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NATIONAL .AINIS(EY COMMITTEE FOR AERONAUTICS
RESEARCH MEMORANDUM

COMPARATIVE IRAG MEASUREMENTS AT TRANSONIC SPEEDS
| OF: A NACA' 65- 2006 ATRFOIL AND A SYMMETRICAL
© _ CTRCULAR-ARC ATRFOLL, ‘

'_' By Jim Bo_g'ez"s Tl_zcxhpscn end Bernerd W. Marschner

. Meagurements have’ beer made. at transonic speede by the
freely—fa_ling-body method 6 compare the drag of a rectengular
plen-form airfoil of espect ratlo 7. 6 having en NACA 65-006 section
with that of an airfoil of ldemtical plen form and meximum thickness
having a symmstrical circular-src section. These msasurements,
which ‘were made to determins optimm aerodynsmic shapes and
configzra’oions for use in the tramsonic- and supersonic-speed
ranges, showed the drag for the symmetrical 6~percent-thick -
circular-erc airfoll to be 16 percent greater at the speed of
sound and 1l percent grester at a Maech mmiber of 1.16 than the
drag of the NACA 65-006 elrfoil. In en effort to simplify the
test procedure, both alrfoile were mounted on the seme body, the
circular-arc airfoll to the rear.of and at right angles to the
NACA 65-006 sirfoil. As the effect of this simplificatlon mey
be assumed to be limited to the interference effect noted.in
“frevious tests(lin which the meesured drag of an cirfoil in the -
. front position was elightly greeter than the msasured drag for
é&n identical airfoll in the roar position), 1t msy be concluded
thet the actual drag difference 1ls greater than that meeasured.
The most probable value of the drag of the cilrcular-arc airfoll
is gbout 20 to 25 percent greater at a Mach mumber of 1.0 and
15 to 19 percent greeter abt a Mach mumber of 1.16 then the drag
of the NACA 65-006 airfoil.

Comparison with the results of previous tosts of an NACA &5-009
alrfoil showed the drag per unit of frontal area for this airfoil
to be ebout 17 percent grestér at supersonic speods. 'ths.n the drag
of the NAC.EL 65-'006 alrfoll. .
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INTRODUCTION

Ons of the many problems encountered in the design of
alreraft for the transonic and the supersonic speed ranges is
the selectlion of an airfoil section having low drag in the
deslgn high-speed rangs yet having good low—speed characterlstics,
egpeciglly a high meximum 11ft =o that a safe landing speed may
be obtainsd. Several of the proposed designs for such sircreft
heve incorporsted sherp-nose airfoils of the bilconvex or double—
wodge type; these airfolls, although having lezs desirsble low—
speed characteristios, are assumed to have lower drags st super—
sonlc speeds than conventional rounded-~nose silrfolls. The
asgumptlon that sherp-noge airfoils have lower drag at supersgonic
gpeada 1s supported by the literature {roferencesl to 3) although
experimental evidence confirming this assumptlon is practically
nonexistent.

Ag part of the research progrem of the Natlonal Advisory
Committee for Asronaublcs to determine alrfoil sections, wing
plan .forms, body shapes, and winged body configaretions having
a ninimm of dreg in the itransonlc and supersonic speed ranges,
tests have teen mede by the Flight Research Division of ths
Langley Memorial Aeronsutical Laboratory to compare the drag
of sharp-noge snd conventional low-drag alrfoll sections at
transonic spoeds. The results of these tests are presented
in the present paper es & comparison of curves showing the
measured variabtlons of drag coefficlent with Mach nwmber for
e rectangular plan~form wing having an NACA 65-006 section and
for e wing of ldentical plan form having a symmstrical circular-arc
sectinn of the ‘same maximum thickneas. The tegts were performed
by :geans of the freely-falling-body method described in reforences 4
to 6,

