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A CRITICAL ASSESSMINT OF WIND TUMNEL RESULTS FOR THE NACA 0012 AIRFOIL®

W. J. McCroskay
U.S. Army Aerof1ightdyramics Directorate (AVSCOM)
NASA Asmes Ressarch Center, W258-1
roffett Fleld, California 94035, USA

ABSTRACT

" A large body of experisenta) results, which were obtained In more than 40 wind tunnels on & single,
well.inown two-dimensions) configuration, has been critically exasined and correlated. An assessment of
some 0f the poIsidle seurces of error has been msde for each factlity, and data which are suspect have
peen foentified. It was fOund that no single experiment provided o cowplete sat of relisble dats,
a1though one investigstion stands out as suparior in &any respects. HNowever, from ths aggregate of data
the raprasentative properties of the NACA D012 airfoll can de fdentified with ressonadle confidence over
wide ranges of Mach aysder, Reynolds number, and angles of atteck, This synthesized information can now
be used to asaess and validale existing or future wind tunne) rasuilts and to evaluate edvanced Computa-
tiorne) fluid Dynamics codes.

1. INTRODUCTION

feligble determination and astesswent of the accursCy of serodynamic data generated in wind tunnels
ravaing 0ne of the BosL vexing probiems in seronsutics. Aerodynsmic results are seldos duplicated in
diffgrant faciiities to t.oe leve) of sccuracy that 13 required either for risk-free engineering develop- b
ment or for the true verification of theoretice! ang numerica) setrods. This shortcoming is particularly p
4cule wilh regerd L0 L0day s rapid proliferetion of new Computations) flutd Dynemic (CFO) codes that lack
sdequate valrdation |11,

0n Lhe OLNE? hand, the NACA 0012 profils is ong of the oldest and Certainly the most tested of al)
atrfotle: ang 10 Nat DEEN Siudied In Z32ens of separate winrd tunnels over & period of more than 50 ymars.
Athougn Ao 3ingle Migheauolity expar'mant soant the camplete subsonic and transonic range of flow condi-
Lions, the combinmd results of this extemive testing should 41low scme conclusions to be drawn about
wing.Lunng! gets ecCureCy end retiability, <t least for two-dimen.iang) (2-D) testing. This paper
attempts L0 aatract as Such useful, quantitative information as possidble from critice) eramingtioss and
corralationy of eatsting dats from this single, well.known configuratioe, obtained in over 40 winc runnels
nd over wide ranges of Mach aumber, Reynolds number, end engles of atlak,

A pralimingry compariscn by the suthor {2] in 1982 of results from about 8 dozon widely-quoted inves-
Ligattons for the MACA 0012 afrfoti) revealed significant and uns-ceptable diffarences between wind
wnngls, ond subsaquent esaminations of more fAste Sets merely compounded the confusion, a3 indicated in
tigs. & and 2, Tnergfors, 4 sajor part of Lhe present investigation was the wavelopmant of o filtering
process for screening thy sveilable Gotd and classifying the axperimgn.c! sources into broad categories of
estimated reliaoility, This procest 'y 0etCribEd In the naxt section. Detailed comparisons, correla-
Liory, and uncartainty eclimales 4re discussed 1n subsequent sectiont, where the the following results are

Ll

cons10wreds .‘.;._-F
1. Lift-curve slope varsus Mach ond Reynolds number o
2. Minimum drag ersus Mach and Reyrolos rumber ':":J'
). Mastmum 1 f1-10-urdg At 1o versus Mach and Reynolds number .-"\$
4, Mgxptmun V100 yprly Mach end Reynolds rumber -

8. SrAnewdve pOsiLinn varsus Reyno'ds nusber st M+ 0.8 R

3 s tAYE 14U In“icates, Lhe present study desis mOstly with the Integral quanc.: :., 117t and drag. »,.;,
Desuite ihe large rusbar o refarences availadle on this eost populer of al) airfolly, 1t wis found that :"/f
trere 14 IAgufficiont overlap 1n the gxparimen's to maxy Gany meaningful, direct comparisons of more '.\J"
det. .o0 Qquantitiag, such es prassure distributions, tn the transonic regime. It s acknowledged that ) ﬁi
piicning sument 15 4190 4 sens'tive integral parameter thet displays iInteresting transonic benavior, but ‘--.fsd
C, 11 nOL considerag tr Lhiy paper ."/-

