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ATRFOIL PRESSURE DISTRIBUTION INVESTIGATION IN THE VARIABLE DENSITY
WIND TUNNEL

By EastMaN N. Jacoss, JoEN Stack, and RoBeErTr M. PINKERTON

SUMMARY

With a view to extending the knowledge of the aero-
dynamics of lifting surfaces, the distribution of pressure
over one section each of six airfoils has been measured in
the Variable Density Wind Tunnel of the National Adri-
sory Commitfee for Aeronautics. The following air-
foils wereinvestigated: N.A.C. A.86-J,N.A. C. A. 84—J,
N.A.C.A84NA.C.AA-6,ClarkY,andB. A. F.30.

Pressure-distribution diagrams, as well as the inte-
grated characteristics of the airfoils, are giren for both a
high and a low dynamic scale or, Reynolds Number Vi,
Jfor comparison with flight and other wind-tunnel tests,
respectively. It is concluded that the scale effect is very
important only at angles of attack near the burble. The
distribution of pressure orer an airfoil having @ Joukow-
skt section 1is compared with the theoretically derived
disiribution. A further study of the disiribution of
pressure over all of the airfoils resulted in the derelopment
of an approximate method of predicting the pressure
distribution along the chord of any mormal airfoil for
all attitudes within the working range if the distribution
at one attitude 18 known.

INTRODUCTION

Two distinet methods have been commonly used in
investigating the aerodynamic characteristics of air-
foils. One consists of measuring the mechanical forces
required to support a wing in an air stream, the other
consists of measuring directly the air pressures acting
on the surface of the wing. Tests of the first type are
spoken of as force tests, and of the second type sas
pressure-distribution tests. If all of the air forces were
transmifted to the wing by the action of pressure alone,
the results of a pressure-distribution test would be
more complete than the resulfs of a force test, because
the total forces acting on the wing could be obtained
by integration and, in addition, the results would show
how the forces are distributed. Aectually, through the
action of viscosity, shear forces which are not measured
in a pressure-distribution test are transmitted to the sur-
face of the wing. Such forces account for only a small
part of the total airforce acting on a wing except at angles
of attack near zero lift, but are sufficiently large at any

angle to make the drag determination as obtained by
integrating the pressures of little practical value.
Investigations of the distribution of pressures on
airfoils have been conducted heretofore both in flight
and in-wind tunnels, but most of them have dealt
chiefly with the relation of the load distribution to the
strength of airplanestructures. Diserepancies between
flight and tunnel tests have been attributed to scale
effect, but previously such tests never had been con-

ducted at both a high and & low Reynolds Number _

under otherwise similar conditions in order to study
eny differences in the aerodynamic characteristics of
airfoils which result from changing the dynamie scale.
Force tests at & high and at & low scale had been con-
ducted in the Variable Density Wind Tunnel, in order
to study the scale effect on airfoils, but force tests give
little information coneerning any differences in the dis-
tribution of the air forces at the different dynamicsecales.
Pressure-distribution tests have not heretofore been
made in the Variable Density Wind Tunnel because of
the mechanical difficulties involved in making the
measurements at the higher pressures.

The present investigation was undertaken with the
object of increasing the general knowledge of the aero-
dynamics of lifting surfaces, but with particular refer-
ence to the distribution of pressures over airfoils at &
large scale or Reynolds Number. The tests were con-
ducted in the Variable Density Wind Tunnel of the
National Advisory Committee for Aeronautics. Air
pressures were measured at several points along the
midsections of six airfoils. In order that the experi-
mental and theoretical pressures could be compared,
two airfoils of the Joukowski type were included, the
85—J (a symmeirical airfoil), and the 84—J. A third
airfoil, the N. A. C. A. 84, is s modification of the corre-
sponding Joukowski airfoil (Reference 6). This air-
foil was included so that the effects of flattening the
lower surface of a Joukowski airfoil to provide a more
practical form could be studied. In addition to these
airfoils, three well-known airfoils of about the same
thickness were included, the R. A. F. 30 (a symmetrical
airfoil), the Clark Y, and the N. A. C. A.M-6. The
latter airfoil was included in order to obtain data
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on the distribution of pressure over a cambered airfoil
having a reflexed mean camber line to produce an
approximately stationary center of pressure.

TESTS AND APPARATUS

The measurement of the pressures over the surfaces
of the various airfoils treated in this investigation
have been made at 3-degree intervals over a range of
angle of attack from zero lift to well beyond maximum
lift, and at eir densities of approximately 1 and 20
atmospheres. The M-6 tests, which were performed
some time after the other tests, were made at an air
density of 2 atmospheres with check runs at 8 atmos-
pheres, and observations were made at 1-degree inter-
vals for the low angles of attack.

