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SUMMARY

Detailed methods are presented for determining the
corrections to results from wind-tunnel tests of three-
dimensional models for the effects of the model-support
system, the nonuniform air flow in the tunnel, and the
tunnel walls or jet boundaries. The procedures for
determining the corrections are illustrated by equations
and the required te=sts are discussed. Particular atten-

tion is given to the parts of the procedures dealing with

drag measurements. Two general metnods that are used
for determining and applying the corrections to force
tests are discussed. Some discussion is also included
of the correction procedures to be used for wake survey
tests. The methods described in this report apply only
to tests at suberitical speeds.

INTRODUCTION

The purpose of the vresent report is to discuss
methods for determining the air-flow condltions in wind
tunnels designed for the testing of three-dimensional
models and to indicate the procedure for applying the
necessary corrections to the measured aerodynamic char-
acteristics of the model. The various factors that
affect the applicability of wind-tunnel tests to flight
have been studied for many years. (See references and
bibliography.) Recently, with the development of
cleaner airplanes operating at high 1ift coefficients
end of large high-speed low-turbulence wind tunnels,
the problem of determining the corrections to the
required degree of accuracy has become increasingly
acute.
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The usual practice of predicting the flying qualities
of airplanes from wind-tunnel tests of relatively small- .
scale modeles makes it imperative that the model test
results be corrected to free-air conditions. In addition,
the large number of wind tunnels in use makes it desirable
that a more or legs standard calibration and correction
procedure be adopted in order to make data from different
tunnels as nearly comparable as possitle. Not much com-
prehensive information has been publicshed previously on
the subject of wind-tunnel calibration and correction
methods. The discussion contained in reference 1 is
rrobably the best information to date. A discussion is
given in the present report of the methods in use at the
present time for calibrating a wind tunnel and determining
the corrections to be applied to the measured model data.
Some refinements to the usual procedures are suggested
with special attention to those parts of the procedure
that affect the drag measurements. The use of large
models in order to more nearly approach the Reynolds
numbers obtained in flight has irncreased the magnitude
and thus the importance »f the Jjet-boundary corrections.
A detailed discussion of jet=bouvndary corrections 1is
not given herein, however, because this subject, except
for the effects of compressibility, has been treated
rather thoroughly in previous publications. (See refer-
ences 2 .to #2.) 3

Al11 the following discussion applies only to tests
made at subecritical speeds and for arrangements giving

fairly low restriction effects, The discussion is also

limited to three-dimensional-model tests. The procedures

described comprise only the part of the tunnel-testing

teehnique concerned with determining the corrections to

the model data necessitated by the differences between

the air-flow conditions in thes tunnel and those in an

vnlimited uniform air stream with the same Reynolds

number, Mach nurmber, turbulence, anc other factors.

For purposes of simplicity, only three components - 1lift,

drag, and pitching moment - are considered in most of

the discussion. Corrections to the other three components

may be derived by procedures similar to those given herein.

During the conversion of the data to final form, it will

usually be necessary to apply some corrections for the

deflections of the balance gystem and to transfer the .
forces and moments to other sets of axes but, since these
corrections are essentially geometric and not aerodynamic

rroblems, they are not dealt with in this report. .




NACL ARR No. L4E31 5 |

SYMBCLS g f
\

Cr, 11ft coefficlent

cy, geétion 1ift coefficient

L 1ift

14 section 1ift

Cp drag coefficient

CDo profile-drag coefficient

Cdg section profille-drag coefficient

D drag

(61 section drag

Cr resultant-force coefficient

. ritehing-moment coefficlent

Cy rolling-moment coefficient ' »

Cn vawing-moment coefficient

Cy lateral-force coefficient

X drag correction at zero lift |

Fea compressibility factor

H total pressure

M Mach number

R gas constant

A cross-gsectional area of bhody

A cross-sectional area of test section of tunnel

v free-stream veloclity

v volume of body



v!

w0

. - —
NACA ARR No. L4431

effective volume of body for static-pressure-
gradlent corrections (denoted by A' in
references 2 and 3)

wing area

wing span

wing chord

spanwicse distance from center of tunnel

angle of incidence of horizontal tall surface

absolute stagnation temperature at low-speed
section of tunnel

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

static pressure :

dynamlic pressure

angle of attack

alr dersity

angle used in derivation of alinement-angle
=% | .LJQ
CIJQ

ratio of specific heat at constant pressure to
specific heat at constant volume

correction g = tan

alinement angle, degrees (angle between air-
stream direction and drag axis of balance
system)

change in alinement angle

ratio of increment of dynamic pressure to clear-
tunnel dynamic pressure
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Subscripts

In alinement-angle equations:

scale reading

erect-model test

inverted-model test

average

welghted according to span-load distribution
equatidns:

test of model on tare support

test of model on tare support with dummy support
in placse <

‘test of model on normal support

model
tare support
dvummy- - support

normal support

interference

Combinations of these conditions (MT, MD, etc.) are also
> 3

subseripbts in the tare equations.

The NACA standard system of wind axes is used for
e¢ll equatione.

GENERAL DISCUSSION

Basic Corrections Necessary

Before the results of wind-tunnel tests on a model
" can be used to predict the flying qualities of an air-

corrections to the measured aerodynamic character-
istics must be determined to account for the effects of
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the model-support system, the nonuniform air-flow condi-
tions in the tunnel, and the tunnel walls or jet bounda-
ries,

Tares.~ The corrections for the effects of the
model-support system are usually determined in the form
of increments of forces and moments or the corresponding
coefficients and are called tares. The tares are com-
posed of the direct air forces on the support system
plus the mutual interference between the support system
and the model. Tt could be expected, therefore, that
the tares would be greatly dependent on the size and
shape of supports, 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 tares is illustrated in figure 1, which presents
some tare values measured in the Langley 7- by 10-foot
tunnel for two different models under several test con-
ditions.

Because of their dependence upon the support and
model configuration, the tares should be determined
experimentally for each model. The tare tests should
be made with the complete model including tail surfaces.
This condition is necessary because the tail of the
model may pass into or out of a region of reduced
velocity behind the support struts as the model is

pitched or yawed and may thus affect the pitching

moments and yawing moments. The tares should be deter-
mined for all test conditions to be encountered, such

as the conditions with the flap neutral and deflected,
with the model yawed, with several power conditions,

and with any model modification that might affect the
tares. This requirement is particularly important when
accurate drag measurements are desired because, as indi-
cated in figure 1, the drag tares may often be greater
than the drag of the airfoil.

