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AIRFOIL SECTION DATA OBTAINED IN THE N. A. C. A. VARIABLE-DENSITY TUNNEL
AS AFFECTED BY SUPPORT INTERFERENCE AND OTHER CORRECTIONS

By Easruan N. Jacoss and Ira H. AmpoTT

SUMMARY

The results of an investigation of the effect of suppori
inderference on airfoil drag data obtained in the variable-
densily tunnel are presented. As a result of the support
interference, previously published airfoil data from the
variable-density tunnel have shown too large drag coeffi-
cients and too large a rate of increase of drag coefficient
with airfoil thickness. The practical effect of the correc-
tions on the choice of the optimum seclion is briefly
considered and corrected date for a selected list of airfoils
are presented as a convenience to the designer. Methods
of correcting published data for other airfoils are presented.

INTRODUCTION

Airfoil data obtained in the variable-density tunnel
(reference 1) have been published (references 2 to 6) in
forms that were considered at the time of publication
to be most useful to the airplane designer. In the
earlier publications (references 1 and 2), no corrections
other than those for tunnel-wall effects and to infinite
aspect ratio were applied to the data, and emphasis was
placed on the pressing problem of obtaining good com-
perative data for judging the relative merits of airfoils
rather than on obtaining absolute accuracy.

It was recognized that certain consistent errors were
present in the data, but it was thought that the effect
of these errors on the comparative value of the date
was not of primary importance. Support-strut inter-
ference, for example, was considered to be a possible
source of systematic error, but it was thought thet this
interference would not affect the order of merit of the
airfoils tested except possibly in the case of very sensi-
tive airfoils, which might also be similarly affected by
the wing-strut intersections of biplanes common at the
time. The turbulence of the air stream was thought
not seriously to impair the comparative value of the
data and, perhaps, even to be desirable, because the
extensive turbulent boundery layers occurring on the
models in the tunnel as a result of the turbulence would
also be found in practice at high values of the Reynolds
Number on conventional airfoils with the usual mod-
erately rough surfaces. It was also considered that
errors arising from failure of the conventional airfoil
theory to predict section characteristics accurately from

the model tests would largely disappear when the data
so derived were used to predict the characteristics of
wings approximating the seme plan form and aspect
ratio as the models.

The absolute accuracy of the data was, however,
improved from time to timie by the investigation of
consistent errors. An attempt to evaluate the effect
of support interference on the measured drag coefficients
was inconclusive (reference 4) and no corrections were
applied. The data were further improved by the ap-
plication of corrections for turbulence and for improve-
ment of the approximations to section characteristics;
The corrected coefficients were designated by lower-case
symbols, such as ¢z, as contrasted to the older O,
One of the chief effects of these corrections was to re-
duce the profile-drag coefficients, particularly for the
thicker airfoils.

As airfoil data at large velues of the Reynolds Num-
ber became available from the N. A. C. A. full-scale
tunnel (reference 7) and from foreign sources (references
8 to 13), even the corrected profile-drag coefficients ob-
tained in the variable-density tunnel appeared to be too
large. The discrepancy increased withairfoil thickness.
The important practical effect is that the date from the
variable-density tunnel apparently showed too large
a variation of drag coefficient with airfoil thickness;
Correct information regarding this variation may be of
primary importance to the airplane designer in choosing
the optimum airfoil sections for actual wings. .

Further investigations of this subject were under-
taken, one of the most important being an investiga-
tion: of three symmetrical sections, N. A. C. A. 0009,
0012, and 0018, under conditions of low.turbulencs in
the N. A. C. A. full-scale tunnel. Results from thig
investigation (references 14 and 15) indicate a smaller
increase in drag with airfoil thickness than is indicated
by the results from the N. A. C. A. variable-density
tunnel. Furthermore, comparative tests were made
in the two tunnels by applying strings to the surface
of the N. A. C. A. 0012 airfoil to move the transition
point to a predetermined position. These tests indi-
cated that, for this airfoil, the discrepancies were too
large to be ascribed to failure of the effective Reynolds
Number concept to correct approximsately for the drag
as affected by transition.
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Another correction, however, was suggested by the
investigation in the full-scale tunnel. Differences
between the results from force end momentum methods
of measurement suggested the presence of increments
of support-interference drag that increased with section
thickness. Further tests, made with additional dummy
supports, verified the presence of this type of support
interference in the fullscale tunnel. Tests were
therefore started in the variable-density tunnel to
investigate any variation of support interference with
airfoil thickness, in spite of the fact that previous
investigations (see appendix of reference 4) had shown
no definite corrections for two airfoils, the N. A. C. A.
0012 and 4412. Improvements of the balance of the
variable-density tunnel were expected to enable greater
accuracy than was obtainable from the previous bal-
ance arrangement. The results of this investigation
indicate that marked increments of support-interier-
ence drag, easily measurable, are present in the drag
results from the variable-density tunnel, the increment
increasing with airfoil thickness. _

