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By Harold E. Cleary
SUMMARY

Pressure-distribution tests of six NACA lé-series
propeller sections with l~foot chords were conducted in
the NACA 8-foot high-speed tunnel to determine the
compressibility effects on peak section pitching-moment
coefficients. The data are presented as curves of peak
section pitching-moment coefficient sgainst Mach number,
thickness ratio, and camber.

The veak vitching-moment coefficients were found to
occur in the regions of positive and negative stall. For
these conditions, especilally for the thicker airfolls
and in the region of positlve stall, the critical speed
occurred at Mach numnbers as low as 0.30 and marked
changes of the peak moment coefficient occurred at
Mach numbers as low as 0.53. Increases in thickness and
camber were found to accentuate the compressibllity
effects on peak moment coefficient. ‘

INTRCDUCTION

The problem of the excessive twisting moments
developed by propeller blades and the consequent failure
of pitch-control mechanisms have aroused interest in the
factors contributing to these twisting moments. One of
these factors is the aerodynamic pitching moment of the
propeller-blade sectlons.

The conditions encountered on the blades for normal
propeller operation are bracketed between positive and
negative stall. The condition of positlive stall is
associated with take-off, climb, and pull-cut; and
negative stall might be associated with dive and dive
entry.
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The general effect of compressibility on the pitching-
moment coefficient is shown in references 1 to 3, but the
range of angle of attack tested 1s not sufficient to
include the conditions for maximum moments. Some moment
data are available for sections designed to delay adverse
compressibility effects (reference L), but again these
data are limited to conditlons below the points where the
maximum values, both positive and negative, of the moment
coefficient are reached. Further limitations of the
tests of reference l. are that the Reynolds numbers are
lower than for the present tests and the tunnel-wall
effects resulting from the larger ratio of model size to
tunnel size are larger. Because of the importance of
compressibility effects on airfoil characteristics, a
detailed investigation of these effects is being conducted
by the NACA. The present report includes a part of the
data obtained from tests conducted in the NACA 8-foot
high-speed tunnel on several airfoils covering repre-
sentative ranges of thickness and camber. The data
obtained in the present investigation constitute an
extension of the results of reference li, and part of the
data were obtained to study the effects of the differences
in the test conditions previously noted.

Use of 1l-foot-chord models gave practically full-
scale Reynolds numbers and reduced tunnel-wall effects.
Use of pressure-distribution measurements in the central
spanwise region of the models, which spanned the tunnel,
gave practically two-dimensional results. Particular
emphasis was placed on pressure-distribution tests rather
than force tests because the type of phenomenon that
occurs is more cleasrly illustrated. The Mach number
range extended from 0.12 to 0.68.

APPARATUS AND METHODS

The NACA 8-foot high-speed tunnel, in which the tests
were carried out,is a single-return circular-section
closed-throat tunnel. The airspeed is continuously
controllable from about 75 to 550 miles per hour. The
turbulence of the air stream, as indicated by transition
measurements on airfoils, is unusually low but somewhat
higher than that of free air.

Six models having NACA 16-209, 16-509, 16-709, 16-215,
16-515, and 16-715 airfoil sections of 1l-foot chord were
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investigated. Thirty pressure orifices distributed along
the chord were located at practically the same spanwise
station at the center of the air stream. The alrfoll
profiles and orifice locations are shown in figure i

The airfoil ordinates wsre calculated by the method
described in reference ..

The model, when mounted in ths tunnel, completely
spanned the jet (fig. 2). Except for suxiliary streamline-
wire bracing, required by structural considerations, the
standard NACA 8-foot high-spsed tunnel mounting and setup
were employed. Tests at low and medium speeds with and
without braces indicated that interference of the
auxillary supperts cn the flow at the measurement station
was negligible.