APPARATUS ARND METHOD

Tesat boldy and alrfolls.— Tho general arrangsment of the test
configuration is shown by the photograph (fig. 1) and the details
and dimensions are shown on the line drawing (fig. 2). The two
test airfolls had identical rectangular plan forms and frontal
areas and differed only in airfoll gection; the front airfoil
had NACA 65-006 gections and the resr airfoil had symmetrical
circular-arc sectlions with a maximm thicknese of 6-percent chord,
The test airfolls wers consbructed of metal, and because of the
machining techniques used the leading and tralling edges of the

R
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circuler~erc alrfoll were scumewhet flattened. The conbour of these
edges mey be epproximated with & maximum discrepency of 0.001 Inch
by a radius of 0.005 inch, or sbout one-fourth of the leadlng-edge
radius of the NACA 65-006 sectlon. The test alrfolls (including
that part of the eirfoil within the body) had en aspect ratio

bf 7.6 and entered the body through rectenguler slots 9% inches

long and 1 inch wide. The body on which the test elrfolls were
mounted was the geme &s the body used in the tests of referemces 5
end 6 with the exception of the tall fairing. The small fairing
used previously was replaced for the present tesh by a cylindricel
extenslon with a flat base so that the pressure acilng on such a
flat base could be measured.

Measurementa.~ Measuremont of the desiroed quentities was
accamplished as in the previous tests (references 5 end 6) through
use of the NACA redio-telenmetering pystem end radar and photo-
theodolite equipment. The Ffollowing quentities were recorded

at two separate ground stations by the btelemstering system:

(1)} Force exerted on bedy by each test alrfoll as measured
by & spring belance

(2) Total retardation of body and efrfolls as measured by
e sensltive accelerameter alined with longitudinel esxls of body

(3) Pressure acting on flat base of test body as messured
by four orifices connected to an aneroid cell.

A time history of the position with respect Ho0 ground axes
of the body during free fall was recorded by rader and phobo-
thecdolite squipment, and a survey of atmospheric conditions
applying to the test was obtalned From synchronlzed records of
atmospheric pressure, temperaturoc, and geometric eltitude teken
during the descent of the slrplene from which the test body wes
dropped. The direction end velocity of the hcrizontal component
of the wind in the range of eltitude for whlck deta are presenbted
wore obtalned from radar snd photctheodolite records of the path
of the ascenslon of & free balloon.

Beduction of dste.- As in the previous tesbe the velocity with
respect to grownd sxes V; of the body dwring free fall was cbbtainsd
both by differentistion o% the flight path determined by radsr and
photothecdolite equimment end by integration of the vector sums
of grevitionsl asccelerabion and the dlrected reterdabion measured
by the longlitudinal acceleromoter. The true alrepced V was
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obtained by vectorially adding the veloclty Vg and the
horizontal wind velocity measured at the approprlate altitude.

The drag D of each airfoll was obtalnsd from the relation
D=R + WTBQ
where

R measured reaction between alrfoll and body, pounds

W welght of alrfoil assembly supported on spring balances,
pownds .

ae reading of accolerameter (retardation), g

The atmospheric pressure p, the temperature T, and the
ailrfoll frontal area F wers cambined with simulbensous values
of true alrspeed and sairfoll drag to obtein Mach number M and
the ratio D/Fp. The veriation of the perameter D/Fp with
Mach mmber affords a simple and convenisnt means for expresslng
dreg in the tramsonic-speed renge as a function of Mach mumber,
altitude, and size.

Values of conventiomsl drag coeffiocient haged on frontal arca
Cpp were obtalned from the relation

where the ratio of specific heats 7 was taken as l.4. Drag
coefficlents based on plan area Cp were cbtained by multiplying

the values of Cop by the ratio of fronbal aree to plan erea.
Areas used 4ld not include that erea enclosed wlthin the body.

RESULTS

A time history of important guentities obtained in the present
test 1s presented as figurs 3.