Nonuniform air-flow conditions.- The nonuniformi-
ties in the air stream may be thought of as belonging
in the three following categories:

(1) A change in the average airspeed along the
longitudinal axis of the tunnel

(2) A variation in airspeed over a plane perpen-
dicular to the longitudinal axis
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(3) A variation in the air-flow angle in the
region occuplied by the model

. The change in the average airspeed along the
axis of the tunnel is caused by any actual or effec-
tive convergence or divergence of the air stream.
This change in velocity along the axis of the tunnel
causes a variation in the static pressure and a correc-
tion must 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 converging 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
usuvually designed with a slightly divergent test section
to counteract this effect but in any case the static-
pressure gradient must be measured. The tunnel leakage
conditions can have a very marked effect on the static-
pressure gradient (references 2 and &) because a leak
in the tunnel changes its 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 maintained as nearly constant as pos-
sible .

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

The deviation of the direction of the air velocity
from the drag axis of the balance system over the
region occupied by the model has a considerable effect
on the measured model characteristics, particularly on
the drag. Lift and drag are defined as the forces
parallel and perpendicular, respectively, to the air-
stream direction. If the average alinement angle ¢ 1is
not zero, the 1ift and drag forces measured by tle
balance system will not be the true 1ift and drag as
may easily be seen from the following derivation:

Cy = Cx cos (B + €)

i

Cr (cos B cos ¢ = sin g sin «)
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Tnasmuch as ¢ is a small angle, cos € = 1.0 and

£
sin ¢ =~ zv=z. Therefore,

Ol e

CL = CR CoS B = Eﬁ;g CR gin €}

= CLS = EJ%_ CDS (l)
Similarly,
Cp = Cg sin (B + ¢€)

= Cg (2in g cos € + cos 8 sin ¢)

= Cg ¢in 8 + 57%3 Cg cos

= CDS t 57i5 CLS | (&)
This derivation may be applied to either the erect-model
or inverted-model condition as indicated in figure 2.

Becauvse the alinement angle is small and because the
1ift is generally many times greater than the drag, the
1ift is not appreciably affected by the alinement angle
and is considered correct as read, insofar as the aline-
ment angle is concerned. The drag, however, ls appre-
ciably affected and a correction must be applied as 1is
explained in detail in the section entitled "Alinement-
Angle Corrections." The angle of attack must also be
corrected by the amount of the average alinement angle
and, if there is a difference in the measured alinement
angle at the wing and at the usual location of the tail
surfaces, a correction to the model trim (pltching-
moment) condition must be made.

Jet-boundary corrections.- The tunnel walls, or
jet boundaries, place certain restrictions on the air
flow around the model and thus cause a change in the
direction and curvature of the air stream and a change
in the airspeed at the model. The amount of the
restriction is, of course, dependent on the cross-
sectional shape of the tunnel, the model configuration,
the relative sizes of the model and the tunnel, and the
position and attitude of the model in the tunnel. For
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8 closed-throat tunnel the effect of the tunnel walls is
generally to 1limit the downwash around the model and
thus to cause an effective upward deflection and an
upward curvature of the air stream. A displacement
blocking occurs because the rigid walls also prohibit
the expansion of the air stream as it passes around the
model and, .as the air 1s constrained to a smaller cross-
sectional area, the velocity correspondingly increases.
This increase in the velocity is generally considered
separately. For an open-throat tunnel a physical
interpretation of the jet-boundary effects may be
obtained by considering that the mass of moving air
which is affected by the model is not so large as the
mass which would be affected if the model were in an
unlimited air stream. The alr stream thus undergoes a
greater deflection and curvature and a greater expansion
in paszing over the model than 1t would experience if it
were of infinite extent. The effect of the jet bounda-
ries for an open-throat tunnel is therefore generally

of opposite sign from the effect of the tunnel walls

for a closed~throat 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 12 and
bibliography.) Since jet-boundary interference is
discussed adequately in many reports, any further dis-
cussion in this paper is deemed unnecessary. In
table I are listed the various reports from which
numerical values of the different corrections for a
number of model-tunnel arrangements may be obtained.

For those cazes in which the same information is repeated
in several reports, only one of the reports is listed.
Detailed illustrative examples of the methods of calcu-
lating jet-boundary corrections are given in references ©
and 10.

The information on blocking corrections for sym-
metrical bodies presented in reference 2 is a summary
of the best data available. A discussion of the use of
the electric tank for determination of blocking correc=-
tions for three-dimensional nonlifting bodies is glven
in reference 14. An approximate rule for estimating
the blocking corrections for a 1lifting wing in closed-
throat tunnels is to multiply the indicated dynamilc
pressure by the quantity 1 + Z%T where A/A' 1is the

fraction of the cross-zectional area of the tunnel
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blocked off by . the model. . This simple empirical factor
was derived from the results of unpublished tests to
determine the blocking correction for the 1ift of two-
dimensional-flow models as well as from results of a
few tests to determine the corrections for three-
dimensional wings. Tt should be noted that the data on
blocking corrections for symmetrical bodies given in
reference 2 indicate that the correction varies as the
square of the area blocked off,whereas the experimental
data on lifting wings indicate that the correction
varies linearly as the area blocked off.: The numerical
values are roughly the -same, however, for the usual
moderate~size models. The simple rule for estimating
the correction is fairly accurate for aerodynamically
clean bodies such as plain wings. For bluff bodies or
bodies of any other form. that creates a large wake,
such as a wing with a split flap, an additional correc-
tion due to the static-pressure gradient generated by
the wake should be made as outlined in reference 2.
This additional correction is in good agreement with
the experimentally determined additional correction
obtained from the-tests with split flaps deflected.

The calculations of reference 2 indicate that for
an open-throeat tunnel the change in dynamic pressure
caused by Blocking effect for an aerodynamically clean.
body is of the opposite sign and much smaller in magni-
tude than that for a closed-throat tunnel. The addi-
tional correetion for the blocking effect caused by the
wake static-precssure gradient of a bluff body is essen-
tially zero in an open-throat tunnel.

Criterions of Similitude

The criterions of similitude that are of primary
importance to wind-tunnel testing are the air-stream
turbulence, the Reynolds number, and the Mach number.
It 18 rarely possible to satisfy these three criterions
gimultaneously on the model. The usual procedure is to
attempt to satisfy one or two. of the criterions
that would be expected to have the greatest effect for
the tests under consideration.

Turbulence is defined as a rapid variation in
velocity at a point with time. Although the qualitative
effects of turbulence are fairly well known, the theory
and data available are not sufficient to permit the
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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
data from other wind tunnels or from flight tests or to
gtudy further the turbulence effects. The Reynolds number
and Mach number are also quantities for which no completely
satisfactory methods of correction have been devised.

For purposes of comparison with other data, their values
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,
it may be desirable for some tests, in which Mach number
effects are egspeclally critlical, to speeclfy not only the
average Mach number of the air flow but also the local
Mach numbers near the supports.