Measursments were mecde, for the most part, of the
chordwise pressure distribution-at the midspan reglon.
The surface orifices in the airfoil were connected to a
multiple-tube manometer located outside the test section.
The pressure tubing connecting the orifices was of small
diameter and was located within the wing. Simultaneous
recordings of the pressures at all orifices in the wing
were made by photographing the multiple-tube manometer,

The Mach number range extended from 0.12 to 0.68.
The Revnolds number range of the tests and the variation
of the Reynolds number with Mach number are shown in
R oRes 50

RESULTS

The data presented in this report are in the form
of dimensionless coefficients.
a angle of attack, degrees
M Mach number
cy section 1lift coefficient

Cm section pitching-moment coefficlent

/Local static pressure - Free-stream static pressure
b | 12
=PV
29
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t/c thickness=-chord ratio

critical Mach number, defined as the value of

o
free-stream Mach number at which & Mach number
of 1.0 is first attained at any point in the
flow field
R ' Reynolds number

Subscripts:

o ebout quarter-chord axis

Ce s about center-of-gravity axis
max maximum

e critical

Determination of the location of the center of
gravity of a large number of this series of airfolls
 indicates that the genseral expression for center-of=
gravity location of & homogensous section is

R 0.8l x Chord

Yo.p. 0.0435 x Design 1ift coefficient X Chord

where Xg,g, 18 distance behind the leading edge and

yc.g. 1s distence abeve the chord.

A sample plot of the variation with angle of attack
of the 1ift coefficient and the pitching-moment coef-
ficients about the quarter-chord and center-of~-gravity
axes for the airfoil sections reported herein is given
in figure li. These data are for the NACA 16-509 airfoll
at a Mech number of 0.33., The values cf 1ift and moment
coefficients were determined by integration of the
normal-pressure distribution, Analysls has shown that
up to the value of maximum 11ft coefficient the normal-
force coefficient and the 1ift coefficlent are essentially
the same.

Peak valucs of moment coefficient for all the air-
foils at all values of Mach number tested were determined
from plots similar to figure o The values referred to
as "peak roment coefficients" are those for which the
slope of the moment variation with angle of attack is
zero. Higher values may be obtained beyond the stall.
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The moments taken about the quarter-chord point are
of interest in wing design because this point has closely
epproximated the aerodynamic center of the older con-
ventional airfoils. Consideration of the moments about
the center-of-gravity axis enters into propeller design,
for which the sectilons reported herein were primarily
developed.

The variation of the peak section moment coef-
ficients about the quarter-chord and center-of-gravity
axes with Mach number is presented in figure 5. The
scatter shown by some of these results is a consequence
of the unsteady flow in the stalled region. The dash-
line curves in figure 5 were obtained by multiplying the
value of the moment coefficient at M = 0.20 by the

Glavert-Ackerst relation 1/3/1 - M. This relation is
not strictly applicable because the angle of attack is
not constant and bscause the flow departs from potential
flow in the stall region.

Pressure-distribution dlagrams for the NACA 16-715
airfoil at an angle of attack of 8° for Mach numbers of
0s25, 053, and 0.6l are given in figure 6. These data
illustrate the changes in chordwise pressure load distri-
bution over the upper surface of the airfoil as affected
by increase of Mach number., No important changes in the
pressure distributions over the lower surface were found
near the stall within the Mech number range tested.

Figure 7 is a comparison of the pressure distri-
butions in the negative stall re%ion at Mach numbers
of 0,25 and 0.60 over the NACA 16-509 and 16-515 airfoil
sections, which have the same decsign camber and different
thickness.

In order to illustrate the variation of peak moment
coefficient with thickness ratio, a cross plot of the
data given in figures 5(a) and 5(b) for the two airfolls
cambered to give cj = 0.2 at an angle of attack of 0°
is presented in figure 8 for threce valuss of Mach number.
In order to illustrate the effect of camber on the peak
moment coefficient, a similar cross plot for the two
thickness ratios tested 1s presented in figure 9.

A comparison of the pressure distributions of tThree
differently cambered airfoils is presented in figure 10
for the NACA 16-209, 16-509, end 16-709 sections at an
anzle of attack of -6° and Mach numbers of 0.25 and 0.60.
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These data, as presented, have not been corrected

for wind-tunnel-wall interference.

