn dynamic pressure
caused by blocking effect for an aerodynamlcally clean
body 1s of the oppoelte sigrn and mich smaller in magni-
tude than that for a closed-throat tunrel. The addl-
tional correction for the Llocking effect caused by the
wake gstatic-pressuvre gradlicent of a hluvff bLody is essen-
tially zero 1n an copen-throat tunnel.

2

Criterions of Sinilitude

The criterions of similitude that are of priwary
Importance to wlnd-turnel testing are the alr-stream
turbulence, the Reynolds mumber, and the Mach number.
it 1e rarely posslble to gatisiy these three criterions
sirultanesusly on the model. The usual procedure is to
attenpt to sgatlisfly one or twe of the crilterionz
that would be expected to have the greatect effect for
the tests under consideration.

Toroulence ig defined as o ranid varlation in
velocity at a point with time. Although the gualitative
effects of turbulence are fairly well known, the theory
and data available are not sufficient to permit the



NACA ARR No. I4E21 11

determination of satisfactory corrections. For any tunnel,
however, the numerical value of the turbulence should be
known in order to facilitate a comparison of the data with
deta from other wind tunnels or from flight tests or to
study further the turbulence effects. The Reynolds number
and Mach number are also quantities for which no completely
satisfactory methecds of correction have been devised,

For purposes of comparlson with other data, thelr valves
should be known, however, and speciflied for all model
tests for which they are likely to have an effect. Because
the support system causes local changes in the air flow,
1t may be desirable for some tests, irn which Mach number
effects are especially critical, to specify not only the
average Mach number of the alr flow but also the local
Mach numbers near the supports.

Correction Methods

The successful application of corrections te wind-
tunnel data is dependent on the type of tunnel used for
testing. Two methods are available for general use and
for convenience are designated herein method A and method B.
IYethod A, which 1e based on a clear-tunnel air-{low survey,
is more stralghtforward and is believcd to be more accurate
than method B, which 1s based on a survey with the model
support struts in place. The main emphagis of the discus-
sion contained hereln is therefore placed on method A.
Method B 1s recommended onl{ for use 1n large ogen tunnels
in which mechanical difficultiez associated with mounting
exact-image supports above the model for tare and aline-
ment estimations btecome excessilve.

Method A.- Thils method 1s based on an air-flow
survey with no model or supports in the tunnel (to be
called the clear-tunnel survey) and the tares are deter-
mined in such a way as to 1nclude all the effects caused
by the support struts or wires. The tares are ordinarily
the first correcctions to be applled to the measured data.
If the tares are defllned as the total effect of the
support system, their subtraction from the measured data
leaves the data 1n a condition representing the model
in the tunnel with no support system. The effect of the
dynamic-pressure change caused by the presence of the
supports having been accounted for, the dynamic pressure
to be used In computing the coefficients 1s that obtained
from the clear-tunnel slr-flow suvrvey. The next correc-
tions to be applied are the corrections to the angle of
sttack and drag to account for the alinement angle and
the static-pressure gradient, also determined from the
clear-tunnel survey. The data are now corrected for the
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effecte of the support system and the nonuniformitles

in the alr stream. TIf the jet-boundary corrections are
aprlied alorg with the blocking corrections, the data
then represent the mndel in an unlimited uniform air
gtream., Although, pr n*erlv speaking, the blocking cor-
rectior 13 an BLPGCU caused by the presence of the
tunnel walls or Jet boundarles, it is mocet easlliy
applieC 1In the second estep simply as & correction to the
value of q wused in computing the coefficlents, One
variation from this procedure, which 1s zometimes uzed,
is to apply the jet-bourdary corrections before the

tare corrections. e tares must then be corrected for
jet-houndary interference. The difference in the
results from the two methnds will generally be negligible,
In thls renort the tares will be Cetermined so that they
may be applied first.

Method E.~- As has been previously noted, method B
is based on an air-flow survey with the ﬂuﬂport etruts
in place. The tares determined by usme of this method
include any effects of the support system that have not
been accounted for in the alr-flow survey. If the basic .
air-flow survey 1s madec wlth the supports in place, the

ffect of the surports in cauvsing changes in dynanic
pressure and air-flow znpuisrity has veen accounted for.
The tares for this system should then include »nly the

air forces on the exposed parts of the suppcrt system
plus the effects of the model on the supports. The
procedure for determining the tares by thls method is
different from that of method A. After the tares have
been appllied, the coefficlents are computed with a
dyramic-preasure value for the supportes in wlace. The
correction procedure from this point on 1s the same for
method B as for method A.

VWake-Shadow Effects

Some additional effects that should be accounted
for in both correction methods are those caured by the
"wake shadow.' The wake shadow 1g defired as the loss
in total pressure and dynamic pressure a&nd the possible
changes in air-flow angle, static pressure, and turbu-
lence that occur when the walte of the model is carriled
around the return psassages oi the tunnel without being
diffused or dicgipated. The change in q caused by the
wake 1s called wake blocking. The effect of wake block-
ing on the model may be taken care of by apolying a

1

i)
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correction to the value of q used for computing the
coefriciznte.

At pregent no catisfactory methed of measuring the
changes on slr-flow angle and static-pressure gradient
caused by wake chadow has been developed and tried
experimentally. If, thersfore, any difficulties
resulting from wake shadow are found to exist in a wind
tunnel, the best procecdure probably would be to modify
the tunnel by adding screens or diffuser vanes in such
a way that the wake chadow would be eliminated.

The wske shadow need not necesgsarily pass directly
over the mcdel to cause large errors. For example, if
the wake in traveling around the return passages 1s
deflected well below the medel, it will pass near the
statlec orifices (used to indicate the dynamic pressure)
on the floor of the tunnel. If the statlc orifices
on the roof and floor are not connected syrmetrically,

ne resulting air flow through the connecting tubes

will then glve erronecus indications of the dynamic
pressure. It might be noted that if the difference in
alr pressure hetween the orifices is large, the alr flow
through the tubes may be turbulent inctead of laminar
and the indicated dyramic pressure will be erroneous
even thougk the orifices sre connected symmetrically.