e M

11 THE F1LTERING AND AWALYTS WAGCESS el
e

The matn obJjective of -alg 187%iur '3 L0 combing the cTitics), relevant informaticn t-.t 13 avatledle '.r".':

un 41791 testing ang on atrfol) ~arodynamic behavior Into & Systees!ic screening, or "filtering,® pro- :-',‘-4"
Fe4t TRRY Lan *# ted 10 a1sess the Quility of Individus) uxpariments) sources of dats. Th's rocess will R
1%0n bE Uled 1O Classify eaLn data set enc Lo welgh the accurdcy of those dats aqainst the yuantitstive or .‘;«"’.‘
que!talive tnformet1on LAGL they Can provide About the serodynimic characteristics of the NACA 0012 sut
airintt, P L‘
—— e — : ‘.‘,E.r,;.
“bresented ot 1ne AGARD Flyid Uynamics Panel Sympotium on “Agrodynamic Oata Accurdcy eng Quality: e
baquirements and Capatii'itigs 1n Wind Tunne! Testing,* Naples, Ttsly, 28 September-2 October 1987, '_‘.'2
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A. Development of the Process

The critical information used in the development of the process is derived from four broad categor-
fes, as follows:

'l. A very large collection of wind-tunnel data for the RACA 0012 which vartes widely for many
possible reasons.

2. A modest collection of “facts,® i.e.,

a. well-established theortes and similarity laws
b. generally-accepted espirical laws
C. recent advances in identifying, analyzing, and correcting for wind-tumne! wal! effects.

3. A fuzzy collection of "folklore® about airfoi) behavior, test technigques, and wind-tunne!
characteristics.

4. Recent CFD results for a few standard airfoil cases in both simylated free-air conditions and
combined airfoll/wind-tunne! installations.

This eggreqate of information firmly establishes some impcrtant sources of wind-tunnel errors and
certain properties of airfoils such 4s the NACA 0012. This knowledge can be susmarized as follows:
first, all four wind-tunne) walls generally interfere with the flow around the airfoil, and this phenome-
ron is generally more acute than for thiee-dimensional (3-D) bodies. The top and bottom walls particy-
larly affect the effective angle of attack, the shape of the pressure distribution (ang hence pitching-
moment coefficient), and the shock-wave locatisn, and to & lesser extent, 14ft, drag, and eftective Mach
rumber. Solid walls increase the effective o and Mach number, but these effects are considered to be
eastly correctable, at least in subsonic and mildly transonis flc.s. Slotted or porous walls lower the
effective o; attemps are often made to correct for this, but it fg difficylt.

® A e ™ e b e— . e = = —.

Second, side-wall boundary layers have been shown to lower (., C,, 4nd the effective M, and (0 move
the shock forward. Flow separation at the airfoil-wal) juncture affects the shock location and reduces
L. . Tne gffects can be reduced substantially by the application of suction on the side walls, and
max
corrections can dbe epplied {f there 15 no separation in the corners,

Third, free-stresm turbulence and boundary-layer trips increase C(, and often affact €,» Cy. 8nd
shock location. Many airfoils, inciuding the NACA 0012, may be particviariy sensitive Lo ReyAuids mumber
variations 17 no trip 1s used; nhowever, extreme Care myst be cxercised in tripping the boundary iayer to
4v01d causing excessive drag increments and erroneous changes in (, 3nd shock position. 1Tne effects of
both trips and turbulence are difficylt to quantify.

Conzerning 81rfoil behavior, two fmportant “facts® have been established adbout the dehavior of 1ift
and drag in sudbsonic flow at small angles of atiack, At high Reynolds numbers, both Cq ot Zaro 1L amg
the guantity 1 - °C, are independent of M and are only wedkly dependent upon Re. Unfortynataely,

most other aspects of siffci) characteristics are not as firmly estadblithed, and even these two quantities
yre nol well gefined 1n transonic flow. However, messurements of geners) trends and nualitstive behavior
sre generally accepteu, even {f the absolute velues of € Cqr 4nd C,, fOr example, are uncertain,

"1 3 mame TP S aa~

To improve on tnis situation, the Tollowing f1itering or screening process s proposed. first, an
sttempt wil) be made to tdentify the highest-quality experiments in wh'Ch the gforementioned wind-tunngl
problems were carefully controlled, corrected for, or otherwise ameliorated. Second, the resulls of these
tests w!11 be used 1o e3tadlith the quantitative, “factusl,* penavior of tne criticai paramsters Cd ano