Velocity measurements.- For purposes of campearison the ground
speed V g obtalined from each of the two independent methods of

L
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measurement is presented in figure 3. The ground-speed deta obtalned
from the accelerometer are shown as a solid lins, and the rader end
phototheodolite date are reprosented by tost points. From this figure
the maximum discrepancy in V_, cen be seon to be ebout 13 miles per
hour elthough the mesn diescrspency is conslderebly smaller. As

no systemebtic dlscrepency of the type normnlly agsociated with
accelerameter errors (& gradual diverging of the curves) is apperent
and, ag carcful study of the records disclosed an inbermlttent
fluctuation of as much as 1 percent in the rate of the clock

used to provide & time base for the rader and phototheodollte
records, the scczlerameter datz are consldcred to be the more
reliable. The reder end phototheodolitc dota presented heve been
corvected for the eversase timing error; howevor, individual points

or groups of points mey be in error by as much as 1 pedcent of the
velocity beceuse of the intermittent nature of the rate fluctuation
The velocity date obtained from the accelercmetor, converted to truo
alrspecd V by hisc of thé wind data, ere shown in the time history
g8 a desh-line feiring. This velocity was used to compute the

Mach mumber, which is believed to be accurate withim ¥0.01. The -
Mach number corrésponding to the ground specd V. 1is also shown

in figure 3 zo that tho megnitude of the wind co’grecﬁion mey

be readily scen. '

Base-rregsure measurements. - The measurement of base pressure
was obtained incidentelly to the sublect test for uge in body-drag
research. Although analysis of these dete is beyond the scops
of the present paper, these measuremente &F8 included so that a
minimum of delay would be lncurred in mekling the information
gencrally availabls. The equipment used to measwre the base
Preesure requlred theat this pressure be lmown at sane point during
the test. This reference pressure was celculated Tfor a poimb
immediately following the release of the test body by use of
the results of reference 7. Results from reoference T, which
reports wind-tunnel measurements of the pressure acting on a
tobal~pressure tube at an engle of yew of 180° at Mach numbors
fram 6.3 to 0.9, ere shown in figure i whore the rebtio of bese
‘Pregaswre to atmospheric pressure 1s plotied against Mach number.
The free-fall data, which are slso plotted in figure L are sesn
%o agree closely with the wind-btumnnel data from M = 0.64 vywhere
the free-fall date were referenced, to the meximmm Mach number
etteined in the tunnel tests (M = 0.9).

Airfoll draa meagurements.~ The spring belences wilth which the
&irfoil drag forces esxre measured must withatand the high drag forces
eccurring et supersonic Mach numbers and high pressures (low eltitudes)
and are¢ therefore necessarily relatively insensitive to the smell
drag occurring at subsonic Mach numbers and low pressures

S



6 U NACA RM No, L&6J30

(high sltitudes). The drag parametera are therefore lesa accurate at
the lowsst Mach numbers for which data are presented than In the
supsrsonic rangs where the drag ls high. The valuss of the ratio
D/Fp are believed to be accurate within about +0.0L at M = 0,85,
the limit of accuracy decreasing to 0,004 at M = 1,16, Corre—
sponding valuss of Cp are accuraste within #0,0013 at M = 0.85
and within 30,0006 at M = 1,16. These values correspond to

ghout 1 percent of the full-scale balance deflection for values

of D/Fp; however, the velues of Cp include an additional
Inorement due to the possible uncertainty Iin Mach number of 10.01.
For these reasong, the range of the balance shovld be chosen as
amall ag possible so that results of usable accuracy can be
obtalned neer the dreg rise. For ths tests herein repcrted,

the range was chosen oplightly too smsll with the result that no
alrfoil drag data were obtained for the lagt 5 seconis of the drop.
(See fig. 3.) As the rate of changs of Mach number with time

is small neaxr tne ond of the drop, however, dsta for only 0,02

of a Mach mumber were lost. The Reynolds murhsr, based on the
airfoi% chord, i1ncresazsd from gbout 0.75 X 10V at releese to
5x 100 at M= 1,16,

The results of ths airfoil Grag msssuroments are surmarized
in figure 5 whore curves ays presented which show the measwured
variations of D/Fp, Cpps &nd Cp with Mach number for both

the NACA 65-006 and the symmstrical circular—earc airfoils. The
%’-— curves of figuve 5 show that for the NACA 65-006 airfoil

the dreg per uwit of frontal aree rose abruptly from about 0.05

of atmospheric pressure at M = 0,88 +o 0.36 of atmospheric

pressure at M = 0,98, The drag per unit of frontal area then
Increased slmost linearly to 0.51 of atmogpheric pressure st