The purpose of this report is to present the cor-
rections for application to published results from the
variable-density tunnel to give more reliable values
of section profile-drag coefficient for airfoils of various
thicknesses. The practical effect of the corrections
on the choice of the optimum section is briefly con-
sidered. Comparison is made between some corrected
drag data from the variable-density tunnel and from
other sources to show the extent of the existing agree-
ment. Corrected data for a selected list of airfoils are
also presented as a convenience to the designer.

METHOD

The standard method of testing in the variable-
density tunnel, the model supports, and the method of
determining the tare forces are described in reference 1.
The usual tare tests determine the tare forces on the
supports including the interference of the model on
the supports. The conventional method of determin-
ing the balance-alinement correction by testing a
symmetrical airfoil through positive end negative
angles of attack determines the effects of balance and
air-stream misalinement and any interference of the
supports on the model that is equivalent to a change
in air-flow direction.

The method selected for investigating the additional
interference of the supports on the model was the same
as that described in the appendix of reference 4. Tests
were made of each airfoil supported by three different
methods. Besides the method of using the usual sup-
port struts, tests were made with the models mounted
on the usual supports with the addition of special sup-
ports and with the models mounted only on the special
supports. The special supports consisted of three wires
attached to the quarter-chord point of the model at
each wing tip end of & sting and an angle-of-attack
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strut so located as to be as free as possible from aerc-
dynamic interference with the regular supports. The
sting was symmetrical with respect to the airfoil and
was attached near the trailing edge instead of to the
lower surface, as usual.

The tares due to the special supports were deter-
mined from data obtained from the tests with the models
on the regular supports with and without the special
supports. These tares were then applied to the data
obtained with the model on the special supports alone;

‘the results were then compared with the data obtained

in the customary manner to determine the unevaluated
interference caused by the usual supports. Thismethod
does not eliminate balance deflections arising from
sources other than aerodynamic forces on the model
and the supports. A test was accordingly made with
no model nor supports in the tunnel; the result showed
that no such balance deflections were present.

The scope of the present investigation was limited
to the study of the profile drag at low and moderate
lift coefficients at the highest value of the test Reynolds
Number ordinarily obtained (about 3,000,000). Tests
were made of the N. A. C. A. 0012, 0018, 0025, 0030,
and 0040 symmetrical airfoils to study the variation of
support interference with airfoil thickness. The N. A.
C. A. 43012, 43018, and 8318 airfoils were also tested
to obtain an indication of the variation of support inter-
ference with camber.

RESULTS AND DISCUSSION
MINIMUM PBOFILE-DRAG COEFFICIENTS

The effect of the support interference on the measured
section minimum profile-drag coefficients is shown in
figure 1. The increment of the minimum profile-
drag coefficients caused by the support interference is
plotted against airfoil thickness for the five symmetrical
and the three cembered airfoils tested. The points
for the five symmeirical airfoils lie on a fair curve
passing through zero at zero airfoil thickness, the
scatter of the points being small when consideration
is taken of the difficulties involved in these tests.
The points obtained for the N. A. C. A. 43012 and
43018 airfoils fall close to but on opposite sides of
the curve for the symmetrical airfoils. The camber of
these airfoils (4 percent) is about the upper limit of
camber for the commonly used airfoils, The point
obtained for the N. A. C. A. 8318 airfoil falls 0.0007
above the curve and would seem to indicate an in-
crease in support interference for highly cambered
airfoils. In this case, however, the point for the
N. A. C. A. 43018 airfoil would be expected tofall
between those for the N. A. C. A. 8318 and 0018 air-
foils; whereas it falls slightly below that for the sym-
metrical airfoil. Inasmuch as each point was oblained
from the results of three tests, two of which (those
with the wire supports) were made with very large
tare forces, the displacement of the peint for the
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N. A. C. A. 8318 airfoil from the fair curve is only of
the order of the possible experimental error.