Correction Methods

The successful applicatiom-of corrections to wind-
tunnel data is dependent on the type of tunnel used for
testing. Two methods are available for general use and
for convenlence are designated herein *nefhod A and method B.
Method A, which is based on a,clear-tunnel air-flow survey,
1s more stlajmhtf0fwara and is believeéd.to be more accurate
than method B, which is based on a survey with .the model
support struts in place.. The main emphasis @f the discus-
sion contained herein is therefore placed on method A.
Method B is recommended only for use in large open tunnels
in which mechanical difficulties associated wigh mounting
exact-image supports sbove the model for tare and aline-
ment estimations become- excessive,

Method A.- This method is based on an air- flow

survey with no model or supports in the tunnel (to be
called the clear-tunnel aurvey) and the tares are deter-
mined in such a way as to include all the effects caused
by the support struts or wires, The tares are ordinarily
the first corrections to be applied to the measured data.
If the tares are defined as the total effect of the
support system, their subtraction from the measured data
leaves the data in 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 is that obtained
from the clear-tunnel alir-flow survey. The next correc-
tlons to be applied are the corrections to the angle of
attack 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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effects of the support system and the nonuniformities

in the air stream. If the jet-boundary corrections are
applied along with the blocking corrections, the data
then represent the model in an unlimited uniform air
stream. Although, properly speaking, the blocking cor-
rection is an effect caused by the presence of the
tunnel walls or jet boundaries, it is most easily
applied in the second step simply as a correction to the
value of q wused in computing the coefficients. One
variation from this procedure, which is sometimes used,
i{s to apply the jet-boundary corrections befdre the

tare corrections. The tares must then be corrected for
jet-boundary interference. The difference in the
results from the two methods will generally be negligible.
In this report the tares will be determined so that they
may be applied first. .

Method B.- As has been previously noted, method B
is based on an air-flow survey with the support struts
in place. The tares determined by use of this method
include any effects of the support system that have not
been accounted for in the air-flow survey. If the basic ot 5
air-flow survey is made with the supports in place, the
effect of the supports in causing changes in dynamic
pressure and alr-flow angularity has been dccounted for.
The tares for this system should then include only the
air forces on the exposed parts of the support system
plus the effects of the model on the supports. The
procedure for determining the tares by this method 1s
different from that of method A, After the tares have
been applied, the coefficients are computed with a
dynamic-pressure value for the supports in place. The
correction procedure from this point on is the same for
method B as for method A.

Wake-Shadow Effects

Some additional effects that should be accounted
for in both correction methods are those caused by the
"wake shadow.! The wake shadow 1s defined as the loss
in total pressure and dynamic pressure and the posaible
changes in air-flow angle, static pressure, and turbu-
lence that occur when the wake of the model is carried -
around the return passages of the tunnel without being
diffused or dissipated. The change in q caused by the
wake is called wake blocking. The effect of wake block- -
ing on the model may be taken care of by applying a
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correction to the value of gq wused for computing the
coeffieclents. '

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

The wake shadow need not necessarily pass directly
over the model to cause large errors. For example, if
the .wake in traveling around the return passages is
‘defleeted well below the model, it will pass near the
static orifices (used to indicate the dynamic pressure)
on the floor of the tunnel. If the static orifices
on the roof and floor are not connected symmetrically,
the resulting air flow through the connecting tubes
will then give erroneous indications of the dynamic
pregasures It might be noted that: if the difference in
air pressure between the orifices is large, the air flow
through the tubes may be turbulent inctead of laminar
and the indicated dynamic pressure will be erroneous
even though the orifices are connected symmetrically.

Incorrect design of the guide vanes, the tunnel
propeller and nacelle, or the return passages may
result in very irregular or pulsating air-flow condi-
tions. In particular, introducing the model in the
wind tunnel or changing the model attitude may cause
air-flow separation somewhere in the return passages
and change appreciably the air-flow conditions. Although
this condltion is not properly a form of wake shadow, it
is detected and corrected for in much the same manner as
wake shadow.

DETAILED CALIBRATION AND CORRFCTION METEODS
Calibration
Air-flow survevs.- The first step in the calibration
procedure is the measurement of the air-flow conditions

in the tunnel with the model removed. Tor correction
method A outlined in the preceding section, the support




14 NACA ARR No. IL4E31

struts must also be removed from the tunnel. For correc-
tion method B, the support struts must remain in the
tunnel. The first source of inaccuracy of the second
gystem may be mentioned here. It is difficult to measure
thhe dynamic pressure near and at the support system
becauee, in practice, pert of the support system 1s

enclosed in the model and any changes in velocity caused

by these otherwlse enclosed parts are thus errors.

The air-flow surveys should be made over a plane
perpendicular to the alr stream at the position to be
occupied by the wing of a mecdel to be tested. Usually
this position is at, or very near, the support-strut
location. The survey should be made at various poilnts
on a line across the tunnel at seversl heights to cever
all possible model variations. This originel tunnel
survey should be made rather accurately and completely.
Unless some alterations are made to the tunnel or unless
some change in the air-flow conditions has been indi-
cated, only occasional check surveys will be necessary.

The measurements over this survey plane may be made
with a combined pitch, yaw, and pitot-static tube and
with manometers measuring total pressuvre, static pres-
sure, and air-flow angularity with respect to the drag
axis of the balance system. Some details on the con-
struction and use of these instruments can be found in
references €, 15, and 16. The measurements are made
for & constant readin® - on the manometer connecting

the two sets of static orifices These orifices are
static-pressure holes set into the walls of the tunnel
at two sectlons upstream ofgthe model. The difference

in pressure between the two sets of orifices is a
function of the dynamic pressure. The static orifices
at each section should be connected in a symmetrical
manner to minimize the effect on the presspre readings
of any flow between the orifices caused by the model
pressure field or by a wake shadow. From the total
pressure qnd static pressure measured at each point in

‘the survey plane, the impact pressure may be obtalned.

The measurements should be repeated several times to
improve the accuracy.

The accurate measurement of the air-flow angularity
(or alinement angle) with the yaw head is probably the
most difficult part of the tunnel calibration. Most
yvaw heads cannot be expected to measure angles to a
greater accuracy than O .259 (reference 15). An error
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in the alinement angle of 0.,25° will cause an error in
the drag results of 0.0044Cy, which is excessive. The

alinement angle at each section may be determined some-
what more accurately by use of a faired curve through a
great many points obtained by repeating the tests. The
difficulty in obtaining more accurate readings is probably
caused mainly by the lack of sufficient rigidity in the
mounting support for the yaw head and by the errors made
in measuring the initial setting. The support should
therefore be designed with the greatest care; a support
spanning the tunnel rather than a cantilever support should
be used. BEBrect and inverted yaw-head tests with the same
mounting ‘system are desirable. Because of the relatively
lar%e inaccuracy of the yaw-head measurements, the aline-
ment angles are generally determined from actual model
tests, as is shown later in the section “Alinement-Angle
Correttions." The alinement angles measured by the yaw