A description of the Variable Density Wind Tunnel,
inYwhich these tests were performed, together with a
statement of the principles on which its operation is
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Two different types of manometers were required to
measure the pressures because of the large differences
between the pressures encountered at the different
air densities. For the 1-atmosphere or low-scale tests
a multiple tube alcohol manometer, manually operated,
was employed. A tube of this manometer was con-
nected to each orifice in the wing, and one iube was
connected to a static pressure orifice in the return
passage of the tunnel which had been calibrated to
measure the dynamic pressure. Records were taken
by exposing a sheet of photostat paper placed against
the tubes of the manometer. This same procedure
was used for the 2 and 3 atmosphere tests, excepting
that carbon tetrachloride was substituted for aicohol
as the manometer liquid. The 20-atmosphere or
high-scale tests required the use of an automatic record-
ing photomanometer. A description of a similar
instrument is given in Reference 2. Each cell of this
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F1aUrE 1.—The redesigned variable density wind tunnel

based are given in Reference 1. The description there
~given is, however, of the original closed throat tunnel.
In its present form the tunnel differs from the original
chiefly in that it is now operated as an open throat
type. A diagrammatic sketch of the new tunnel is
presented in Figure 1, and a photograph of the model
mounting with a model in place is shown in Figure 2.

The models were of mahogany with pressure tubes
inlaid. The chord was 10 inches and the span 72
inches, so that the models extended across the 60-inch
jet and into the dead air space on either side. The
section over which the pressures were measured was
located at midstream. The locations of the orifices
along this section are given in the tables of Figures 3
to 8. The M—6 model differed from the other models
in that its chord was 8 inches and its span 36 inches.
It was mounted on the balance wing supports since, at
the time this test was performed, the original mounting
had been dismantled.

" the orifice calibration factor.

manometer was connected to an orifice in the wing,
and the pressures at all orifices were recorded simul-
taneously for a period of about 5 seconds at each anglo
of attack. The dynamic pressure was measured
independently by means of an alcohol manometer
connected to the calibrated static pressure orifice.
In all cases the reference pressure for the manometers
was that in the dead air space surrounding the jet.

RESULTS

Vealues of the ratio p/g, the local pressure p at cach
orifice measured with respect to the pressure in the
dead air space about the jet divided by the dynamic
pressure ¢, were determined for plotting for the 1, 2,
and 3 atmosphere tests by taking the ratio of the deflec-
tion in each tube to the deflection in the tube connected
to the static pressure orifice and multiplying it by
The 20-atmosphere or
high-scale values of this ratio were determined in a
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different manner. Here it was necessary to determine
first the pressures corresponding to the deflections on
the records, since each cell of the manometer had a
different calibration. These pressures were then
divided by the dynamic pressure which had been
determined independently. The plots constructed
from these values were integrated mechanically to
obtain the normal force and moment coefficients,
which are defined by the following expressions:

The results are presented in Figures 3 to 8. Each
figure is complete in itself and presents, in addition to
the pressure-distribution diagrams, a table giving the
ordinates of the sairfoil and the orifice locations, a
sketch of the particular profile to which the figure
applies, and plots of the normal force and moment
coefficients. The pressure-distribution diegrams for
the Iow and high scale have been plotted on a common
chord so that they may be easily compared.

FIGTRE 2. —Model airfoll mounting for pressare-distribution tests

F A

Cxr=—, Cu= Se where F is the resultant pressure '

gS
force normal to the chord and 3{ is the corresponding
moment about a point one-quarter of the chord behind
the leading edge.

The pressures over the lower surfaces of the sym-
metrical sections treated in this investigation, the
R.AF. 30 and N.A.C.A. 85-J, were not measured,
since the conditions over the lower surfaces of these
girfoils at any particular angle of attack are the same
as the conditions over the upper surface at the same
numericel angle of oppositesign. Thus, thedistribution
of pressure over the lower surface 2t +3° was taken
the same as the distribution over the upper surface
at —3°.

In compering the curves it must be remembered
that the high-scale tests were less accurate than the
low-scale tests for several reasons. The model mount-
ing lacked sufficient rigidity to maintain accurately its
angle calibration when subjected to the large forces
encountered during a high-sesle run. The width of
the lines on the photomanometer records was of the
order of that which would be produced by pressure
pulsations of +10 per cent of the dynamic pressure,
and last, the manometer cells were subject to errors in
their respective calibrations. Further recent studies
of the effect of temperature on the calibrations of the
manometer cells bave shown that errors as high as 10
per cent may have been introduced in this way. A
part of the difference between the bigh and the low
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scale results of these tests may, therefore, be due to