The shape of the curve of figure 1 suggests that the
interference may be largely of the nature of a buoyancy
effect, in which case the interference should be primarily
8 function of airfoil thickness; and other factors, such
as camber, should ordinarily be minor variables. Ac-
cordingly, because the present tests fail to show sig-
nificant variations with camber and because it is not
considered practicable to make such tests for a large
number of airfoils, the values obtained from the faired
curve of figure 1 will ordinarily be used to correct the
measured minimum profile-drag coefficients. These
values are thought to represent the correction with
sufficient aceuracy for most applications of commonly
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FIGURE 1.—Variation with alrfoll thickness of the Inecrement of minimum proflle-
drag coeficlent caused by support interfarence for the N. A. C. A. varlable-density
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used airfoils. The applicability of these values to
data obtained at other values of the Reynolds Number
is more doubtful, but such application appears to offer
the best approximation possible at this fime and,
aeccordingly, will be made.

The corrected minimum profile-drag coefficients for
the symmetrical airfoils from 9 to 25 percent thick are
given in teble I. The second column of this tsble
gives the Cp values originally published in reference 2.

The third column gives the ¢z, values teken from

reference 5, except for the N. A. C. A. 0025. Some of
these ¢, values were obtained by correcting the Cp,

values for the drag increment (0.0011) to correct to
the effective Reynolds Number and for the tip-drag
increment (reference 4). The rest of the ¢4 values are
from the results of more recent measurements similarly
corrected. The fourth column gives the support-
interference increments taken from the curve of fig-
ure 1. The finally corrected cs values of the fifth

column were obtained from the third column by cor-

recting the data, according to the procadure suggested
200142 —40——34

in the appendix (equation (1)), for the support inter-
ference and for the revised correction for the effective
Reynolds - Number. Corresponding values obtained
from the support-interference tests are presented in

the sixth column. The principal result is presented

in the last column and represents the difference in
minimum profile-drag coefficients between the data
published in references 4 to 6 and those presented
herein. Other published data may be corrected by
the methods presented in the appendix.

TABLE I

DATA ON CORRECTION OF MINIMUM DRAG OF
SYMMETRICAL AIRFOILS

[Effectlve Reynolds Number, approximately 8,000,000
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s Qorrection increments are sums of increments resulting from support-interference
correction and change in method of correcting for effective Reynolds Namber.
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FIGURE 2.—Variation of minimom profile-drag coefficlent with airfofl thickness.
Effective Reynolds Number, 8,200,000

The application of these corrections results in &
greatly decreased variation of drag with asirfoil thick-
ness. This variation is shown for the N. A. C. A.
symmetrical, 230, 430, and 630 series airfoils in figure 2,
which may be considered a correction of figure 53 of
reference 5. It is evident that the smaller increase in
drag with section thickness will affect the choice of
wing sections. The best simple criterion for the selec-
tion of wing sections being considered the speed-rangs
index c,m,/cdumn, figure 3 has been prepared from the

corrected data of figure 2 to be used in connection with
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figure 61 of reference 5 to study the effect of the cor-
rection on the thickness of the optimum section. The
result of the comparison is shown in table II.