L, where v o V1 - M, a3 functions of fe in the subsonic regimg where Lhey are essentisliy

ingependent of M. This information comprises the filters that sra necespary, althvugh not gyffigignt,
screening criteris for judging tha cradibility of the remsining date. Third, trese f{ltgrs will g used
10 nelp identify obviously erroneous aspects of &)1 the dats sets end to Classify each axperiment sccord-
ingly. Ffourth, 811 the data will be critically examingd Qui}ide the range of Mach and Aeynolds nusbers
for which the 71ltery were developed. Finglly, & subjective extension of the fourth step will be made.
The “folklore” correlations and other informstion referred to sbove, end esteblithed tranponic similarity
Taws, will be used to combing selwcted NACA 0012 and other airfoll data 1n order 1o estimate the trantonic
oroperties of the NACA 00l2 over a range of Mach nusbers, 0,85 « M « |1, for which virtuslly no reliable
data extst,

» Al S ST L R TEEERN Y Y

B. Application of the Pricess

Tab'e 1 1ists and summarizes the experisents which C18erly stand out st hgving Leen conducted wiih
‘he utmost care ond/or 3% 104l nedriy eliminaling the important sources of wind.tunnel srrors., These

R
atata®a®s

sources are referred to throughout tris paper as Group 1. 1t will he noted from Table | that, unforty. '
mately, oaly ana nf the scnsciaants asterde alightly (AP the transanis ranime  and that the turhi'ans ‘4
leve: 1n thet test was relatively Rign. Alse, for the present purposes, 1L 13 unfortunate thet the only |
data reported from tnat experiment were obtained with & boundary-leyer trip, although some ynpub!ished —
jata were algo obtained without o trip. 1
o
*
*)
b
[
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d
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The results for oC, from Group 1 are plotted varus Re n Fig, 3, It 13 clear that the retuits

shown in this figure repnunt 4 sajor isprovement over the urg’ scaiter In Fig. 1. A good fit of the
Vift-curve slope dats in the Vimited renge 2 « 10° <« Rg < 2 « 10" 13 given by

6C, - 0.1025 + 0.00485 Log(Re/10%)  per degree ()
e

with an ras standard error of 0.00024 and & meximus error of 0.0029 for tha 30 points shown.

Similerly, the resylts for Ca are plotted in Fig, 4. The meaning of the verious groups is

erpiained below. The dreg datas lru Group | without & boundary-layer trip, 1.u. the open circles, Can D&
approximated well by

C, © 0.0044 « 0.018 Rg0-15 (2)
9

with an res standard error of 0.0000% and & saxisue ervor of 0.0007 for the 36 points from Group 1. The
data wich & boundary layer trip show & greater sengitivity to Reynolds nuader. [n a¢cord with the epproxe
Imate varistion of fully turdwlent skin friction with Reynolds number {3], 4 good fit to the Group |
tripped dats s given by

: Cq, ° 00017 » 0.91/(Log ha)?-%8 (3)
whera the constant 0.0017 was chosen to optimize the curve fit shown 1a Fig. 4.

fFor reference, 1t 13 estimatad that the individual values of !C‘ and Cd cin be datermined or
calculates from the individus) Group | date points ty an oversl! pm:uirm of lbou! £0.0005 and £0.0002,
respectively. It may D¢ mentioned that Ref, 4 Vists the desired accurscy of ‘a from vind tunnely st
0.0008 for the assetsmant of configuration chamges and 0.0001 for the vatigetion of CFO cooes.

The information in [qQns. 1.3 can now be used o assess the accuracy of the dats from the remaining
sources and to grovp the data 1nto separste categories. After such de'tberation, 1t ves decided 1o define
Group 2 as comprising those dsts which generd)ly agree with DOLh the 1{fL end dreg Criterid aspressed in
fans. 1.3, to within 20,0040 for of, #nd to within £0.0010 for C, . Thete exporiments are V11sted In
Table 2. Foremost in this group i tﬁn esperiment of C. D. Harris H?, Atthough this experisent was
corefully conducted and of fared the advantege of & lerge atpect ratio, 11ft.interference corrections on
the  fer of 15% are reguired for the angles of sttack. These were & major concern initially, but In the
svbywquent di.cussiont and figures it wil) become cvident that these resulty are comparible 'n asccuriscy to
those of Growp |.