inaccuracies of measurement.
DISCUSSION

Integrated Characteristios.—Airfoil characteristics
obtained from pressure-distribution messurements
over one section of an airfoil will differ somewhat from
characteristics obtained from force tests. The greatest
difference should sppear in the forms of the normal
force coefficient curves at maximum lift. The burble
should be more critical for these tests, since the results
are dependent on conditions at one section only,
whereas force test results are mean values for many
sections, all working at different effective angles of
attack. The maximum normal force coefficient may
be expected to be greater for these tests than for force
tests because these measurements are made at the
midsection, and the less efficient tip sections do not
influence the results. The slope of the lift curve, too,
will be affected by the type of test. This character-
istic is dependent on down flow, and as each saction
along the span works at a different effective angle of
attack, the force test results will represent the mean
value. 'The results of these tests represent the condi-
tions at the center section and, accordingly, for
airfoils of the same over-all aspect ratio these tests
should indicate & steeper slope than force tests. How-
ever, as the aspect ratio for these tests is problematical
due to.unknown end effects, differences in slope due to
type of test can not be predicted. Since the moment
coefficient is approximately independent of the angle
of attack, and since skin friction contributes little to
the pitching moment, agreement is to be expected
between the values of the moment coefficient as
determined from the two types of tests.

That these deductions might be verified, & compari-
son of the characteristics of the Clark Y airfoil as
derived from these tests and from representative force
tests has been made. The comparative results are
shown in Figure 9. The plots shown in the figure
verify the expected difference in type of burble. Pre-
dictions as to the probable behavior of the other
characteristics are likewise substantiated. While it
is true that the difference in Reynolds Number for the
results shown in Figure 9 is rather large, very little of
the differences can be ascribed to scale, since previous
experiments indicate small scale effects after the
Reynolds Number reaches a value approximately
equivalent to that of the force tests.

Scale Effect.—The results of these experiments indi-
cate that the effects of scale on the distribution of
pressure over airfoils is important only in the neighbor-
hood of the burhle. An examination of Figures 3 to 8
indicates that the general effect of increasing the scale
is to delay the burble. This effect is more pronounced
for the symmetrical sections (figs. 3 and 4) than for
the nonsymmetrical sections. The ultimate result is

an increase in the maximum normal force coeflicient
and an increase in the useful angular range of the
airfoils. This increase in the angular range of angle of
attack may lead to peak pressures near the nose of

- airfoils in flight, that are higher than the correspond-

ing pressures indicated by low-scale tunnel tests. For
example, the maximum negative pressure recorded near
the nose of the R. A. F. 30 airfoil at a scale correspond-
ing to that used in most wind tunnels was approxi-
mately three and one-half times the dynamic pressure,
whereas at a scale corresponding more nearly to that
of flight, maximum negative pressures of over cight
times the dynamic pressure were recorded. Over the
normal working range of airfoils, however, where the
drag is low, the results of pressure distribution tests
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FIGURE 9.—Normal force and moment coefficients versus angle of attack

on models are not subject to important scalo effect
corrections.

Compa.nson with Theoretical Pressure Distribu-
tion.—The validity of the theoretical methods for
determining the pressure distribution over airfoils is
doubtful because of certain simplifying assumptions
which must be made so that the mathematical rela-
tionships of the analysis will not become unmanage-
able. The reliability of the analysis can be determined
only by a comparison with actual results, and accord-
ingly, the pressure distribution has been measured over
an airfoil for which the theoretical distribution is
known, and a comparison has been effected as part of
this investigation. The high-scale results, because of
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the relatively smaller effect of viscosity, might be ex-
pected to agree more closely than the low-scale results
with the theoretical pressure distribution.

The N. A. C. A. 84-J, a Joukowski airfoil, was
chosen for this investigation because the theoretical
distribution of pressure could readily be determined.
The theoretical method employed (Reference 3) re-
quires, in order to define the airfoil, the establishment
of the values of the mean camber (f/l) and thickness
(8/1) which are, for this parmcular airfoil, 0.15 and 0 05
respectively.

The graphical method of Trefftz, given in the above

reference, was used to obtain the ratio Tf’ the local

velocity ©» at a point on the surface of the airfoil
divided by the free stream velocity V. The corre-
sponding value of the ratio p/¢ was obtained by apply-
ing Bernoulli's theorem in the form:

3
vla=1-(3)"

The theoretieal pressure-distribution disgrams are
compared with the measured results in Figure 10,
The comparison is made at equal values of the normal
force coefficient and the dissimilarity between diagram
forms is self-evident. This might have been expected,
gince it iz well known that the theory of airfoils in a
nonviscous fluid predicts s lift curve slope which is
greater than the experimentally predicted slope of an
infinite wing. A study of the figure will give interest-~
ing results. For example, considering the theoretical
diagram having Cypr=1.28, it is at once noted that it
compares more favorably with an experimental dis-
gram having a lower angle of attack apparently in the
region of 3° to 6°. This indicates thet the diagrams
might be better compared on a basis of equal angles
of attack, the angle for the experimental results being
the effective angle of attack, i. e., ‘“the angle of attack
at which an airfoil of infinite span (in air, a viscous
fluid) would give.the same lift coefficient as the airfoil
of finite span under consideration’” (Reference 7).
This comparison is not possible, in this instance, since
the down flow produced by the wing in the tunnel is
not known. However, it should be noted that for
diagrams at the same angle of attack the theoretical
diagram will have the greater area. This means, then,
that the full theoretical value of the circulation about
an airfoil at any given angle of attack is not actually
attained.,