An analysis, however,

has been made of these effects according to the methods
of reference 5 which gave the following maximum
correctionst

P

Mach A Moment | Drag Angle of
number * cosfficient |coefficient| attack

Design Less then| Less than -0.002 Legs than ess than
1ift range|l percent| -1 percent g 0.0001 | *0.01°
High 1 percent| -2 percent| =0.002 0.001 +0.05°
1ift range L o i i >

The method of correction used has only qualitative
application at high values of 1i1f% coefficient and super-

critical values of Mach numbei.

The corrections obtained,

however, give a good estimate of the order of the inter-
ference effocts,

DISCUSSION

variation of Moment Coefficient with Angle of Atbtack

The variation of moment coefficient about the
quarter-chord axis with angle of attack, as shown by the

sample data of figure

li, indicates that the aerodynamic

center is appreciably forward of the quarter~chord

station,

The peak values of moment coefficient are shown

in this figure to occur in the region of positive and

negative stall.
1ift and moment coefficients occur (
in general,
variations as high as

The angles of attack at which the peak
table I) are found,
to agree within 3° with a few scattered

6° in the region of negative stall.

vVariation of Peak Moment Coefficlent with Mach Number

Suberitical region.- The comparison shown in figure 5

of the variation of moment coefficient with Mach number
and the Glauert-Ackeret theoretical variation based on
the moment coefficient at a Mach number of 0,20 shows
close agreement with the data in most instances, and 1in
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no case does the dlsagreement exceed a value of moment
coefficient of 0.02. fThe theoretical varlation is not
applicable beyond the critical Mach number MNeyp. The

termination of the thecretical voriations in figure 5

therefore indicates the critical Mach number for peak

condition, '

The higher values of critical Mach munber obtained
for the thinner cf the airfoils tested are not in
conformity with the theorctical resulis for this series
of airfoils. AL angles of attack considerably different
from the design angle, the theoretical pressure distri-
butions for the thinner airiolls indicate lower critical
speeds than for the thicker eairfoils, because the sharper
leading edges of the thianer airfoils then cause higher
superstream velocitiss. As a consequence of the steep
pressure-rccovery gradisnts associated with these super-
stream veloclties, scpuration is believed to be induced
which prevents the attainment of the superstream veloclty
indicated by theory. The secaration phenomenon thus
ralses the criticel speed of the thinner airfolls to
appreciably higher values of Mach number than indicated
by theory.

Supercritical region.- Relatively large, abrupt
changes 1n the variation of pealt moment coefficient with
Mach nurber are found to occur in the stall regions for
the thick highly cambered airfoll, as shown in figure 5(e)
for the NACA 16-715 airfeoil. The increments in moment
coefficient are shown to be between 0,025 and 0,10.

For the thimner highly cambered NACA 16=709 airfoil,
‘a similar abrupt chenge is shiown in the curve for the
moments taken about the center of gravity in the positive
stall region, but no corresponding change in the moment
taken about the quarter-chord axis is exhiblted. This
differonce in moments taken about the two axes 1s a
consequence of a change in the magnitude rather then in
the distribution of the 1ift, No a2brupt changes occur
for the airfoils having lower campber ln the range tested.

The fundemenitol pressure-distribution changes with
Mach number that occur in conjunction with the changes
in moment coefficient are shown in figure 6, The charaow
teristic low-speed pressure distribution is shown for a
Mach nmumber of 0,25. At a Mach number of 0,55, local
supersonlc flow has besn attained over the leading edge.,
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This condition gives rise toc inciplent shock and it mey

be noted that, although the pressure Gistribution 1s
changing, the change 1s still slight. Further increase

in Mach number to 0.6l , at which important changes in the
moments have occurred, leads Gto exbtensive supersonlic flow
over the forward half of the airfoil followed by well-
established compression shock. These changes in both the
1ift and 1ift distribution over the airfoll lead to the
effects on the peak moment cosfficlent shown in figure 5(e)s

The deta for the thick airfoils (figs. 5(a), 5(c),
and 5(e)) indicate that the critical Mach number can be
exceeded by an appraciable mapgin beliore important changes
oceur in the veriation of woment coefflcient with Mach
number. This effect is belicved to be a result of the
local character of the supersonic field, which exlsts
only in the immediate vicinity of the airfoll and extends
over only a small chordwise portlon of the airfoil. The
same phenomenon 1s exhiblited for the thinner airfoill
(fig, 7(a)) but the velue of critlcal MNach number is
higher, as discussed under "Suberitical region."