. head may still be of value, howéver, if 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 alihement angle as determined
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 static pressure must be measured at a number of
points along the longitudinal axis of the tunnel over
enough distance to include the complete length of any
model likely to be tested. If the static pressure is not
constant, a buoyancy correction to the drag will be neces-

. sary. The measurements of the static-pressure gradient

must be made very carefully. Rathe# long static-pressure
tubes have ‘been found most satisfactory for this work. In
any case, the static-pressure tube must be carefully

calibrated.
L 2

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

Turbulence measurement.- Although corrections are
usually not applied for air-stream turbulence, the value
of the turbulence cshould be known and can be measured
when the tunnel surveys are made. The turbulence of the
wind tunnel may be determined by sphere tests, described
in reference 17, provided the tunnel is at least mod-
erately turbulent. If the tunnel is a low-turbulence wind
tunnel, it will be necessary to use hot-wire-anemometer
equipment (reference 18) to determine the turbulence
level of the air stream. The méasurements should be
checked with several instruments and should be made at
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several tunnel airspeeds because the increased tunnel
and motor vibrations that accompany & rise in tunnel
speed often appreciably increase the turbulence.

For an extremely low-turbulence tunnel with con-
ditions approaching free-air conditions, the hot-wire
method becomes inadequate because various disturbing
influences, such ag the vibration of the wire, cause
readings to be higher than those caused by turbulence,
Comparative turbulence measurements in such cacses may
be estimated from tests of low-drag airfoils that are
very sensitive to changes in turbulence.

Corrections

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

Dynamic-pressure factor.- In order to determine
the dynamic-pressure factor, the value of gq measured
at each point on the survey plane is divided by the
static-orifice pressure difference h and the values
of q/h are plotted against the distance across
the tunnel in a spanwise direc%ion. A curve drawn
through the points gives the dynamic-pressure variation
across the tunnel. The dynamic pressure for any given
model test is then equal to the static-orifice pressure

difference as observed during the test times the average

value of gq/h across the model span. A mechanical
integration of the q/h curve can then be made across

the model span. Thus,
b/2

q = %“[‘ £ day. (3)
=b/2

If the spanwise variation of ¢/h 1is large, how-
ever, the valuesg of gq/h should be weighted according
to wing chord for tapered wing models to give a better
approximation.

. pp/2
q=3 /‘ (a/n)c dy (4)
J-v/2

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

to the spanwise 1ift distribution for the 1ift calcu-
lations and according to the spanwise drag distribution
for the drag calculations. This procedure obviously
involves an excessive amount of work with only a small
increase in accuracy over that of equation (4).
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If the method of tunnel operation is such that it is
possible to maintein a given h during a test run,
this procedure may be reversed and the value of h *to
be used can be calculated for any desired q. Curves
mey be plotted of q s&against h as found from equa-
tion (4) for a wide range of model spans and plan forms
and the densgity of the manometer liquid should be taken
into account. Tse of these curves will save time, as
they make it unnecessary to compute gq or h for each
test or each test point.

Corrections to the value of q for the effects of
wake blocking and displscement blocking must be made 1if
these effects are found to he appreciable. These cor-
rections devend upon the model configuration, however,
and are thus not concerned with the clear-tunnel cali-
bration.

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

q :_].'_ 5
T (5)
whe re
W R RN
He Bl vt F Y A FRA s (6)

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

i

o

g sl 2 i b .
M—Y-]-(L_H%D> '-]- (7)

If the true velocity is desired for use in computing the
Reynolds number or the advance-diameter ratio for power
or propeller tests, the air density during the test
must be known. In order to calculate this density, 1t
is necessary to know the temperature of the air in the
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test section. The ucsuel method is to measure the tem-
perature at the low-gspeed section ahead of the entrance
cone and to calculate the test-section temperature from
the equation

T AL
& H-p\}"
=2 _(1 - - ) / (8)

The correct density is then

H b 1/“(
(= —e) (9)

As the correct value of both g and p are now known,
the velocity can be calculated. 'The velocity may also
be computed from the formula

©
1}

o) =

=1

v = m/ ¥ RT, (10)

If the model is large and near the static orifices,
a further correction to g may be necessary 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
fields of flow around airfoils and streamline bodles in
wind tunnels and is generally fairly small.

Alinement-angle corrections.- The alinement angle,
obtained from the yaw-head surveys, is usged in cor-
recting the angle of attack and the drag. The angle
used must be obtained from an integration (mathematical
or experimental) across the model span. As mentioned
previously, however, the angles obtained from the yaw-
head surveys are usually not accurate enough for use
when precise drag results are desired. For example,
consider a low-drag airfoil with a design 1lift coeffi-
cient of 0.4. An alinement-angle error of 0.1° causes
an error of 00007 in the minimum 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 1s
macde with 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 1is

Cp = Cpg_ * Org 57.3 (1)

The signs of all coefficients and angles are taken with
respect to the tunnel. For the inverted model (fig. 2(b)),
he correct drag coefficient is

Cp = Cp S CL,‘ 1o

3
o1 St 57.3

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

C >0
DSI LSI 57.3

but, according to the sign convention,

TR
L, Lsg

Thus,

CDSI - cDSE
€ = 57.3 (13)
2CT,q

~E

The difference in drag between the value for the
model erect and the model inverted is then plotted
against 1ift coefficient and the slope cf a straight
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line faired through the points is rmultiplied by 57.3/2

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

all other effects have been correctly accounted for. It
is necessary therefore to account for the tares with the
utmost 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 image supports (fig. 2) mounted on the opposite
side of the wing from the normal supports. The tares are
thus automatically accounted for by this test procedure.
It is also very important that the leakage effects around
the support strut or fairing be exactly reproduced 1n

the dummies. Tests in two different wind tunnels have
shown errors of as much as 0.25 in the alinement angle
due to incorrect leakage reproduction. The average aline-
ment angle determined in this way will be welghted
according to the spanwise load distribution as can be seén
from the following derivation:

At eny section

Ad Le

i

EClcq dfj

The total-drag correction is then

b/2
AD = Jf €cycq Ay
~b/2

3 ~b/2
ACp = 35 J €cycq 4y (14)
Jop/2

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

\
\
b
’

-
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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 gpan is not great enough to
result in an effective aerodynamic twist. If the
alinement 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 believed that the extra time
required with this procedure is unnecessary and that the
accuracy may be increased if a little more time and care
are taken in the original tunnel calibration to determine
the alinement angle for different wing configurations.
Several wings, of different spans and plan forms and
preferably with transition fixed by means of transition
strips, ehould be tested with and without partial-span
flaps in order to determine the alinement-angle varia-
tion with wing configuration. Because the drag coeffi-
cients are compared at a constant 1ift for the erect and
inverted model, the airfoll section used will have no
effect on the results, unless the airfoil drag is
unusually sensitive to transition, surface roughness,
and so forth. In this case, much more care is required
g thel besibse.