A Abbolt & vonDoenhoff, LTPT; no trip
ap O Criteos, ot al, LTPT no trip
0 Ladeon, L™PT; no trip
V Gregory k O'Rellly, NPL 13's9'; no trip
@ CresnkNewman, LaRC 0.3m mpuvo wall; trip
N[ ceeers fCia = 01026 + 0.00488 Log Re/10°
............ #Cla=8n

s oL, ice

0P

o

o4 s N S T G G Wy § DT S SO S W I Wi W S |
108 107 10*

Log, Re

Vig. 3 Lilt-curve dlope at tero lift va. Reyiolds samber; Graup | data, M - 0.33. k1panded vertical scale
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O Group 1 Data, no trip

0150 @ Group 1, with trip

" © Group 2 M <07 notrip

@ Group 2, M < 07, with trip

0z | A Lowe, GD HSWT (Greup 3); M < 0.7, no trip
------ curve—tit Group 1, no trip
—-.—curve—{it Graup !, with trip

| 0100 - \\‘~0\
Cao oo7s g & 00° ° ‘\“&\&- a
MG R RN EE N

OC

0028 -

0 PO S S | PR U S G YO U W i U e A J s‘

ax10% 0ot 10’ F

Log Re PS

-

-~

riy. 4. Drog coellicient ot 1ero lift va. Reynolds number. -

>1

"y

Sevaral su -ces provide dets that agree well with the Group 1 resudts for elther oC,  or Cg o DUL E

nt for bOth, In soMe cases, only one of these kay quantities wis messured. These are classifies 2; ‘5

T COCU S A Y ) GRS OO S Y Y XN I A YN S L S st

Group 3 and are i1sted In Table 3. An example of this graoup 13 the essentis)ly interference-free experi-
ment of Vida) et ). (8], which provides Qood 11ft data, but which used & large trip thet evidently pro-
duced excess dreg.

-

5 fow sources provided dets that generdlly satisfy the basic )ift and/or drag criteria outlined
sbove, dut for which other major problems have been identified. In addition, a significant number of
tests foll to satisfy gither of these two criteria, but they 90 cover ranges of Mach nuaber where even
qustitstive information is helpful, Thase sources are referred to as Group 4 and are briefly summurized in
Table 4. Finglly, sti1) other sources were examined that failed to satisfy the criteris, and which did
Aot dpoedr to cffer 4ny significant sdaitiona) Information relevant to the prasent investigstion. for
information purposes thase ere Visted in Table 5, but their results sre nOt used in this paper,

{11, AESULTS AxD DISCUSSION

AR A L Sn IR el

In this saction, the resuits from Gr. ps §-4 and from the other sources alluded to Section I[.A are
vied collactively (o astad)ish the primar; charscteristics of the NACA 0012 airfof! over a wide range of
Mach number, Reyncids nusber, and angle of stiack, .

>, A, yifr-Cyrve $l0pe, !Sg[!l‘.

figure § shows the date from Groups 1.3 for oC, as & function of Reynolds rumber, for M < 0.55.

Herrts” rasuits 18], ot Re o3 and 9 . )98, are nigRiignted by 50110 symbois. ang this convantion winl

be followed 1n most Of the remaining figures. The scatter in the Group 2 date 15 slightly greater than

that of k- Group | results, dut the quantitative bahavior of o(,  seams to be establiished now over the
a

range of most wing-tunmel tests for seronautical purposes.

«.qa"

LI 4

T A

The comples transonic behavior of (. 33 $llustrated in Fig. 6, where the relevent Group 3 deta

have been 8dJod. This figure claerly rcoro:enu 8 aajor isprovement over Fig, 2. For these conditions,
the good agrasment detween Mareis' rasults 18| and those of Green and Newman |7] constitute further vali.
GhLien U he formar,  The 'rgeat disceepanciey that remadn Accur with the dsta fo.a Vidal ot al. 6]
below M« 0.8, which seems to be mostly ¢ Reynolds-number effect, and Sawyer (81, who reported large
values 4t M o 0.8, It 's unclear whather tnts 1s ove tyu sfde-wal) interference, or something else, But
tn a1l coves, the pedr 'n (,  occurs at M e 0,80 £0.01.