TABLE II

EFFECT OF SUPPORT-INTERFERENCE CORRECTION
ON OPTIMUM AIRFOIL THICKNESS

Thickness of section for
highest c:m.lcaon‘"

(percent chord)

N. A. C, A. airfoils

From
refe:&ence

Sjvmmetrical serles
230 I

The change in optimum thickness is evidently small
for airfoils without flaps. The losses agsociated with
an airfoil that exceeds the optimum thickness, however,
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become less marked so that a compromise airfoil will
tend to be thicker by a greater amount than is indicated
by table II. This conclusion is particularly significant
when full advantage can be taken of the fact that the
maximum-lift increment produced by a high-lift device
may increase with section thickness. The upper curve
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of figure 3 indicates that the optimum thickness for the
230 series may then incresse to 12.5 or 13 percent and
that the aerodynamic loss associated with thicker sec-
tions is considerably smaller than previously indicated.
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Comparison of the corrected data from the variable-
density tunnel with the available comparable dats from
other wind tunnels indicates s generally improved

agreement. The close agreement obtained for the
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FIGURE 5.—Varistlon of profile-drag coefficlent with thickness for N. A. C. A. 24 serles
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N. A. C. A. 0009, 0012, and 0018 airfoils in the N. A.
C. A. variable-density and full-scale tunnels (reference
14) is shown in figure 4.

Figure 5 shows a comparison between the profile-
drag coefficients at zero lift for the N. A. C. A. 24 serices
airfoils as obtained in the variable-density tunnel and
in the 5- by 7-meter tunnel of the DVL. The data
were not obtained at the same value of the Reynolds
Number, but the application of the correction tu the
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data from the variable-density tunmnel has reduced the
discrepancies.

Comparisons of minimum profile drag are made for
the N. A. C. A. symmefrical series airfoils in figures 6 to
9; comparisons of profile-drag coefficients at zero lift
are made for the N. A. C. A. 24 series airfoils in figure
10. In all cases, the data have been corrected to the
proper effective Reynolds Number and for tip effects
when necessary to make these data comparable with
those from the variable-density tunnel. The agree-
ment of the data for the N. A. C. A. 0009, 0012, and
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"\Q

0018 girfoils as obtained in the variable-density and the
full-scale tunnels is seen to be generally satisfactory.
The agreement of the data for the N. A. C. A. 0012
girfoil (fig. 7) as obtained in the variable-density tunnel
and in the British compressed-air tunnel (veferences
12 and 13) cannot be considered satisfactory. In
particular, the resuvlts from the compressed-air tunnel
do not indicate a decrease of the minimum profile-drag
coefficient with increasing Reynolds Numbers at the
higher Reynolds Numbers. The agreement of the
data obtained in the varisble-density and the com-
pressed-air tunnels (reference 12) for the N. A. C. A.

0025 airfoil (fig. 9) is setisfactory. In the case of the
N. A. C. A. 24 series airfoils (fig. 10), the chief discrep-
eancy between the date from the variable-density
tunnel and those from the 5- by 7-meter tunnel of the
DVL (reference 11) is that the data from the DVL
tunnel show & smaller rate of drag decrease with
increasing Reynolds Number.

‘"These discrepancies in the rate of decrease of the drag
with increasing Reynolds Numbers as shown for the
N. A. C. A. 0012 airfoil in figure 7 and for the N. A. C. A.
24 series airfoils in figure 10 are particularly important
because, for large airplanes, the drag data must be
extrapolated. The differences in the data are such as
to cast some doubt on the applicability of the recom-
mended extrapolation formula (reference 4), although
no better formula can be suggested at this time. The
need for additional data obtained at large Reynolds
Numbers in tunnels of low turbulence is obvious.
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YARIATION OF SECTION PROFILE-DRAG COEFFICIENT WITH LIFT
COEFFICIENT

Curves of section profile-drag coefficient plotfed
against section lift coefficient with the model mounted
on the wire supports and on the usual supports are
presented in figures 11 to 17 for seven of the airfoils
tested. The data obtained with the models on the
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wire supports include all corrections and represent the
best available approximation to the actual airfoil
section characteristics. The two curves of each figure
are comparable except for the presence of support
interference in the data obtained with the model on
the wsual supports. The displacement between the
two curves of each figure thus represents the support
interference.

The data of figures 11 through 17 show a tendency
for the support interference to decrease with increasing
lift coefficients, this tendency being more marked for
the cambered than for the symmetrical airfoils, This
variation, however, is not consistent. The determina-
tion of the profile-drag coefficient at other than small
lift coefficients from the support-interference tests was
complicated by the fact that the air-stream direction at
the airfoil was apparently dependent upon the support
systetn used, necessitating the determination of the bal-
ance and the air-stream alinement from the tests of the
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symmetrical airfoils. The data obtained were thought
not to justify the application of a varying correction
to the profile drag, and it was decided to apply the
support-interference correction for the minimum profile-
drag coefficient to all measured profile<drag coefficients.