The alinement-angle measurements made with the yaw
head may now be checked by the use of € 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, ¢€gy,

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

values of Eavw will agree with the force-test results

within the required accuracy. If they do not, the values
of € at each point as determined from the yaw head may
be raised or lowered slightly until the calculated and
measured values of €av, 88ree. This procedure is of

use only when the variation of ¢ from point to point
across the tunnel is greater than the accuracy of the
yaw-head readings. In such cases the yaw head will
generally give a smaller percentage error in the varia-
tion from point to point than in 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 alinement angles should be used for the 1ift and

for the drag. The error 1lnh using €, as the angle-
. w ¢

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

For the correction method B, the alinement angle
to be used should be that with the supports in the
tunnel. It is customary to use the alinement angles
measured by the yaw head. In case accurate drag meas-
urements are desired at moderate or high 1ift coeffi-
cilents, this procedure will probably not be sufficiently
accurate. A partial over-all check on the final accuracy
of this second procedure may be obtained by comparing
the final fully corrected data obtained from erect- and
inverted-model tests of symmetrical wing models.

If any difference exists in 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,
ACm =AE EE; (16)
dCy,
where EZ; will depend upon the model configuration,
t

attitude, power condition, and so forth.

If the alinement-angle variation is not symmetrical
about the tunnel center line, small rolling and yawing
moments will result and may be used as additional condi-
tions to be satisfied. The rolling- and yawing-moment
corrections are usually rather small and of the same
gign for the erect-model and the inverted-model tests,
however, and thus are difficult to distinguich from the
effects of asymmetry of the model.

The method of determining the weighted alinement
angle from force tests at large values of Mach number
below the critical speed is essentially the same as at
small values of Mach number, although extra care is
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required to minimize interference effects. At Mach
numbers at which the supports or parts of the model
near the supports have reached a critical speed, the
difficulties and uncertainties in obtaining tares
become excesslve. No satisfactory technique for
obtaining support tares at supercritical speeds has
yet been developed.

Buoyancy correction.- An extensive theoretical
investigation of the effects of a static-pressure
gradient will be found in references 2 and 3. Most
closed-throat wind tunnels are so designed that the
static pressure in the region to be occupied by a model
is constant and no correction is regulred. If a
gradient does exist, the drag correction is proportional
to the product of the gradient and the effective volume
of the body, and the proportionality factor depends on
the shape of the body. A good approximation to the cor-
rection for a three-dimensional body may be found from
the equation

m

.
it Ag«g 1x (17)

2

=
vI1.B,

A closer approximation may be found by multiplying the
correction as found from this equation by v'/v where
the effective volume +v' 1s found by the methods pre-
sented in references 2 and 3.

Tares for correction method A.- The method of
determining the tares will depend mainly upon the
physical limitations of the tunnel., In fact, it is the
limitations imposed by the tunnel on the method of meas-
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 runs are called the normal supports and the sup=
ports on which the model is mounted for tare tests are
called tare supports. In the usual procedure for tests,
the model is mounted on the tare supports and two tests
are run - one with dummy supports (representing the
normal supports) in place and one with the dummy sup-
ports removed. The difference in the measured data
between these two tests is then taken to be equal to
the tare.
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Two possible ways are available for running the
tests., The model may be mounted in the normal position
on an auxiliary tare-support system constructed to
measure sll forces and moments; one test may be run
with the normal supports or dummy supports (exact y
images of the normal supports) in place and another with
the normal supports or dummies removed.
s to mount the model inverted on an auxiliary tare
support or on the normal supports, which then become the
tare supports for the tare tests, with dummy supports
connected to the model for one test and removed for the

second test.

Another method

A basis for the discussion of tare-test procedure
will be provided by some gereral tare equations repre-
senting correction method A with all tests run with the
normal position. The derivation is some-
what arbitrary, especlally with respect to the inter-
ference terms. The main purpose of the equations,
however, 1s to show the inaccuracies and approximations
involved in the usuval tare cdeterminations and to indil-

model in the

cate methods

of improving the accuracy.

For this purpose

any of several ways of writing the equations will give
the same results.

The symbols L and D refer to the equivalent
1ift and drag; that is Lyl + & is
2 ’ M T

the 1ift of the model mounted on the tare supports.
211 the forces are reduced to coefficient form and a
q is used for simplicity and clarity in

clear-tunnel

clear-tunnel

the derivation and subsequent discussion.

Tt will be

shown that the accuracy of the tare determinations may
be improved by some modifications to this procedure.
Tn the derivation presented, only the equations for the

drag coeffic

ient are shown.

The derivations of the equations for the 1ift and
pitching-moment coefficlents are similar to the deriva-
tion of the equation for the drag 'coefficient. The
equation for the 1ift coefficient will be the same as
that for the drag coefficient except that Cp and OCp

are intercherged and the signs of the alinement-angle

terms are reversed.

The alinement-angle terms are

negligible, however, 1ln the lift=-coefficient equation.
The pitching-moment-coefficient equation will have the
same form as the drag-coefficient equation without the
alinement-angle terms.
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For the derivation, the model is assumed to be
mounted in the normal erect position with the tare and
dummy 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 because the
interference effects between the tare and dummy supports
may be expgssive. - . The.elfcct of Stbhe lnterference wlll

be shown by the equations. The tare-support system shown
is uged for illustration, however, because it glves
simpler equations than for the case of the inveérted model.
The changes in the equations required for the case of the
inverted model (fig. 5) 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)),

CpySa = Dy(1 + 1) + Dp(1 + 8y) + Dryp - (€ + Aep)Cr;Sa

where
CDlsq drag scale reading, pounds
CLlsq 1ift scale reading, pounds

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

Dp(l + &y)  tare-support drag in presence of model but
not including changes in air-flow angularity,
transition, and so forth,caused by model

L interference drag of both model and tare
MT supports resulting from mutual changes in
air-flow angularity, transition, and so
forth. (Note that the word "“interference"

1s used here to denote any effects obtained

in addition to the sum of the effects
obtained from the separate parts.)