Tn the negetive stall reglon, changes of the order
of 0,05 have talen place In the variation of moment coef=
ficient with Mach number but these changes, except for the
NACA 16-715 airfoll, have not been abrupt. The absence
of abrupt changes is also indicated by the data of
figure T, which show that there aré no decided changes
in shepe of the pressure-distributlon diagrems within
the Mach number renge investigateds Calculatlon of the
critical speed from theoretical pressure distribution
would indicate that serlous compression shock and
therefore important flow changes might be expected at
the highest speeds for which date are shown. Actually,
separatlon phenomena probably occur which effectively
delay the onset of compression shock, Atb speeds higher
than the range of this investigation, abrupt changes
might be expected.

The compressibility phenomena just discussed are
believed to bs common, at least qualitatively, to all
airfolls in current use because in the stall region all
airfolls exhibit a characteristic pressure peak near the
leading edge and, hence, qualitatively have the same type
of flow pattern, The present results indicate the effects
of compressibility on these types of flow pattern.
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Effects of Thickness on Peak Moment Coefficient

The variation of peak moment coefficient with
thickness is shown in figure 8 for the NACA 16-209
and 16-215 airfoils. The results for the airfoils
cambered to glve 1lift coefficients of 0,5 and 0.7 at an
angle of attack of 0° ghow the same type of variation
and differ only in magnitude from the results presented
in figure 8. The lines connecting the plotted points do
not necessarily represent the variation between the
points but serve in this case only to identify points at
corresponding values of Mech number. These results show
that an increase in thickness gives a numerical lncrease
in the moment in both the positive and negatlve stall
regicns, .

Another effect of increasing thickness is to accentuate
the compressibility effects on the moment coefficient.
This result is due to the greatest superstream velocities
associated with greater thiclkness, as noted in the
following discussion (fig. 7). This effect 1s illustrated
by the different rates of change with thickness of the
moment8§oefficients at low and kigh values of lMach number
(fig. .

The changes in pressure distribution over the leadling
edge in the reglons of stall are the underlying causes
for the increcases of peak momcnt coefficient with thickness.
These changes are 1llustrated in figure 7. Theoretical
considerations indicate a characteristic region of very
high superstream velocities over the lecading edge. The
pressure distributions for the NACA 16-509 airfoil show
a large reduction in the pressure peak over_the leading
edge as the angle is changed from =-L° to -6~ and indicate
separation. It should be noted that this separation
corresponds to the point at which the peak value of
moment coefficilent is attained., TFor the NACA 16-515
airfoil, however, such flow chan%as do not occur until
beyond an angle of attack of -10%, sc that higher moments
occur owing to loading differences as a consequence of
differcnces in the angle of attack of the two airfolls.
The earlier recduction of the superstream velocities shown
for the thinner sections 1s ascribed to their relatively
sharper leading edges, as discussed under "Subcritical
region." The chenges noted hore effect changes in the
11ft and moment of the alrfoil. The pressure distributlons
presented in figure 7 were taken in the negative stall
reglon; however, the same fundamental changes occur in
the positive stall region.

CONFIDENTTIAL




10 . NACA ACR No. ILH1T

Effects of Camber on Peak Moment Coefficient

The effects of increased camber on the peak moment
coefficient (fig. 9) are, in the region of positive stall
and for the range of Mach number tested, of the same
magnitude as the effects assoclated with increased
thickness (fig. 8). The variation of the moment coef=
ficient about the guarter-chord axis with camber is,
however, in the opposite direction from the variation
with thickness. This result is ascribed to the change
in distribution of the pressure load over the whole
airfoil effscted by camber, whereas the changes effected
by thickness variation are principally changes in the
loading over the forward portlon of the airfoll due to
change of nose radius (figs. 7 and 10).

The effects of camber variations on the moment coef-
ficient in the negative stall region are smaller than those
due to thickness variation, and the variation of the
moment coefficient taken about the center-of-gravity axls
is in the opposite direction. The variation of peak
moment coefficient with camber appsars to be little
affected by increase of Mach number within the range
investigated.