Inzcorrect design of the guide vanes, the tunnel
propeller and nacelle, or the return passages msy
result in very irregvlar or pulsating air-flow condi-
tions. In particular, introducing the model in the
wind tunnel or changing the model attitude may cause
alr-flow reparation comewhere In the return passages
and change apprecilably the alr-flow conditions. Although
this condition i1s not properly a form of wake shadow, it
is detected and corrected for 1n much the same manner as
wake shadow,

DFETATTED CALIBRATTON AND CORRICTION METECDS
Calibration
Air-flow survevs,- The first step 1in the csalibration
procedure 1s the measurement of the alr-flow condlitions

in the tunnel with the model rermoved. TFor correction
method A outlined in the prsceding section, the support
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cstruts must 2lso be removed from the turnel. For correc- -
tion method E, the support struts must remain in the .
tvnnel. The firct source of Inaccuracy of the second

system may be mertloncd here. It 1s difficult to measure

tlhe dyramic pressure near and at the support system

because, in practice, part of the support =ystem is

enclosed in the mecdel and ary changes in veloclty caused

by these otherwlee enclosed parts are thus errors.

The alr-flow surveys should be made over 2 plane
perpendicular to the alr stream at the pncition to be
occupled by the wing of a model to he tested. Usually
this position is &t, or very near, the support-strut
location. The survey should be made &t varlous points
on & line across the tunnel at seversl helights to cover
all porssihle model variatlions. Thls origlinal tunnel
survey chould be made rather accurately and completely.
Unless some alteratlones are made to the turnel or unless
some change in the alr-flow conditions has been indi-
cated, only occasional check surveys will be neceegsary.

The measurements over this survey plane may be made
with a comblned pitch, yaw, and pltol-sfatic tube and
with manometers measuring total pressure, ctatic pres-
sure, and alr-flow arngularity with respect to the drag
axls of the talance systen. Some detalls on the con- S
struction and usge of there instruments can te found in
refererces €, 15, and 16. The measurements are made
for a constant reading h on the manometer connecting
the two sets of statlc orifices, Therse orifices are
static-pressure holes set Into the walls of the tunnel
at two seections upstream of the model. The difference
in pressure between the two sete of orifices 12 a
function of the dynamic pressure. The ctatic orifices
at each sectinn should he connected in a symretrical
manner to minimize the effect on the precsure readings
of any flow between the orifices caused by the model
pressure field or by a wake shadow. From the tota
pressure and static pressure measured at cach point in
the survey prlane, the Impact pressurc may be obtained.
The measurements should be repeated several times to
Improve the accuracy.

The accurate messuremerit of the alr-flow angularity -
(or alinerment angle) with the vew head 1s probably the
mozt difficult part of tlie tunnel calibration. Most
vaw heads cannot be expected to measure angles to a
greater accuracy than 0.25° (reference 15). An error
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in the alinement angle of 0.25° will cause an evrror in
the drag results of 0.0044Cy, which is excessive. The

alinement angle at each csection may be determined some-
what more accurately by use of a faired curve through a
great many points obtalned by repeating the tests. The
difficulty in obtalning more accurate readings 1is probably
causged malnly by the lack of sufficient rigldity in the
mounting support for the yaw head and by the errors made
in measuring the inlitial setting. The s=support should
therefore be cesigned wlith the greatest care; a support
spanning the tunnel rather than a cantilever support should
be used, Brect and inverted yaw-head tests with the same
mounting system are deslrable. Recause of the relatively
large inaccuracy of the yaw-head meacsurements, the aline-
ment angles are generally determined from actual model
tests, as is shown later in the sectisn "Alinement-Angle
Corrections." The alinerent anglers measured by the yaw
head may still be of valuve, however, 1f the variation in
angularity across the tunnel is greater than the accuracy
of measurement. The yaw-head measurements may be adjusted
to agree with the average alinement angle as cetermined
from the model tests and the resulting variation may be
used to compute the alinement angle for each model, as
will be shown in detail.

The statlc precsure must be measured at a number of
points along the longitudinal axls of the tunnel over
enough distance to include the complete length of any
model likely to Le tested. If the static pressure 1s not
constant, a buoyancy correction to the drag will be neces-
sary. The measurements of the static-pressure gradient
rust be made very carefully. Rather long static-pressure
tubes have been found most satisfactory for this work. 1In
any case, the static-pressure tube must be carefully
callbrated,

The alinement angles should be meacsured at various
locations behind the survey plane to determine any change
in alinement angle behind the wing that will necessitate a
correction to the pltching moment as mentioned previously.

Turbulence measurement.- Although corrections are
usually ot applled for air-stream turbulence, the value
of the fturbulence chould be known and can be measured
when the tunnel surveys are made, The turbulence of the
wind tunnel may be determined by sphere testrs, described
in reference 17, provided the tunnel 1s at least mod-
erately turbulent. If the tunnel is a low-turbulence wind
tunnel, it will be necescsary to usze hot-wlre-anemometer
equipment (reference 18) to determine the turbulence
level of the alr stream. The measurements should be
checked with several instruments and should be made at
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several tunnel alrspeeds because the Increased tunnel
and motor vitratlons that accompany & rise in tunnel
speed often appreciably increase the turbulence.

For an extremely low-turbulecrnce tunnel with con-
ditions spproeching free-ailr conditione, the hot-wire
method becomes 1nadequate bocause varlous disturbing
influences, such ars the vibration of the wire, cause
readings to be higrher than those caused by turbulence.
Comparative turbulence measurements iIn such caces may
be estimated from tests of 1ow-dra% alrfolls that sre
very sensltive to changes 1in turbulence.

Corrections

Once the tunnel callbrationz are completed, the
specific corrections affecting the aerodynamic coeffi-
clents may be computed.