Differences between the theoretical pressure dis-
tribution and results of high and low scale tests can
be observed by referring back to Figure 5. It is
obvious that the low scale results agree with the
theory equally as well as the high scale results while
the flow is steady. The high scale results do, however,
show a slightly greater range of similarity to the theo-
retical since the effect of increased scale is to increase
the range of steady flow.
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Prediction of the Force Distribution along the
Chord.—The difficulties involved in an analytical de-
termination of the forces over airfoils having empirical
profiles are so great that experimental methods only
have been used. Inasmuch as some of our most com-
mon profiles are empirical, it would scem appropriate
that the problem of analytically determining the air-
force distribution on such airfoils be given some
attention. A study of this question in connection with
these tests has resulted in the development of an ap-
proximate method for determining the force distribu-
tion over any airfoil provided the distribution at zero
lift is known.

The theory of the thin wing, as developed by Munk
(Reference 5), separates the air forces acting on any
wing into two parts. The first of these two are forces
which produce the lift and no moment. They are so
distributed along the chord that their resultant ecis at
a point one quarter of the chord aft of the leading edge
regardless of the airfoil shape. The second part
consists of forces which produce a couple but no lift.
The distribution of these forces is such that the value of
the couple remains constant for all angles, and is de-
pendent only on the shape of the mean camber line of
the airfoil.

If we assume that the distribution of the air forces
which produces the lift is independent of the airfoil
shape, basing this assumption on the theory that their
resultant point of application is independent of the
airfoil shape, we can determine this part of the air
force distribution for any desired value of the force
coefficient by caleculating the distribution over a
theoretically derived symmetrical section. In the
same manner, if we assume that the distribution of the
air forces which produce the moment is independent of
the lift, basing this assumption on the theory that the
value of the moment is independent of the lift, we can
determine this part of the air force distribution by
measuring the pressure distribution at zero lift. The
force distribution on the airfoil will then be obtained
by adding the lift and moment distributions.

When the force distribution on the airfoil at zero
lift is known, to find the distribution corresponding to
any value of the force coefficient, it is only necessary
to add the force distribution which will produce the
desired force. This distribution has been calculated
after the method of Reference 4 for a symmetrical
Joukowski section of 10 per cent thickness. Thenormal
force distribution diagram for & normal force coeffi-
cient of 1.0 is reproduced in Figure 11. The ordinates,
Plg, of this diagram represent the ratio of the differ-
ential pressure P, between the upper and lower sur-
faces, to the dynamiec pressure g. They are practically
proportional to the force coefficient and, therefore,
only one diagram has been calculated theoretically.
The diagrams for other values of the normal force
coefficient are obtained by multiplying the ordinates
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of the disgram in Figure 11 by the normal force coef-
fictent. To check the validity of this assumption
the distribution of pressure at zero lift as determined
from experiment has been deducted from the experi-
mental distributions for each airfoil, and the ordinates
of the resulting diegrams have been scaled to give a
normal force coefficient of 1. A mean curve has been
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Fiatee 11.—Lift force distribution for Car-=1

drawn for these diagrams and is presented in Figure
11 for comparison with the theoretical.

The force distribufions over the nonsymmetrieal
profiles treated in this investigation have been calcu-
lated, and are compared with the experimental values
in Figure 12. The major differences occur at the high
foree coefficients, but disagreement could be expected

in this region since the assumptions of the theory no
Ionger hold true. Closest egreement between the calcu-
lated and experimental foree distributions is shown by
the M-6 airfoil, probably because the experimental
pressure distributions over this airfoil were measured
with greater accuracy.

CONCLUSIONS
1. The accuracy of these experiments is insufficient
to justify conclusions regarding small differences in
the distribution of pressure over airfoils as a result of
scale effect. It may be concluded that the scale effect

| is very important only at angles of attack near the

burble.

2. The present investigation would indicate that the
method of predicting the force distribution over
airfoils as outlined in this report is sufficiently accurate
for practical purposes.

LANGLEY MEMORIAL AERONAUTICAL LLABORATORY,
NaTionan ApvisorY COMMITTEE FOR AERONAUTICS,
LaneLEY FieLDp, VA., January 14, 1930.
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