M= 1,16, For ths symmetrical circular-erc alrfoil, however,

the drag per unlt of frontal ares rose at first lses abruptly

and then morc abruptly then the drag of the HACA 65-006 alrfoil, the
drag increasing from 0,07 of atmosphsric pressure st M = 0.88 to

0.42 at M = 0,98. The drag of the circular-erc airfoll then increased
at about the seme rate as the drag of the FBACA 65-0C6 airfoil and
reached a velue of drag per unit of fromtal ares of 0.57 of stmospheric
pressure ot M = 1,16. The drag of both airfoils began to rise abruptly
at about M = 0.808; however, the circular-arc airfoil had a greater drag
than the NACA 65-006 airfoil at the lower Mach mumbers by an amount
epproximately egqual to the accuracy of the measuroment in this reglon,

DISCUSSION

For purposes of comparison, %p—-cmes for the sirfoils, tests
of which are presented herein, and for an NACA 16-006 airfoil of
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aspect ratio k.9 mounted on a different type of body {reference i)
are shown in figure 6. The Fpourves for the NACA 65-00€ section

and for the NACA 16-006 section sgree closely; this result was
expected becanse of the similarity of the profiles but provides
confirmation for the measurement. Further confirmetlon is
provided by as yet unpublished resulis .-from fres-fall tegts of
NACA 16-006 slrfoils mounted in the seme memner as the alrfolls
of reference 4 on & hody of considerebly higher finsness ratlo.

Previous teste of identical rectangvler plan-~-form alrfolls
tested in both the front end rear positions on the body (references S
and 6) showed that at supsrsonic speeds g higher drag. wes
measured for the front alrfoil than for the rear airfoil. This
gifference, which amounted to 0.02 to 0.04 at. velues of D/Fp of
0.4 to 0.6, was presumebly due to the locetlon of the eirfoils in
different perts of the flow field of the body emd/or the effect of
the front airfoil on the rear airfoil. Curves of DfFp from
relerence £ are presented in figure 6 to illustrate the megnitude
of the resulting interference effect.

Caomparison of the %—P-cmes of figure 6 shows that the drag

of the airfoll heving the symmetrical circvlar-~arc section was
greeter than the drag of the. alrfoll heving the NACA 65-006 section
throughout the tested Mach number range, the measured difference
amounting to 0.06 (L6 percent) of atmospheric pressure per wnit

cf frontel ares at M = 1. This difference was constant from
M=1 to M= 1.16; however, at M = 1.16, the difference hed
decreased to 11 percent. . If the Interference effect noted in
mevious tests can be assumed to apply to the present test in
whlch asirfolls of d@ifferent section are mounted on the same body
(the NACA 65-006 section in the front posltion), the actual
difference between the drags of the clrculer-erc and the

NACA 65-geries sections is samewhat grester bthen that messured.

The most probable value of the drag of the circuler-src section

is therefore 20 to 25 percent greeter at M =1 and 15 to 19 percent

greater at M = 1.16 than the value of the drag of the NACA 65~006
gection.

Tosts of rectengular plan~-form eilrfolls of aspect rabio 2.7
having NACA €5-009 and 9-percent-thick circular-erc sections have
been reported in reference 8. Those test airfolls were attached
to & rocket-propelled body similiar in shape to the body used. in
the free-fall tests. The NACA €5-009 airfoil was found to have
less drag at M = 1 than the circular-erc alrfoll by ebout the
seme percentage shown by the free~fall data; however, at a
Mech number of 1.16 the difference hed decreased to cnly 5 percent.
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Comperison of the %-curves shown i1 figure 6 for the

FACA 65-006 airfoll and the NACA 65-009 alrfoil (reproduced from
reference 5) of identical plan form end aspect retlo tested

in the same position on the body (thus eliminating the difference
in interference effects) shows that the 9-percent-thick 65-series
alrfoil had ebout 17 percent more drag per unit of frontal area at
supersonic speeds. A gimiler comparison indicates that the
6-percent~thick circular-arc section had e drag per unit of
frontal ares slightly greater near M = 1 and about equal at

M= 1.16 to the drag of the NACA 65-009 section previously tested.