Dvnamic-presgnure {actor.- Iun order to determine
the dynamic-pressure fuctor, the value of q measvred
at each point on the survey plane 1g divided by the
static-orifice prersure difference h and the values
of g/h are plotted agairst ¥ the dirctance across
the tunnel in a spenwlise dircc {or. A curve crawn
through the points giver the dynamic-precsure varlation
across the tunnel. The dynanic pressure for any glven
model test is then equal to the cstatic-orifice precsure
difference as observed during the test times the average
value of q/h a4across the model span. A mechanical
integration of the q/h curve can then be made across
the model span. Thus,

. \1]/2

= 3 a : 2
q - o h CLS' (L)
-b/2
If the spanwise variation of q/h 1s large, how-
ever, the values of g/h should bhe weighted according
to wing chord for tepercd wing mmodels to give s better
approximation.
i b/2
n 1
q=3 (a/n)e ay (4)
J-b/2

In crder to determine the exact «q, 1t would be
necessary to weight the q/h variation according

to the spanwise 1ilt distribution for the 1ift calcu-
lations ard according to the spanwlise drag distributlon
for the drag celculations. This vrocedure obvliously
involves an excesslve amount of work with only a small
increase in accuracy over that of equation (4).
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If the method of tunnel oneration is such that it 1is
possible tn maintain a given h during a test run,
this procedure may be reversed and the value of h to
bhe used can be calculated for any desired q. Curves
may be plotted of q against h as feound from equa-
tion (4) for a wide range of model spans and plan forms
and the denslty of the nmanometer liquld should be taken
Into account. 7Tsge of these curves will save time, as
they make 1t unnecessary to compute q or h for each
test or each test point.

Corrections to the value of q for the effects of
wake blocking and dlsplacement blocking must be made if
these effects are found to he sappreciable. These cor-
rections depend upon the model configuration, however,
and are thus not concerned with the clear-tunrel cali-
hration.

At speeds in the compressible range, the 1mpact
pressure H - p, dcetermined from the air-flow surveys,
ia larger than the true value of gq. The corrected
q may be found from the relation

3 =21
i s (5)
where

In high-speed testing, the Mach number is of primary
importance and should be known for &ll tests. The Mach
number may be obtained from the equation

y=1
o 2 1 Y
H

If the true veloclty 1ls desired for uvse In computing the
Reynolds number or the advance-diameter ratio for power
or propeller teste, the alr density durirg the test

must be krown. In order to calculate this density, it
1s neceasary to know the temperature of the air in the
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test section. The u=uel method !s to measure the tem-
rerature at the low-cpeed section ahezd of the entrance
cone and to calculate the test-section temperature from
the equation

T .
Ta':(l“ H;IP)Y (8)

The correct denazlty is then

. 1/v
H -
( - B D) (9)

As the correct value of both q and p are now known,
the velocity can be calculated. "The velocity may also
te computed from the form:la

Hl

_ 1
PR

V= m/ v al, (10)

If the model 1s large and near the static orifices,
a further correction to q may be necesszary to account
for the influence of the model pressure field on the
static pressure at the orifices., The correction may
be calculated with satisfactory accuracy from the known
flelds of flow around airfoils and streamline bodiles in
wind tunnels and 1is generally fairly small.

Alinement-angle correctlons.- The alinement angle,
obtained from the yaw-head surveys, is u¢ed in cor-
recting the angle of attack and the draz. The angle
used must be obtained from an integration (mathematical
or experimental) across the model span. A& mentioned
previously, however, the angles obtained from the yaw-
head surveys are usnally not accurate enough for use
when precise drag results are desired. FPFor example,
consider a low-drag airfoil with a design 1ift _cceffi-
cient of 0.4. An allnement~angle error of 0.1° causes
an error of QO0OCT in the minilmum drag coefficient. A
more accurate alinement-angle correction, which may be
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used only with correction method A, however, 1is usually
determined from two tests on a model wing. One test is
macde witk the model mounted erect and the other test
with the model inverted. From figure 2(a) and the deri-
vation of equation (2), the correct drag coefficient

for the erect model is

€

ol

)

|

The signes of all coefficlents and angles are taken with
respect to the tunrel. For the inverted model (fig. 2(b),
the correct drag coefficlent 1s

Op = Cpg_ *+ O3 E7 (12)

If all other effects have been accounted for except the
alinement angle, the two drag coefficlents must be equal
at a given 1ift coefficient

C + C : =C + C
DSI LSI 573 D%E LSE 57.5
but, according to the slgn convention,
C = =C
Thus,
CDQ - CDq
\.,I .;E
€ = 57.3 (13)
2C1,q
~E

The difference in drag between the value for the
model erect and the model Inverted 1z then plotted
against 1ift cocefficient and the slope of a ctraight
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line falred througch the points is rultiplied by 57.3/2

to obtaln the average alinement angle in degrees. The
accuracy of this proceduvre depends upon the fact that

all other effects have bveen correctly accounted for. It
is necescary therefore to account for the tares with the
utrost precision. In order to avoid actually determining
and applying the tare corrections, however, the tests for
both the erect and inverted models are made with an exact
set of irage ecupports (fig. %) mounted on the opposite
side of the wing from the normal cupports. Thke tares are
thus autowatically accounted for by this test procedure.
It is also very important that the leakage effects around
the support strut or fairing bve exsctly reproduced in

the durmies., Tests in two different winéd tunrels have
shown errors of as much as 0.8 Iin the slinement angle
due to JIncorrect leakage reproduction. The average aline-
ment angle determined in this way will bhe welghted
according to the spanwlse load distribution as can be seen
from the following derivation:

At any section
Ad = T
= €cycq dy

The total-drag correction 1s then

b/2
AD = f €Cz’cq dy
-b/2

b/2

S = A (14)

ACp = 33 cycq dy 4
-b/2

This correction is applied to the wind-tunnel data in
the form

ACp = ‘avWCL + K (15)
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where K 1is the drag correction at zero 1ift and will
be zero 1f the wing has no aerodynamic twist and the
variation of € &across the span is not great enough to
result 1n an effective aerodynamic twist, If the
alinemcnt angle varies appreciably across the model
span, the average value will thus be different for dif-
ferent wing configurations. For this reason, alinement-
angle tests are frequently made individually for each
model tested. It is belleved that the extra time
requlired with thie procedure is unnecessary and that the
accuracy may be 1increased if a little more time and care
are taken in the original tunnel calibration to determlne
the alirnement angle for different wing configurations.
Several wings, of difflerent spans and plan forms and
preferably with transition fixed by means of transition
strips, should be tested wlth and without partial-span
flaps in order to determine the alinement-angle varia-
tion with wing configuration. Because the drag coeffi-
ciente are compared at a constant 1ift for the erect and
inverted model, the alrfoll section used will have no
effect on the results, unless the airfoil drag is
unusually sensitive to transition, surface roughnees,
and so forth. In this case, much more care i1s required
in the tests.