The effect of applying this constant correction may be
to indicate an optimum lift coefficient that is somewhat
too high and to reduce the profile-drag coefficients at
high positive Lift coeflicients more than is generally
justified by these tests. Moreover, the effect of apply-
ing a proportional correction instead of a constant in-
crement to the profile-drag coefficients to correct them
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to the effective Reynolds Number is to reduce still
further the profile-drag coefficients at large lift coeffi-
cients. Figure 11 shows a curve of profile-drag coeffi-
cients for the N. A. C. A. 0012 airfoil as obtained from
wake surveys in the full-scale tunnel (reference 15) and
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corrected to the effective Reynolds Number to be com-
parable with the variable-density-tunnel data. It will
be seen that the profile-drag coefficients as obtained in
the full-scale tunnel at the higher lift coefficients are
lower than those obtained in the variable-density
tunnel, indicating that the application of a constant
support-interference correction probably does nof result
in too low profile-drag coefficients at moderate lift
coefficients.
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DATA FOR COMMONLY USED AIRFOILS

As a convenience to designers, corrected data for a
number of commonly used sairfoils are presented in
figures 18 to 59 and in table III. The left-hand side
of each figure presents the data for rectangular airfoils
corrected to an aspect ratio of 6 in free air but uncor-
rected for turbulence effects. The right-hand side of
each figure presents the best approximation to the sec-
tion characteristics, which are corrected as summarized
in the appendix. These data supersede previous data
published for these airfoils and are recommended for
design use until more reliable data are available.

CONCLUDING REMARKS

An investigation of the effect of support interference
on girfoil drag date from the N. A. C. A. variable-
density tunnel showed the presence in these data of
large support-interference increments, increasing with

REPORT NO. 660—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

airfoil thickness. The effects of these increments
were to make airfoil drag data from the variable-density
tunnel appear high and to show too large a rate of
drag increase with airfoil thickness. These increments
have been evaluated and the corrected data are recom-
mended for immediate use. A large amount of recent
data, however, has suggested that these, or other cor-
rections, to airfoil data obtained in the variable-density
tunnel will not produce ultimately satisfactory results.
It is planned, therefore, to obtain further airfoil section
data under test conditions more favorsble than those
in the variable-density tunnel.

LaneLEy MEMORIAL AERONAUTICAL LLABORATORY,
NATIONAL ApvisoORY COMMITTEE FOR AERONAUTICS,
LangLEy Fiewp, Va., February 18, 1933.
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APPENDIX

SUMMARY OF CORRECTIONS TO AIRFOIL DATA FROM
THE N. A. C. A. YARIABLE-DENSITY TUNNEL

As a convenience to designers in correcting previously
published data to be comparable with the data published
in this report, a brief summary of the corrections now
applied to airfoil section data is presented. These
corrections apply to data obtained after Jenuary 1931
and most of them have been. discussed in greater de-
tail in reference 4. The corrections are presented in
the order in which they are applied. Information is
also given to aid in correcting previously published data.

Corrections for tunnel-wall effects and to infinite
aspect ratio.—The formulas for correcting the data for
tunnel-wall effects and to infinite aspect ratio are given
in reference 1. Second-order effects not allowed for in
these formulas have been investigated and found to be
negligible for the usual tunnel tests. These corrections
have been applied to all published data.

Support-interference correction.—The support-inter-
ference increment as obtained from figure 1 for the
proper sairfoil thickness is deducted from the drag or
the profile-drag coefficients. A support-interference
inecrement of the pitching-moment coefficient of 0.002
(see appendix of reference 4) is subtracted from the
measured pitching moment. This second correction
has already been applied to all published data.

Corrections to section characteristics,—The first-
approximation section characteristics as obtained by
correcting to infinite aspect ratio are unsatisfactory,
first, because the airfoil theory does not represent with
sufficient accuracy the flow about the tip portions of
rectangular airfoils and, second, because the msasured
coefficients represent average values for all the sections
along the span; whereas each section actually operates
at a section lift coefficient that may differ markedly
from the wing lift coefficient. The following corractions
are therefore applied as a second approximation to the
section characteristics.

clmax=1'07OLma2
a;=0.96a,’
=0y’ +0.39C,, (deg.)