Then,

Dy(L + 6p) Dp(1 + 6y) PIyp :
= - + e - C 18
CD]_ Sq Sq Sq ( gt A€T> Ll ( )

From tests of model on tare support with dummy support
or normel support in place (fig. 4(b)),
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Dy(1 + &7) (1 + 8p) Dr(1 + 6y (1 + &p)
CDE . o] + Sq

Dp(1 + 8 (1 + 67) | Dyeof2 e o7)
Sq Sq

o

- o (e + dep + Aep) (19)

The tare is taken as ACDDTCD2 - CDl

ACpp = Coy [(1 + o) (1 + 8p) - (1 +-6T)]

+ opp [(1 + e (2 + p) - (2 + om)

-4

CDD{KI + &y (1 + GT)] + CDIND(l + 6p) + CDIMTGD

+

CDITD(I 4" By e(cLz - C1,)

dep(Cr, = Crp) - Aeplr, (20)

From the test of the model on the normal support
(fig. 2(€));
D
i Dy(1 + By) N Dy (1 + By N by (e + e}t .
DS - sq Sq Sq N L5
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If the dummy supports are exact images of the
normal support (as they should be) or, better yet, if
the normal supports instead of dummies have been used,
all terms with subscript N will be equal to the _
corresponding terms with subscript D. The model coef-
ficient corrected for the tare drag is CD5 - ACDD; then

Op = Cp,, E} +8p) - (1 + 6p)(1 + p) + (1 + op)

+

Opp[(1 + &) = (1 + Op)(1 + 6Mj]
+ CDD[ZI + &y ) -(1 + dy)(1 + aT)] - cDIMDﬁT
.= Opy_8p - CDITD(l + 0y) = (O, - Or, *+ Cry)

* AeT(CL2 - CL1> - AGD(CLS - CL2>

or
Cp = Cp, = ACp,
= CDM(l - 6pbp) - CDT(l + 8y)op - CDD(l + 8y)bp

- - ~ +
CDIMDGT CDITlGD cDITD(l &)

- &Cq # AETACLD + AeDACLT (22)
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If the tare determinations are made with the model
mounted inverted, it is assumed that the tare supports
are in the same position in the tunnel for these tests
as for the erect-model tests with the dummy supports on
the opposite surface of the model. (See fig. 5.) The
signs of some of the terms are reversed for the tare
tests with the model inverted. In this case also, the
11ft tare is ACIm =C¢. = Ug instead of Cp_ - Cg

N 1 2 2 3

as for the tare tests with the model erect. 1In the
final 1ift equation all terms that arlse because of the
presence of the tare support have the opposite sign
from that indicated in equation (22). For the drag
equation, the signs of some of the alinement-angle terms
are so revercsed in the derivation that the equation will
be

Cp = Cp, = &Cp,
= Opy(1 - 810p) - Cpp(L + Oy)Op - Cpp(1 + By)orp
- Cpy 01 - Cpy 8D - Cp; g (LA
- €0y - R€ACp, + AephOp, + AeghCp (23)

In equatlonq (22) and (23) the quantities desired
are GCp = VL: and Cp = UDM = ECy . The €Cg, term 1is

the alinement-angle correction term. The rest of the
terms in the equations are quantities that must be deter-
mined in another manner or must be reduced to a negli-
gible amount in order that their effect may be neglected.

The alinement-angle corrections to 1lift have
already been shown to be negligible., In all the equa-
tions for 1ift tares, the alinement-angle terms may
therefore be neglected. From an examination of the equas=
tions it can also be seen that if the tare tests (sub-
scripts 1 and 2) are reduced to coefficient form by the
use of & dynamic pressure equal to q(l + B obtained
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from an air-flow survey with the tare supports in place,
all terms multiplied by &p 1in the final equation will

be eliminated. The factor 1 + &p will affect some of
the other terms in the equation and the equation becomes

6D - 1+ G'VI
oL ML (t1+ s, ytha’ % ¢ P gy

D D m)Cp D D
M <1 e 5T> L( ) T IMTJ (1 * 6p/) Pigp

- €Cp, + AepACp_ + AepACr, A (24)

with the same changes ags previously noted for the tare
tests of the inverted model. The factors Op and Op

will be of the order of 0.03 to 0.05 and all undesirable
terms now remaining in the equation are second-order
effects except the CDITD term, which is small if the

tare and dummy supports are fairly far apart. Usually,
these terms are neglected but if greater accuracy 1is
required an estimate of their magnitude may be worth
while. The quantity ZeL\CL,\I appearing in the equation

for the tare tests with the model inverted 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+~6W)C +C

) i DT DI P/IT
can be measured by mounting the model by means of some
other system, such as wires or cables, in the usual
position with relation to the tare supports but not
connected to them. Measurement of the forces on the
tare supports will in this case include the interference
of the model on the supports. The main part of the
interference of the supports on the model is included
in the terms 1 + &p and Aep appearing in the equa-
tions. If this method is not available, the quantity

. ks b

(1 + 6MDCDT % CDIMT may be approximated. Measurement
of the forces on the tare support alcne with the part of
the support to be enclosed in the model well faired will
give Cpp. The factor Oy can be estimated from

pressure-distribution curves for the region where the
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supports are attached to the model. The quantity CDINT
1

is more difficult to estimate.

The factor ©&p may be found quite easily by a com-

parison of the dynamic-pressure surveys made for the
clear tunnel and the supports-in-place condition. The
quantities AETACLD and AEDACLT along with the inter-

ference factor CDITD are mutual interference effects

between the two sets of supports that must be determined
or eliminated. In most cases, the errors caused by
neglecting the interference effects will be within the
accuracy of measurement. For example, when a value of
tare 1ift equal to 0.02 (fig. 1) is used, a change of
alinement angle of 0.3° at the wing 1lifting line would
cause the increment of drag coefficient from the

AcTACLD term in the preceding equations to be approxi-

mately 0.,0001. The AEDACLT term should be of the

same order of magnitude. An examination of the available
air-flow surveys indicates that the main change caused
by the support struts is a curvature of the air flow

over the supports with little change in the average

angle across the wing span ~ that is, the average change
in alinement angle is probably much less than 0.3°.

The equipment and methods used in making the tare
tests should be designed to eliminate or minimize the
interference between the two sets of supports. The
interference effects may be minimized by using tare and
dummy supports that are located as far as possible from
each other on the model. When the two sets of supports
are located on opposite surfaces of the airfoil at the
same spanwise station, it can be shown that the induced-
drag part of the tares may occur as a double error in
the results rather than disappearing as might be expected.
It should also be remembered that the quantities
AETACLD and AGDACLT actually represent a spanwise

integration of the values at each section. The main part
of the changes in alinement angle A€p and A€p will

occur in the vicinity of the tare and dummy supports,
respectively, . The farther spart the two sets of supports
are located the smaller are the terms AGTACLD and

AeDACLT. Several possible ways of mounting two sets of
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supports to reduce the mutual interference effects are
shown in figure 6.