The alirement-angle measurements made with the yaw
head may now be checked by the use of €0y as deter-
w
mined from the force tests; that is, by use of the span
load distribution for the wings tested and the alinement-
angle distributions from the yaw-head surveys, €avy

may be calculated from equatlions (14) and (15). If the
yaw-head determinations are correct, the calculated

values off €4, will agree with the force-test results
w

within the required accuracy. If they do not, the values
of € at each polnt as determined from the yaw head may
be raised or lowered slightly until the calculated and
measured values of €av, 8gree. This procedure 1s of

use only when the varlation of € from point to polnt
across the tunnel is greater than the accuracy of the
yaw-head readings. In such cases the yaw head will
generally glve a smaller percentage error in the varia-
tion from point to point than iIn the absolute value at
each point.
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The alinement angle to be used for correcting the
angle of attack is not quite the same as that to be used
to correct the drag because different methods of averaging
the alirement angles should be uged for the 1ift and
for the drag. The error in usling €avy, &% the anglec-

of-attack correction 1s usuelly small, however, so that
the samre angle may generally be used for correcting the
argle of attack as 1s used for the drag.

For the correction method B, the alinement angle
to be used should be that with the supports 1In the
tunnel. It 1s cuctomary to use the alinement angles
measured by the vaw head. 1In cese accurate drag meas-
urements are desired at moderate or high 1ift coeffi-
clente, thils procedurc will probably not be sufficiently
accurate, A partial over-all check on the final accuracy
of thls second procedure may be obtained by comparing
the final fully corrected data obtalned from erect- and
inverted-model tests of symetrical wing models.

If any difference exists iIn the measured alinement
angles at the position of the wing and the tail, a cor-
rection must be made to the pitching moments of the model.
Thus,

dCy,
AC, = Ac¢ HT; (16)
ac.,
where 1. will cdepend upon the model configuration,
=t

attitude, vower condition, and so forth.

If the alinement-angle variation is not symmetrical
about the tunnel center line, small rolling and yawing
merents will result and may be used as additional condi-
tions to be satisfled. The rolling- arnd yawing-momwent
cecrrections are usually rather small and of the rame
eign for the erect-model and the inverted-mcdel tests,
however, and thus are difficult to dictinguich from the
effects of asymnetry of the model,

The method of determining the weighted alinement
angle from force tests at large values of Mach number
below the critical =peed 1s essentially the same as at
small vslues of Mach number, although extra care 1is
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required to minimize interference effects., At Mach
numbers at whilch the supports or parts of the model
near the supports have reached a critical speed, the
difficulties affd urncertainties in obtalning tares
become excesslive., No ratisfectory technigue for
obtaining support tares at rsupercritical speeds has
vet been developed.

Buoyanecy correction.- i4r extensive theoretical
investigation of the effects of a static-pressure
gradlent will b%e found in refercnces 2 and 2. Most
closed-throat wind tunrels are so designed that the
cstatic pressure in the region to be occupied by a model
1= constant and no correcitlion 1s regulired. If a
gradient does exlst, the drag correction is proportional
to the product of the gradient and the effective volume
of the body, and the proportionality factor depenrnds on
the shapre of the body. A good approximation to the cor-
rection for a three-dimensional body may be found from
the equation

1 T.En d
A= 'e'af AGE ax (17)
L

«E.

& clocer approximetion may be found by multiplyling the
correction as found from this equation by v'/v where
the effectlive volume v!' 1s found by the methode pre-
gsented in references 2 and 3.

Tares for correction method A.- The method of
determiring the tares will depend mainly upon the
physical limitations of the tunnel. In fact, it is the
limitations iwposed by the tunnel on the method of meag-
uring tares that determine whether correction method A
or B can be used. In the following discussion the
supports on which the model is mounted for the normal
test rurs are called the normal supports and the sup-
ports on. which the model 1s mounted for tare tests are
called tare supports. Tn thie usuel procedure for tests,
the model ig mounted on the tare supports and two tests
are run - one with dummy supports (representing the
normal supports) In plece and one with the dummy sup=-
ports removed. The difference in the measured data
between these two tests 1s then taken to he equal to
the tare.
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Two poscible ways are evailnble for rinning the
tests. The rodel may be monnted ir the normal position
on an suxilisry tare-support system conctructed to
measgure all forces and moments; ore test mws be run
with the normal supports or cummy supports [exact
images of the normal supports) in place and another with
the nnorral suvpposrts or dummles removed. Another method
is to mount the model inverted on an auxiliary tare
support or on the rormal supports, which then become the
tere supports for the lare tests, with dummy supports
connected to the mcdel for one +e =t and removed for the
second tesgst.

A basis for the dlscuscion of tare-test procedure
wilil be provided by sone ge:reral tare eguations repre-
sentint correction method A with all tests run with the
model in the normal positlion. The derivation 1s some-
what arbitrary, ecspecially with resvect to the inter-
ference terms. The maln nurpose of the equations,
however, is to show the inaccuracies and approximatlons
irvolved 1n the usval tare determinations and to indi-
cate methode of *mproving the accuvracy. For thls purpose
ary of several ways of wrliting the ejquatlions will gilve
the zame reculte,

The symbols L and D refer to the equivalent
clear-tunnel 11ft and drag; that is, LM(l + 5T) is

the 1ift of the wmodel mounted on the tare supports.
A1l the forces are reduced to coefficient form and a
clear-tunnel q 18 used for .¢]iuluV and clarity in
the derivation and subsequent d%scu sion. Tt will he
shown that the accuranry of the tare ieferan tions may
be improved by some modifications to this procedure.
Tn the derilvation presented, only the equations for the
drag coefficient are shown.