4y=Cy-0.0016C* —(1—6)0.0002 (¢ 5 6)

where ¢ is the maximum thickness of the airfoil in
percent of its chord and the primed values are those
obtained from the first approximation. For some
unusual cases, where the lift-curve peaks are very
gradually rou.ndmg with little loss of lift beyond the
stall, the maximum lift coefficients for the sections are
increased by 4 percent instead of by 7 percent. The

536

curve of profile-drag coefficient against lift coefficient

is modified at high lift coefficients (usually above about

Cz=1) owing to the change of €imez and the variation
of ¢4, along the span, resulting in final values of ¢, lower
than those given by the formula in this range of lift
coefficients (reference 4).

Turbulence.—The corrections for turbulonce are _-

made by use of the concept of an effective Reynolds
Number. The scale effects that appear in the tunnel
tend to correspond, in general, with those that would
appear in flight at a higher Reynolds Number, which is
therefore referred to as the “effective” Reynolds
Number. The effective Reynolds Number is obtained
by multiplying the test Reynolds Numher by tho
turbulence factor, which is taken as 2.64 for the variable-~
density tunnel. This correction to the effective
Reynolds Number necessitates a correction to the drag
coefficient; this correction is applied by mulitiplying the
profile-drag coefficient, after the foregoing corrections
have been applied, by the ratio of the turbulent skin-
friction coefficient of & flat plate at the offective Reyn-
olds Number to that at the test Reynolds Number.
This factor is taken as 0.85 for the usual test Reynolds
Number of about 3,000,000. Because of the presence
of induced velocities over the airfoil surface, this
method is considered more justifiable than the method
formerly used of subtracting a constant increment
from the drag coefficients (see pp. 19-22, reference 4)
but is obviously not applicable when large form drags
are involved. For flapped airfoils, an approximate
correction may be applied by subtracting the incre-
ments determined for the plain airfoil.

Correction of previously published data.—The im-
portant previously published airfoil data from the
variable-density tunnel may be placed in five groups as
regards the corrections needed to make the data com-
parable with those published herein. The five groups,
and the corrections necessary, are as follows:

1. The data of group 1 are uncorrected except for
those corrections described herein as having been
applied to all published data. The other corrections
should be applied in the order listed. These data are
subject to a correction arising from a consistent error
in measuring the dynamic pressure. If considered of
sufficient importance, these data may be corrected by
changing the coefficients to correspond to a reduction
of measured dynamic pressure of 0.5 percent. (See
appendix of reference 4.)

2. The data of group 2 are uncorrected except for
those corrections described herein as having boen
applied to all published data. The other corrections
should be applied in the order listed.
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3. The data of group 3 are partly corrected. The
corrections to section characteristics are satisfactory
except for the maximum lift coefficient, which should
be increased an additional 4 percent. A correction, no
longer considered justifiable, has been applied to the
aerodynamic-center position and may be removed by
shifting the published positions back from the leading
edge by 0.005¢ and by doubling the vertical distance
between the aerodynamic-center position and the chord
line. The profile-drag coefficients may be corrected
for the support interference and the revised correction
to the effective Reynolds Number by the following
formula:

€4,=0.85 (cdopn,,’l'O-OOll—AODomm) (1)

where ACp, . 1s the proper support-interference incre-
min

ment obtained from figure 1.

4. The only correction needed for the data of group 4
is the correction to the profile-drag coefficients given
in equation (1).

5. The data of group 5 need no corrections.

The data of the more important publications are
classified in the following table

CLASSIFICATION OF PUBLISHED AIRFOIL DATA
FROM THE N. A. C. A. VARIABLE-DENSITY WIND
TUNNEL

Published source
Group
g"i‘_’&gﬁée Figure or table

1 460 All material.
2 531 Al figures.

586 Flgu'es 2~-24,
3 537 Table IT.

556 All but s 2-24.
4 610 All material.

628 Do,
5 631 Table I.
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