From aerodynamic considerations, a wire support
system (fi%. 6) satisfles rather well most of the
requirements for a good tare-support system. Wire
supports cause little change in air-flow angularity and
little change in dynamic pressure. Several objections
%o a wire support system are evident: Not all tunnel-
balance frames are so constructed that the wire system
may be used; the wires must be preloaded the same for
both tare tests in order to eliminate changes in wire
drag due to changes in wire tension; the large drag of
the wires decreases the accuracy of determining the tare
drag; and the installation of a model with a wire balance
is difficult. 1In addition, the wire support system wilil
probably have a low critical speed and cannot be used
when high Mach numbers are required. The support system
shown in the center of figure 6 will probably also be
unsatisfactory from a compressibility standpoint. It has
been found that the wing-tip supports must be designed to
avoid appreclable 1ift tares; that is, the crosa section
must be circular or some similar shape. The critical
speed of such a strut would then be low. If the two sets
of supports are placed at a distance from each other, it
can be assumed that, for all practical purposes, their
mutual interference effects will be negligible. For tare
determinations of complete models mounted on a single
strut at the fuselage or for stability and control tests
in which the absolute drag is not of prime importance,
the method of mounting the model inverted on the normal
support for tare tests 1s satisfactory. An additional
point with re%ard to tare tests is the important effect
that may result from any open slots on the suction slde
of the wing at the point of attachment of the tare
supports. Experience has shown that any such slots
should be sealed and faired smooth.

If the tare and dummy supports must be placed close
together as in figure 3, the interference terms A€TACLD,

AeDACLT, and CDITD may be determined by the use of a

third set of supports in conjunction with the usual tare
and dummy supports. If this procedure is followed,
results from three instead of two tests will be available
for determining tares in order that the interference
effects may be found. The use of this procedure would
probably not be justified, however, unless the tares are
very large or unless the interference effects are
expected to be appreciable,

Tares for correction method B.~ For correction
method B, the original air-flow survey is made with the
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normal support in place and includes the effect of the
supports on g and ¢. The tares should therefore
not include any changes in g and € caused by the.
supports. The 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 supports on the model not included in
the air-flow survey, such as transition changes or
separation effects on airfoils at the point of attach-
ment of the suppert to the model.

The direct air forces on the supports and the inter-
ference of the model on the supports can be measured by
mounting the model independently of the balance by means
of cables and measuring the forces on the balance. In
order to measure the effects of the supports on transi-
tion and separation changes on the airfoll, it is neces-
sary to have a set of dummy supports. The model is
placed on the tare supports or normal supports and the
dummies are placed close to, but not in contact with,
the model. The difference between this test and one
without the dummies gives the interference effect of
the dummies. An example of this procedure in use in
the Langley full-scale tunnel is shown In reference 19.

The foregoing procedure is subject to several
inaccuracies. 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 supports on q and ¢,
Part of the effects of the supports is thus apparently
accounted for twice. The errors caused by this condi=-
tion may be minimized by reproducing in the dummies
only that part of the supports near the model.

In the correction method B the dynamic pressure
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 be shown that in method B the error in
determining the tares will be ©0p times the total forces
rather than ©Op times the forces on the tare support as

for the correction method A. In order to correct for
this factor, it would be necessary to have a clear-tunnel
air-flow survey to determine ©Op. On the whole, it

appears that the correction method B will seldom be as
accurate as method A and should be used only when 1t is
the only reasonable procedure aveilable.
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Wake shadow.- As stated previously, the wake
shadow may cause changes 1n total head, static-pressure
gradlent, dynamic pressure, alinement angle, and turbu-
lence. The existence of a wake shadow may be determined
quite easily from total-pressure surveys made at some
section of the tunnel 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, especially
near the static orifices in case the wake is deflected
from Stheieeriter o tthierfbunneds

It would seem that no exact solution of the prob-
lems of wake shadow is possible. .Cne method of esti=-
mating the value of q when wake-shadow blocking 1s
present 1s that used at the lLangley full-scale tunnel.
This tunnel is of the open~throat type and it has been
found that the static pressure at the model position
with only the support struts in the tunnel is equal to
the pressure in the test chamber., For any particular
model the total pressure over a plane somewhat ahead
of the model and the static pressure in the test
chamber are measured. The average value of q may
then be found from an integration across the model span

This method does not appear to be readily or accurately
applicable to closed-throat 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 a
wind tunnel, the best procedure would probably be to
modify the tunnel by adding scréens or diffuser vanes
in such a way that the wake shadow would be eliminated.

Wake Survey Tests
The preceding discussion has been concerned with

corrections to the results of tests in which the aero-
dynamic forces and moments are measured by means of
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the balance system on which the model is mounted. 1In
order to determine the variation of the profile drag
along the wing span, wake survey tests are often made.
These surveys have also been used to determine the com-
bined drag tares and bucyancy corrections for some
models (reference 20). This method of testing requires
considerably more time than force tests but is the

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

For the wake surveys, the effect of the supports is

accounted for by computing coefficients by use of a

dynamic pressure determined for the air-flow surveys made
with the supports in the tunnel. The actual q at each
point along the span rather than the average value of q
must be used for determining the local profile-drag coef-

fiecients. Of course, corrections for compressibllity,
wake shadow, displacement blocking, and so forth, must
be made as for the force tests, but jet-boundary and

alinement-angle corrections to the drag are unnecessary.
Jet-boundary and slinement-angle corrections are applied

to the angle of attack.

The total profile-drag coefficient is obtained by
a summation of the section profile drag measured along
the span.
Jea cq dy
~ — ——————— 2
“Do Jea dy )

Meesurements made at or near the svpports will
include the profile drag of the supports. The drag of
the supports 1s eliminated by plotting the values of
cG,cq across the span and fairing a smooth curve

through the points, the values measured near the supports
being ignored. The integration indicated in equation (25)

is then performed for the faired curve.

It is suggested that wake-survey measurements may
be vsed to check the accuracy of the over-all correc-
tions to the drag - that is, force tests are made with
all necessary corrections applied. The induced drag .
1g then accurately calculated and subtracted from
these results to give the profile drag. If the




NACA ARR No. I4E31 35

corrections applied are accurate, this profile drag
should check that determined from wake surveys across
the entire wing. This procedure would also be expected
to be most reliable at low 1lift coefficients because

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

EXAMPLES OF CURRENT PRACTICE

Langley 19-foot pressure tunnel.- The calibrgtion
and correction procedure used in the Langley 19-foot
pressure tunnel follows closely the procedure outlined
as correction method A. Tare tests are made with the
model mounted inverted, the normal supports used as
tare supports, and a set of exact-image 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
corrections are necessary. Total-pressure surveys
ahead of a typical model failed to disclose any evidence
of a wake shadow. The empirical formula given previously

3 5 Z%T is used to correct the dynamic pressure for
displacement blocking.

The tunnel-wall-interference corrections are applied
as the first corrections after the data are reduced to
coefficient form and bhefore any other correctlions are
applied. This procedure is used for all test runs,
including tare tests.

Langley 7- by 10-foot tunnel.- In the Langley 7- by
10-foot tunnel, correction method A is used and the
order of applying the corrections is the same as that
given in the discussion. This tunnel is a low-speed
high-turbulence tunnel used chiefly for stability and
control tests; therefore, most of the refinements
suggested in the preceding discussion, particularly for
precise drag determinations, are unnecessary.