The derivations of the equaticns for the 1ift and
tchirg-moment coefficlents are simllar to the deriva-
on of the equation for the drag coelfficlent. The

ation for the 1ift coeflicient will be the same as
&t for the drag coefficlent except that Cr and Cp

are interchonged arnd the signs »f the alinement-angle
terms are reversed. The alirement-angle terms are
negllicivle, however, In the 1ift-coefficient equation.
The pitching-moment-roefficlient equation will have the
same form as the drag-cocefficient equation without the
glirenent-angle Lerms,

2
.
j_
q

v:?' D o'
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For the derivation, the model is assumed to be
mounted In the normal erect position with the tare and
dumry supports located on the same surface of the model
(fig. 4). Tor actual test work the tare-support system
shown in figure 4(b) may not be satisfactory tecaunce the
interference effects between the tare and dummy supports
may be excessive. The effect of the interference will
be shown by the equatinne, The tare-support system shown
1s ug=d for Illustration, however, because 1t glvesg
simpler equations than 16r tlie case of the inverted model.
The changes in the equations reguired for the case of the
inverted model (fig. 8) will be indicated later. The
signs of all forces and angles are taken with respect to
the tunnel rather than the model axes., From tests of the
model alone on tare support (fig. 4(a)),

CD].Sq = DM(]_ + GT) + DT(]. + 6M) + DIMT - <€ + A€T)CLlSQ

where
CDlSq drag ccale reading, pounds
CLlSq 1ift scale reading, pounds

Dy(1l + &p) model crag in presence of tare supports
but not including changes 1in air-flow
angularity, transition, and so forth,
caured by tare support

DT(l + GM) tarc-support drag in presence of model but
not including changes 1n alr-flow angularity,
transition, and so forth,caurced by model

DIMP ' interference drag of both model and tare
surporte resulting from rutual changes in

air-flow angularity, trarsition, and so

forth. (Fote that the word “incerference®

18 uvsed here to dencte ary effects obtained

in addition to the sum of the effects

obtained from the separate parts.)

Then,

Dy(1 + op) . Dp(1 + &) . Piyp

- - 0 .

CDl =

From tests of model on tare support with durmy support
or normal support in place (fig. 4(b)),
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- Pl‘_gL+_§P) (1 + op) N Dr(1 + &y (1 + 6p)

VD T 2q Sq

Dp(1 + B (1 + 8p) | Pryp(1 + op)

+
Sq Sq
ETMT(I e 6D) DTTD<1 + GM)
+ +
Sq e
- (e + Aep + Acp) (12)

The tare 1s taken as ACDDI’CD2 - CDl

8Cpp = Cpy [(1 + 82) (1 + &) = (1 + &)
+ CDT Kl + 6},-;) (1 + 53) - (l + Gyg):'

+ Cpy El + 6 (1 + 5’1‘)] + CDIMD(I F60) + 5Dy, O

* CDImD(l + &y) - 6(01,2 - o1,

- AET(CLQ - CLl) - beplr, (2C)

From the test of the mndel on the normal support
(fig. 4(c)),

D
} S N
Dyy(1 + Oy Dy (1 + 3y L oI

Cpz = S1 <q 39
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If tre durmy supports are exact Images of the
normal support (as they should be) or, better yet, if
the normal supporte instead of dummies have been used,
all termes with subreript N will be equal to the
corresponding terms with subscript D. The model coef-
ficlent corrected for the tare drag is CD3 - ACDD; then

0p = Op, K; +6p) - (1 + &p)(1 + op) + (1 + 6Tﬂ

+ Op [ (1 + &) - (1 + 8p)(2 + GMS]
+ CDD[Kl + 5M‘)'(1 + 5M>(1 + 5Tj] - CDIMDbT

- C Sn = C 1+ 6,) - e(@ - Cr_ +C
DI D DITD( M) Iz Lo Ll)

VT

+ deqpfCp. - Cy ) - bepfcy. - C
T( Lo L1> D( Ly L2>

or

= Op,(1 - Opbp) - Op (1 + Oy)op - Cp (1 + By)op

- cDIMDéT - cDleaD - CDITD(l + By)

MT

- €Cp + AeTACLD + AeDACLT (22)
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If the tare determirations are made with the model
mounted inverted, it is assumed that the tare supports
are 1In the same position in the twnnel for these tests
as for the erect-model tests with the durmy supports on
the opposite surface of the model. (Sf¢e fig. 5.) The
sigrns of some of the terms are reversed for the tare
tects with trhe model inrverted., In this case als=o, the
1lift tare is ACLN = CLl - CL2 instead of CL2 - CLl

as for the tare tests with the model erect. In the
firnal 1ift equatiorn all terms that arlse because of the
presence of the tare surport have the opposite sign
from that indicated in eguation (22). For the drag
equation, the signs of some of the alinement-angle terms
are so revereced in the derivation that the equation wlll
he

Cp = COp, - ACpy
= Cp, (1 - 876p) - Cpn(Ll + 8y)0p = Cpy(1 + By)dr
- CDIMDGT - CDIMTGD - GDITD(l + 611)
- €Cp - 26ACLN + AEDACLT + AETACLD (23)
In equations (22) and (£3) the guantities deslired
are Ly = CLM and Cp = CDM - ECLj The €Cy, term 1s

the alinement-angle correctlion term. The rest of the
terms in the equations are quantities that must be deter-
mired in another manner »r wmust be redunced to a negll-
gible amount In order that thelr effect may be neglected.

The alinement-angle corrections to 1lift have
already been shown to be negliglihle. In all the equa-
tions for 1lift tares, the alinemcnt-angle terms may
therefore be neglected. From an examination of the equas
tions it can also be seen that if the tare tects (sub-
scripts 1 and 2) are reduced to coeffilicient form by the
use of & dynamic rressure equal to gq(l + &p) obtained
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from an air-flow survey with the tare supnorts in place,
all terms multiplied by &p 1n the final equation will

be elimirated., The factor 1 + &p wlll affect some of
the other terms In the equation and the equation becomes