The drag regultz obtained for the gymmetricel cilrcular-arc
section ere not compared with the Ackeret theory as the data
do not extend to Mach mumbers high enocugh for the theory to be
epplicable. Accarding to celculation, an obliiue shock wave
woulc. not attach to the leading edge of the alrfoil (the condition
for epplication of the Ackeret theory) until a Mach number of
1.32 was attained.

The lower drag herein reported for the conventlonal rounded-
nose airfoll section at low duperscnic speeds and the complete
inadaguacy of present thecry fo predict the cheracteristice of
thig type of section sven 1ln the higher supersonlc-speed reange,
where reasonably adequate theory lg available for charp-nose
sections, shows the necesaldy for furthor tests st higher speesds.
These tests should debermine the extent of the lower drag for the
rounded-nose airfoll sectlon into the supersonlic-spsed range and,
8t speeds ebove this rengs, whether the megnitude of the possible
decreame in drag compensates for the less desirsble low-specd
characteristics of the sherp-nose alrfoil sections. The
research should be directed toward determining the optimum
alrfoll for eny deslgn condition and therefore should include
coneideration of conbrol effoctivensss end 11ft characteristics.

- CONCLUDIRG REMARES

Drag measuremcntes heve been mede at transonic speeds by
the freely-falling-body method for rectangulear plan-form airfoils
heving en espect ratio of 7.6 and having NACA 65-006 and
symmetrical 6-percent-thick circular-arc sections. The rosults
ghow that the drag per unlt of frontal area for the NACA 65-006
Firtoil rose abruptly from 0.05 of stmospheric pressure at &
Mach numbor of 0.88 to 0.36 at a Mach number of 0.98 and then
incrensed almost linserly to 0.51 at & Mach mmber of 1.16.
The dreg of the airfoil having a symmetrical circular-erc sectlon
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was grester than the dreg of the airfoill heving the NACGA 65-006
sectlon throughout the tested Mach mumber renge, the measured
difference amounting to 0.06 (16 percent) of etmospheric pressure
por ult of frombel ereas at & Mach number of 1. The difference
was constant from a Mach mmber of 1 to a Mach mmber of 1.16;
however, at a Mach mmber of 1.16 the difference had decreased
4o 11 percent. If the interference sffect noted 1n previous
tests in which identiceal ailrfoils were tepbed in front end resx
positions on the body cem be assumed to epply to the ypresent

test in which different eirfolls ere mounted ln the two positions,
the most probeble value of the drag of the circular-arc airfoil
is sbout 20 to 25 percent greeter at & Mach mmiber of 1 and 15
to 19 percent greater &t & Mach mumber of 1.16 than the drag of
the WACA €5-006 airfoil.

Camperison of the NACA €65-006 airfoil with an NACA 65-009
airfoll previously tegted in the same position on a slmilaxy body
(thus eliminseting the difference in body-interference effects)
showed that the 9-percent-thick airfoll had ebout 17 percent more
drag per unlt of frontal aree &b supersonic spoeds.

Further tests at higher speeds should be performed to delermine
the extent of the lower dreg of the rounded-nose alrfoll seoction,
herein reported for the transonic and low supersonic-specd ranges,
into the higher supersonic-specd range. At speoeds ab which the
rounded~nose soctlon has higher drag these tests ghould determine
whether the megnitude of the possible decrease In drag compensebes
for the less desirable low-speed cheracteristics of the sharp-noge
sectiona. '

Langley Memorilel Aeronsuticel Leboratory
Netionel Advisory Commlttee for Aeronsutlcs
Langley Field, Va. e
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Figure 1.~
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Side view of the airfoil test body.

Fig. 1
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Figure 3.- Time history of important quantities obtained during the
free fall of test body.
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