Models in this tunnel are mounted on a single sup=-
port strut, which 1s sealed as it passes through the
bottom of the tunnel. Tares are determined by mounting
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the model Inverted on this normal support strut and
using a dummy strut that is an image of the lower
strute « oIk lsr-usneéessary. boseconvert the tares s
coefficient form before their application to the model
data because a constant predetermined dynamic pressure
can be maintained. 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 checked occasionally. Because the variation in ¢
across the tunnel is not enough to show any difference
for the two standard wings, the weighting procedure
for different wing plan forms is not necessary. Changes
of the order of 0.2° in the alinement angle have been
noted over a period of several years. The necessity of
periodic check teste is thus indicated. The accuracy
of the drag balance makes possible the ﬁetermlnation of
the allnement angle to within about OC. 05" The impor-
tance of exactly reproducing the tunnel leakage condi=-
tione for alinement-angle and tare tests was demonstrated
in the Langley 7- by 1l0-foot tunnel when alinement-angle
teste were run after a new streamline fairing had been .
added to the support strut. Tests made with the lower

end of the strut having about a %-inch annular gap but

with the dummy sealed showed an alinement angle of
0.1°. When the gap was completely sealed, the alinement
angle was changed to -0.1°.

In the region occupied by the model the static-
pressure gradient is substantially zero and no bucyancy
correction is necessary.

Because relatively large models are often tested
in such tunnels, & rather extensive investigation of the
tunnel-wall interference has been conducted for 7- Dby
10-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 is used. .
All tests are computed from air-flow surveys made with
the support struts in place., The alinement angle used
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in correcting the data is that obtained from the yaw-
head surveys with supports in place.

Several methods are used for determining tares.
One method used is that described previously for
correction method B, in which the tares are determined
in two parts (reference 19). Another method used fre-
quently at present for measuvring drag tares is the
wake-survey 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 spanwise stations and very small
intervals are used near the support-strut location. A
smooth curve is obtained for the variation of profile
drag along the wing at some distance from the support.
As the support is approached, the drag rises considerably.
It is assumed that the wing profile drag will show a
uniform variation; therefore, a curve is arbitrarily
faired, and those points near the support are neglected.
The integrated difference between this curve and that
drawn through the measured values of profile drag gives
the tare.

It is in the Langley full-scale tunnel that the
problems of the wake shadow have probably been investi-
gated most extensively. The existence of the wake shadow
was discovered during tests to check some calculated jet-
boundary corrections (reference 4). Its effects were
investigated on 2 full-size airplane by measuring the
dynamic pressure and static pressure at several points
near the airplane in flight and then in the tunnel. A
comparicon of the results showed a decrease of about
6 percent in the average dynamic pressure around the
airplane when placed in the tunnel. In addition, the
static-pressure gradient was altered in such a way as
to cause an increase in drag of about & percent of the
minimum drag when the airplane was placed in the tunnel.
These figures were obtained for a biplane that was
rather unclean aerodynamically. For airplanes of modern
design the effects of wake blocking are considerably
smaller. For plain airfoils, for which no flight tests
were available, it was necessary to make a theoretical
estimate of the undisturbed field around the airfoil.
The effects of the airfoil field of flow were then sub-
tracted from the measured total pressure, dynamic
pressure, and static pressure at a point ahead of the

airfoil to obtain the corrected values.
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The correction for wake blocking is now obtained by
measuring the total pressure ahead of a model and the
static pressure in the test chamber, which is equal to
the static pressure at the model position, and applying
Bernoulli's theorem to obtain the free-stream dynamic
presisure.

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

Measurements have shown that the effect of the
exlit cone of this tunnel on the air flow behind a model
is of approximately the same magnitude as and of
opposite sign from that due to jet-boundary interference.
The pitching-moment corrections that are required to
account for the Jet-boundary interference are thus
usually negligible.

CONCLUDING REMARKS

Detailed methods have been presented for determining,
to a high degree of accuracy, the corrections to wind- -
tunnel teste of three-dimensional 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 remembered, however, that the most reliable
results are generally obtained in that condition for
which the required corrections are the smallest. If,
during the air-flow surveys and alinement-angle tests,
any marked irregularity is evident in the air streamn,
the best procedure would probably be to modify the wind
tunnel to eliminate the necessity of large corrections
to the measured data. Screens and deflector vanes
properly located can be used to adjust the air-flow
conditions to obtain more uniform flow or to eliminate
any serious effects of wake shadow. Sealing the support
struts and fairings and any other openings in the tunnel
will help to eliminate some of the uncertainty in deter-
mining tare, alinement-angle, and static-pressure-
gradient corrections. Careful design of the support A
struts and their means of attachment to the model will
minimize the tare correcticns.
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The accuracy to which the corrections must be deter-
mined and the time to be spent in calibrating the tunnel
must ultimately be decided by the tunnel operator from
considerations of the purpose for which the tests are
being conducted, the precision required in the final
results, and the time available for determining and
applying the corrections.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va.
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TABLE I.- SOURCES FOR NUMERICAL VALUES OF JET-BOUNDARY CORRECTIONS OR CORRECTION FACTORS

Reference
Corrections Rectangular tunnel Circular tunnel Elliptic tunnel
Open Closed Open Closed Open Closed
Average across wing 7 7 and %8 2 and 7 2 and 7 7 and bll 7 and by
Angle of
attack Weighted according to chord €10
Average across wing 7 7 and %8 2 and 7 2 and 7 7 and P11 | 7,P11, ana %12
Induced
drag Weighted according to span e
load distribution 10
Rolling moment 89 and ®10
Yawing moment 89 and ®10 13
f,en &
Pitching moment, downwash angles, and wake f f,82, 1,87 ag b b
location % : =y a9 ;nd ciO 1n 1 L i
Lift 8g and €10
Streamline Pitching moment 88 and 10
curvature
Hinge moment €10
a .
Tunnel width, 10 ft; tunnel height, 7 ft. NATIONAL ADVISORY
brunnel width-to-height ratio, V2:1. COMMITTEE FOR AERONAUTICS

CTunnel width, 20 ft; tunnel height, 7 ft.

dTynnel width-to-height ratio, 1.366:1.

®Tunnel width, 10 ft; tunnel height, 7 ft for

frunnel width-to-height ratio, 1:1,

€Tunnel width-to-height ratio, 2:1.

refloction-plane models.
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Fig.

(&) Mode/ erect

(b) Mode/ inverted.
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(@) Model on tare support. (b) Model on tare support with du'nmg (¢) Model on normal supports.
supports in place. .

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure 4.- Test setups for tare tests run with mode! in the erect position.
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(a) Model on tare supports. (b) Model on tare supports with dummy  (c)Model on normal supports.
supports in place.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure 5.- Test setups for tare tests run with model I1n the inverted pos'ltlon.
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