GD — - 1+ 51\‘,1
Cp = Cpn - (——){(1+80n +C - (—e
D™ "Dy (1 - 5T> l_( 1)%Dy DIMTJ 1+ 6T> AT
- €CL + AETACID + ACDACLT ’ (24)

with the same changes as previously noted for the tare
teats of the lnverted model. he factors O&p and Jp

will be of the order of 0.03 to 0.05 and all undesirable
terms now remalning in the equation are second-order

effects except the CDTTD term, which 1s small 1f the

tare and dummy supports are fairly far apart. TUsually,
these terms are neglected tut i1f greater accuracy 1is
required an estimate of thelr magnitude may be worth
while, The quantity BeACLW appearing In the equation

for the tare tests wlth the model iInverted may be
accounted for by subtracting from the tare drag a
quantity equal to the tare 1ift times twice the clear-
tunnel alinement angle. The quantity (1+ GM)CDT+-CDINT
can be measured by mounting the model by means of some
other system, rfuch as wires or cables, in the usual
position with relation to the tare supports but not
connected to them. Measurement of the rorces on the
tare supports will in thls cace include the Interference
of the model on the supports. The main part of the
interference of the supports on the model 1s included

In the terms 1 + &p and Ae¢p appearing in the equa-

tions. If thie method is not avallable, the guantity
(1 + 6M)CDT + Cp; may be approximated, Measurement
' ~MT

of the forces on the tare support alone with the part of
the support to be enclosed 1In the model well falred will
gilve Cpnp. The factor 6y can be estimated from

pressure-dlstribution curves for the reglon where the
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supports are atteched to the model, The Quantity CDI
NT

i1s more difficult to erstimate,

The factor Cp may be found quite easily by a com-

rarison of the dynamic-pressure surveyvs made for the

clear tunnel and the svpports-in-place condition. The

quantities A€nACy and A€rACy along with the Inter-
D =T

ference factoer CDTT? are mutual interference effects

between the twn sets of supports that must te determined
or eliwrinated. ITn mort careg, the errcrs ceused by
neglecting the interference effects will be within the
accuracy of measurement. Fer exemple, when a value of
tare 1ift equal to 0.02 (fig. 1) 1g uced, a change of
alinerent angle of 0.3% at the wing 1iftling line would
cause the increment of drag coefficient frowr the
AepACy ~ term in the preceding equations to be approxi-
D

mately 0,00Cl. The AeDACLT term should be of the

o

same order of magnitunde. An examlnation of the available
alr-{low esurveys Indicates that the maln charge caused
by the =upport struts 1s a curvature of the alr flow

over the supports wilith 11ttle change in the average

angle acronse the wing span - tiwat is, the average change
in alirement angle 1s probably much lecs than G.27,

Trie equlpment and methiods used in making the tare
tests should be deslgned to eliminate or minimize the
interferesnce bvetwesn the two sets of supports. The
interference effects may be minimized by using tare and
dvmmy cupports that are located as far as possible from
each other on the midel. When the two sets of supports
are liocated on opposite surfaces of the airfoill at the
care spanwise ctation, 1t can be showr that the induced-
draz part of the tares may cccur as a double error in
the resultes rather thon disappearing as might he expected.
It should also be rememwbered that the guantlitles
AGTACLD and AGDACLT actually represent a spanwise

intesrstlion of the values at each section. The maln rart
of the changes 1n alinement ansle A€n and A€p will
8

occur In the vicinlty of the tare and dummy sunports,
respectively., Tre farther apart the two gfets ol supports
are located the sraller are the terms AeTACLD and

AGDACIT' Several pogcible ways of mountling two rets of
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supporte to reduce the mutual interference effects are
shown in figure €.

Prom aerodynamic consicerations, a wire support
system (fig. 6) setisfles rather well most of the
requlrcients for & good tarc-support system. Wire
supports cavse little change 1In air-flow angularity and
little chanpge in dynamlc pressure. Several objectinns

te a wire support system are evident: Not all tunnel-
bslance fremzs are 20 constructed that the wire system
mey be used; the wires mast be preloaded the same for
both tare tests in order to elimirate changes in wire
drag dus to chonges in wlre tension; the large drag of
the wires decreages the accuracy of deternining the tare
drag; ard mae instalillsitlon of a model with & wire balance
is aifficulv. T addition, the wire support system will
proonabhiy have a Jlow critical speed and cannot be used
when nich Taeh nambers are required, The support system
shean in the center of Tigure 6 will protably also be
‘unseticfartory firom a compressibility standpolnt. It has
teen found Lrat the wing-tip supports must be designed to
avold arprecliable 1ift Tares; that 1s, the cross section
rmust be circular or scome sinilar shape. The critical
spreed of such a strat would then be low, If the two sets
of supports are plazed at a distarnce {rom cach other, it
cen be assumed thst, for all practlcal purposes, thelr
mutual intecfererce effeczts will be negligible. For tare
determinations of complete models mounted on a single
strut at the fusszlage or for stability and control tests
In which the absolute drag 1s not of prime imgortance,
the method of mouvnting the model inverted on tie normal
suprort for tare tests 1s satisfectory. An additional
point with regard to tere tests Is the important effect
that may result from ary open slots on the suction side
of the wing et the poirt of attachment of the tare
supports, Expecrience hasg shown that any such slots
should be sesled and fsaired smooth,

If the tarc and durmy supports must be placed close
together as 1n figure Z, the interference terms ACTACLD,

AEDACLT, and CDITD may be determined by the use of &

third set of supports in cornjunction with the usual tare
erid dummy supporte, If this proceduare is followed,
resuits Irom three instead of two tests will be available
for detcrmining tares 1In order that the Interference
effects may be found. The use of this procedure would
provably not bYe justified, however, unless the tares are
very large or unless the interference effeccts are
expected to be appreciable,

'eres for ccrrection method B.- For correctlon
method B, the original air-flow survey 1is made with the
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noermal support in place and includes the e[ fect of the
supports on g s&ancd €. The tares should therefcre
not include any cranges In g and € caused by the
supports. 7The tares in this case are then defined as
the direct alr forces on the supports plus the inter-
ference of the model on the supports plus any local
effects of the surportc on the model not included in
the air-flow survey, such ag trangition changes or
separation effects on airfolls at the point of attach-
ment of the suppoert to the model.

The direct air forces on the suppcrts and tre inter-
ference of the model on the supports can be measured by
mounting the model independently of the balance by means
of cables ané measuring the forceg on the balance. In
crder to measure the effectys of the supports on transi-
tion and separation changes on the airfoll, it ir neces-
sary to have a set of dummy supports. The model 1is
rlaced on the tare supports or normal cupports and the
dummies are placed close to, but not In contect with,
the model. The difference vetween this test and one
wilthout the dummies glves the interference effect of
tre dummlies., An example of thils proceédure In use in
the Langley full-zscale tunnel 1z shown in rcference 19.