CONCLUSTIONS

From an investigation of the compressibility sffects
on the peak section pitching-moment coefficlents of
six NACA l6-series airfoils, the following conclusions
have been made:

1. The peak pitching-moment coefficients, which
were encountered in the regions of positive and negative
stall, underwent important changes due to compressibility
effects. In several instances, variations of pitching-
moment coefficient of 0.025 to 0.10 werc encountersd for
the thicker and more highly cambered airfoils tested.

2, Critical speeds as low as a Mach number of C.30
were encountered and marked changss of peak pltching-
moment coefficient occurred at Mach numbers as low as O«53.

3+ Extrapolation of low-spced data according to the

/R it
Glaucrt-Ackeret relation 1AM - M2 geve valid or con-
gervative estimates of the variation with Mach number
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in the suberitical region. Because of the low critical
speeds associated with operation in the stall region,
however, this method is limited in application.

L. Increasing the thickness and camber of an alrfoil
In compressible flow accentuated the compressibility
effects on the aerodynamic pitching moment. An increase
in the value of the pitching-moment ccefficlent was found
to occur with an increase in thicknesgs.

Langley lMemorial Aercnautical Laboratory
Natlonal Advisory Committee for Asronautics
Langley ¥leld, Vva.
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TABLE I

ANGLES OF ATTACK AND MACH NUMBERS AT WHICH
PEAK LIPFT AND MOMENT COEFFICIENTS OCCUR

Angle of attack

(deg)
:\:x::or Positive stall Negative stall Positive stall Negative stall
g °mc/)+ ’me.g.| ©1[*me | Me.g.| Simax| ®Me/L|Re.g.| 1 cmc/h Cmg . g.
NACA 16-209 airfoil NACA 16-215 airfoil
0.12 | 10 8 g -9 -6 B B B e o =) <11 | -11
.20 | 10 8 -10| -6 -8 1 iﬁ 1 -11| -11 | -11
.25 | 10 g -8| -6 -g 1 1 -11[ =11 | -11
.33 | 10 8 -10| -6 - 12 13 13 |-11] -11 | -11
L0 | 10 8 8 |-10| -6 -8 11 12 11 |-12| -10 | -10
48 | 10 8 8 (-10{ ~6 -7 13 31 11 (-11{ =11 { -11
.5; 9 6 8 Ig -66 -; 10 11 10 |-11| -10 | -11
o il o e | b 3 et O v e e e e ey
N T R D] IRt R e 8 11 I e P B -
NACA 16-509 airfoil NACA 16-515 airfoil
AR A A A A
.25 | 9 | 10 10 |-a) 6] -8 |1 16 10| -10 | -39
.33 | 10 10 10 |[-10] -6 -6 15 15 -9| =10 | -10
Lo g 10 -12| -6 -g 12 12 12 |-10| -9 -9
.48 8 |[-10| -6 - 12 12 12 :3 -g -
zg 8 8 8 -%8 ~6 -2 12 11 11 = -§
5 I ) PR PR - - R T P P -10{ - -
6)6 ---------------- -10 -% I e e -7l -8 -8
N R e N EE e -—=| <6 b |emmem|emmen | meeee D o s
NACA 16-709 airfoil NACA 16-715 airfoil
02128 111 10 10 [=-=fecmec|omann- 6 15 [-12| -6 -8
Slad (4 113 | 3] 8| 3 |3 opak VAl
.33 | 10 10 10 -8 -E -6 i% 14 {B -8 -8 -8
R R e { e e R R
:23 3 9 o 1-8F i e i | ag Y |10l =1g' [5-10
. 9 9 9 -8 -z -6 10 10 10 -7 - -g
B B T -81 - -6 8 11 12 [-10( -9 -
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Spanwise location
of orifices

Streamline-
wire bracing
48" diam.

(a) Airfoil mounting in Funnel.

Streamline _
wire

(b) Detail of bracing.

Figure 2 .~ Diagrammaotic sketch of airfoi/ mounting
and bracing in the NACA 8-foot high-speed +unnel.
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