The foregolng procedure is subject to several
inaccurscies. Any dummy supports placed near the model
cause changes in q and ¢ over the model. The effect
of these changes will then be included in the tares.

The tunnel surveys for the correction method B, however,
already include the effect of the supperts on q and ¢,
Part of the effects of the supports ls thus apparently
accounted for twice. The errors caused by thls condi-
tion may be minimlized by reproducing in the dummies

only that part of the supports ne¢ar the mondel.

In the correction method B the dynamic preasure
obtained from the air-flow survey with the normal supports
in place is used for computing the coefficients for all
tests., By means of equations similar to equations (18)
to (24) it can he shown that in method B the error in
determining the tares will be ©&p tlmes the total forces
rather than Op tlmes the forces on the tare support as
for the correctlon method A. 1In order to correct for
this factor, it would te necessary to have a clear-tunnel
air-flow survey to determine Op. On the whole, it

appears that the correction method B wlll seldom be as
accurate as method A and should be used only when 1t is
the only reasonable procedure avallable, '
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Wake chadow.- A3 stated previously, the wake
shadow may cause changes 1In total head, statlic-pressure
gradient, dymamlec prescuvre, allnement angle, and turbu-
lence. The existence of a wake shadow may be determined
quite easlly frowm total-prcssurc surveys made at some
csection of the turnel a2head of the model and compared
with total-pressure surveys at the same section with no
model in the tunnel. The survey should be made over the
entire tunnel section at the survey plane, especlally
near the static orifices in case the wake 1s deflflected
from the center of the tunnel.

Tt would seert that n»n exact solution of the rrob-
lems of wake cshadew is posslble. One method of ecti-
mating the value of q when wake-ghadow blocking 1is
present is that used at the langley full-scale tunnel.
Thls tunnel is of the open-throat type and It hacs been
found that the staetic pressure aft the model position
with only the support struts in the twmrel 1s equal to
the precssure in the terst charber, TFor any particular
model the total pressure over a plane comewhat ahead
of the model and the static preczure in the test
cthamber are measured. The average value of q may
then be found from an Integratiorn across the model span

J-b/2

This method does rot appear to be readily or accurately
arplicable to closed-thiroat tunnels.

As previously suggested, no satisfactory experi-
mental technique has yet been developed for measuring
all the effects of a wake shadow., If difficulties
resulting from wake shadow are found to exist in =
wind tunnel, the bvest procedvre would probably be to
modify the tunnel by adding screens or diffuser vanes
ir. such a way that thc wake chadow would be eliminated.

Wake Survey Tects
The preceding discussion has been concerned wilth

corrections to the results of tests in which the aero-
dyramic forces and moments are measurec by means of
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the balance systerm on which the model is mounted. In
order to determline the varinstlon of the profile drag
along the wing span, wake survey teste are often made,
These surveys have al=o been used to determine the com-
bined drag tares and hueyancy corrections for some
models (reference £0). This methed of testing requires
consideravly more time than force tests but is the

only way of cdetermining the variation of profile drag
across the wing span.

For the wake surveys, the effect of the supports is
accounted for by computing coefficlients by use of a
dyramic pressure determired for the alr-flow surveys made
with the suprorts in the tunnel, The actual q at each
point along the s=pan rather than the average value of g
must be used for determining the local profile-drag coef-
ficlents. Of course, ccrrections for compressibllity,
wake shedow, Cisplacemert blocking, and =0 forth, must
be made as for the force tests, but jet-boundary and
alinement-angle corrections to the drag are unnecescary.
Jet-boundary and alinement-angle correctlons ars spplied
to the angle of attack.

The total profile-draz coefiicient is obtained by
a sunmmation of the section profile drag measvred along
the sanar.

fcdch dy
o e e T (25)

Do qurdY

Meosurements made at or rnear the supports will
include the profile drag of the surports. The drag of
the suppecrte 1ls eliminated hy plotting the values of
¢q,tdq 8cross the rpan and feiring a smocth curve

through the pelnte, the values measgured near the supports
being ignored. The integration irdizcated in equation (285
1s then performed for the falred curve.

It 1s supgested that wuake-survey measurements may
be vsed to chieck the accuracy of the over-all correc-
tioris to the drag - that is, force tests are made with
all necesgary correcctions applied. Tne Induced drag
is then accurately calculsted and =ubtracted from
thegse results to give the proflle cdrag. If the
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corrections applied are accurate, this profile drag
should check that determined frowm wake surveys across
the entire wing. This procedure would also be expected
to be most reliable at low 11ft coefficients because

it depends upon the accurate calculation of the induced
drag. At high 1ift coefficients, an additional source
of inaccuracy 1s the difficulty of making profile-drag
measurements in the region of the airfoil tip.

EXAMFIES CF CURRENT PRACTICE

Langley 19-foot pressure tunnel.- The calibration
and correction procedure used in the Langley 19-foot
pressure tunnel follows closely the procedure outlined
as correctlion method A. Tare tests are made with the
model mounted inverted, the normal supports used as
tare supports, and a cet of exact-imace dummy supports
mounted on the opposite side of the model.

Inasmuch as the static-pressure gradient at the
position of the model is essentially zero, no buoyancy
correctlons are necessary. Total-pressure surveys
ahead of a typical model falled to disclose any evidence
of a weke chadow. The empirical formula given previously

1+ Z%T 13 used to correct the dyrnamic preszure for
displacement tlocking.

The tunnel-wall-interference corrections are applied
as the first corrections after the data are recduced to
cecefficient form and hefore any other correctlons are
applied. This procedure 1s used for all test runs,
including tare tegts.

Langley 7- by 10-foot turnnel.- In the Langley 7- by
10-foot tunincl, correction method A is ured and the
order of apnlylng the corrections is the same as that
given in thc discuesion. This tunnel 1s a low-gpeed
high-turbuvlence tunnel ured chiefly for stability and
controal teste; therefore, most of the refinements
suggested in the preceding Aiecussion, particularly for
precise drag determinations, are unnecessary.

Models in this tunnel are mounted on a single sup-
port strut, which 1s cealed as it vpasses through the
bottom of the tunnel. Tares are determined hy mounting
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the model inverted on this ﬂormal support strut and
using a dummy strut that 1s an image of the lower
strut. It iq unnecessary to convert the tares to
coefficient form before their application to the model
data because a constant predetermined dynamic pressure
can be malntained. Tare moments must, however, be
transferred through the model before they are applied.

Alinement-angle tests are not run for each model
but are run with two standard wings of different spans
and chccked occazionally. Because the variation In ¢
across the tunnel 1s not enough to show any difference
for the two standard wings, the weighting procedure
for different wing plan forms 1s not necessary. Changes
of the order of 0.2° in the alinement angle have been

noted over a period of ceveral years. The necessity of
periodic check teste 18 thus indicated. The accuracy

of the drag balance makes possible the determination of
the allnemenf angle to within about C. 05° The impor-
tance of exactly reproducing the tunnel 1eakage condi-
tions for alinement-angle and tare tests was demonstrated
in the Langley 7- by 10-foot tunnel when alinement-angle
tests were run after a new streamline fairing had been
added to the support strut. Tests made with the lower

end of the strut having sbout a l-inch annular gap but

witb the dummy sealed showed an alinement angle of
0.1° When the gap was completely sealed, the allnement
angle wag changed to -0.1°

In the region occupied by the model the static-
pressure gradlient 1s substantially zero and no bucyancy
correction 1s nececssary.

Because relatively large models are often tested
in such tunnels, & rather extensive investigation of the
tunnel~wall interference has been conducted for 7- by
1C=-foot tunnels. The numerical results for tunnels of
this size as well as general methods applicable to all
tunnels will be found in references 8, 9, and 10

Langley full-scale tunnel.- The large size and the
open throat of the Langley full-scale tunnel have made the
installation of exact-image dummy supports difficult.

For this tunnel, therefore, correction method B 1s used.
411 tests are computed from air-flow surveys made with
the support struts in place, The alinement angle used




-~

NACA ARR No. I4EZ 37

in correcting the data 1s that obtalned from the yaw-
head surveys with supperts in place,

Several methods are used for determining tares.
One method used is that descrived previously for
correction riethod B, In which the tares are determined
in two parts (roference 19). Another method used fre-
quently at present for measuring drag tares is the
wake-curvey method. The normal support struts in this
tunnel are usually attached to the under surface of the
wing. Wake-survey measurements of the profile drag are
made at a number of sparwise stations and very small
intervals are used neur the support-strut location. A
smecoth curve 1s ottalincd for the variation of profile
drag alcng the wing at some distance from the suprort.
A= the support is approscned, the drag rises considerably.
It 1s sssumed th&et the wing profile dreg will show a
uniform variation; therefore, a curve 1= arbitrarily
faired, and those poluts near the supnort are neglected.
The integrated difference between thls curve and that
drawn through the measured values of profile drag gilves
the tare. _

It is in the Langley full-scale tunnel that the
problens of the weke shadow have probably been investi-
gated mcst extensively. The existence of the wake shadow
was discovered during tests to clieck some calculated jet-
boundary corrections {(veference 4). Its effects were
investigeted on & full-clze airplere by mearuring the
dynamic precsure and statlc pressure at several points,
near the airplane in rlighc and then in the tunnel. A
comrparicon of the re=ults showed a decrease ¢f about
6 percent in the average dynamic pressure arcund the
airplare wnen placed *n the tunnel. In addition, the
static-pressure gredient was altered in such a way as
to canze an increace in drag of atout & percent of the
mirnimum drag when the 2irplane was placed in the tunnel.
These figures were obtaired for & btiplane that was
rather unclean aerodyramicalily. For airplanes of modern
design the effects of weke blocking are considerably
smaller., For plain airfoils, for which no flight tests
were avallable, it was recessary to make a theorctical
estimate of the undisturbed field around the airfoil.
The effects of the alirfoll field of flow were then sub-
tracted from the measured total pressure, dynamic
pressure, and static pressure at s point ahead of the
airfoll to obtaln the corrscted values.
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The correction for wake blockling is now obtained by
measurlng the totel pressure ahead of a model and the
static pressure Iin the test chamber, which is equal to
the =tatiz pressvre at the model position, and applying
Bernoulli's theorem to obtain the free-stream dynamic
pressure.

Buoyancy corrections are not necessary for plain-
wing models mounted in the usual position. If the
model to be tested has a fuselage, however, buoysency
correctlons are required.

Measurements have shown that the effect of the
exit cone of thies tunrel on the air flow behind a model
1e of approximatlely the same marnitude as and of
opposite sign from that due to jet-boundary interference.
The pitching-moment corrections that are required to
sccount for the jet-houndary interference are thus
usually negligitle.

CONCLUDING REMARKS

Detailed methods have been preserted for determining,
to a kigh cdegree of accuracy, the corrections to winde-
tunnel teste of three-dimensionel models for the effects
of the model-support system, the nonuniform air flow in
the tunnel, and the tunnel walls or jet boundaries. It
should be remewbered, however, that the most reliable
results are genersally obtained in that condition for
which the required corrections are the smallest. If,
during the air-{low surveys and allnement-angle tests,
any marked lrregularity is evident in the alr streamn,
the best proceduvre would probably be to modify the wind
tunnel to elimlinate the necessity of large corrections
to the measursed data. Screeng and deflector vanes
properly located can be uszed to adjust the alr-flow
conditisneg to obtain more uniform flow or to eliminate
any serious effects of wake shacdow. Sesaling the support
strmts and falrings and any other openings in the tunnel
will help to eliminate some of the uncertainty In deter-
mining tare, alinement-angle, and static-prescure-
gradient correctionsa. Careful design of the support
struts and thel!r means of attachment to the model will
minimize the tare corrections.
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The accuracy to which the corrections must be deter-
mired and the time to be spent in calibrating the tunnel
must ultimately he decided by the tunnel operator from
considerations of the purpose for which the tests are
belng conducted, the precision required in the final
recults, and the time avallable for determining and
applylng the correctlons.

Langley Memorial Aeronautlcal Laboratory
National Adviscry Committee for Aeronautics
TLangley Fileld, Va.
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