(]
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N
O Group 1 Date, M < 0.55
@ Harris, LaRC 8°TPT (Group 2)
0O Remainder of Group 2
A3 O Group 3 Data
------ Curve—{it of Group 1
....... ﬁc‘. - 2”
A2

B dC, /da
%
,go
®
0

B

2ot

09 A q iAo i 1 ) " I n i " DEE | A A J
ax 105 108 107
Log, Re

Fiy. 5. Lift-curve slope vs. Reynolds number. Same scoles as Fig. |.

O Group 1 Data, Re > 2x10"
26 ©® Harris, LaRC 87TPT (Group 2) o
O Group 2 Data, Re > 15x10° °
¢ Group 3 Data, Re > 2x10° o
. & Vidal, CALSPAN 8' ( Group 3 ), Re~10°
L Curve-fit of Group 1, Re = 5x10°
<
S F
sh -
e Y §
g_‘ 10 L= 'Cﬂ] a *
g L 1 J
PY <
.05
¢ &
0Fr ®
-.05 A i " A A I Y -y . ]
0 2 4 ] B 1.0

MACH NUMBER

Fig. 6. Lift-curve siope vs. Mach numbaer.

The data in Fig. 6 indicate rapid variations with Mach rumber in the narrow range 0.8 < M < 0.9.
Unfortunately, the Greup 2 and 3 data are very sparse in this reglion, and &re nonexistant above M « (.95,
Therefore, an attempt was made to extract selected additiona) information from the Group 4 data and from
other sources, as discussed above, Three points are relevant here. First, in the Lransonic portion of
Fig. 2, the results of Scheitel L Wagner {9]| can Le srgued to be the most reliable of the Group 4 measure-
ments, because tide-wall suction was used and because their results are more nearly consistent with the
Group 2 and 3 data where there 13 some overlap., Second, all of the supersonic data points of Group 4 are
in AOAD Aqrasment with ane annther And with the g!-i\gri’_y cArrelatinn l;‘v!n helng which ancomnAciac Ather

symmetrical afrfnilg 110,11),

C, = 0.055i(ys + Ml V3 s (4)
a
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It must be noted that this siaple relation is only valid in the low supersonic range, 0.1 < W<, where

R (n2 - Di(y » l)Nzycl"/]. and although it 1s based on transonic similarity, the thickness correla-
tion breaks down for K <1 [10].

A third twportant aspect of Figs. 2 and 6 {5 the behavior around M - 0.9, There is a wide variation
in the minimum value of C,  and In the Mach number at which this occurs; and Refs. 9 sno 12 of Group 4,

and Ref. 13 of Grouwp § repo:ted negative valves of C, . This phenomenon wes investigated briefly in

Ref. 14, wherein Navier-Stokes calculations at M« 0.88 ang & 0.5 produced a marginally-ctable solu-
tion with C « O, These calculations were repeatcd recently with a time-accurate code, and this time
they producea an unsteady solution with periodic oscillations with an amp!itude of ac‘ = 0.1 around a
sean value of aporoximately 2ero. This behavior sppears to be qualitatively the same 85 the transonic
self-inducng oscillations reported on & biconvex airfoil by Levy [15] and in ceverul subsequent investiga-
tions. On the other hand, only “steddy” results have been reported in the KACA 0012 experiments, and this
unsteady benhavior may have teen overlooked. Fyrthermore, 1t 1S not known what effect the wind-tunnel
walls may have. Considering these factors, it is the suthor's subjective opinfon that the correct
behavior for the mean value of C, 15 a minimum value somewhere between 0 and -0.05, occurring at

a
M s 0.88 20.02. This ares needs further investigation.

Iigure 7 shows the collective, °filtered® information described above in the Mach number range from
0.6 to 1.2, including the suthor's judgement of the upper and lower bounds of the correct transonic 1ift
characteristics of the NACA 0012 airfoil at moderate Reynolds nusbers anc sma)) angles of attack. In sum-
mary, the most important points are the following:

1. In the subsonic range M < 0. ( is given by [gn. 1 to within 223,
9 1,

2. The maximum value of C, 15 0.2]1 25% and it occurs at ™ = 0.80 20.01.
a

3. The minimum value of C, s -0.025 20.025 and 1t occurs at M = 0.88 20.02.
3
4. A secondary maximum in C, occurs nesr M = 1, with a value of 0.09 10X,
Q
S. In the low cyupersonic range 1.05 < M < 1.2, C' is given by £qn. 4 to within =10%,
3

These estimates represent the maximum precision that can be extracted from the existing informgtion, and
they represent what is probably the best absolute accuracy to which interference-free 11ft can be measured
sroalrfetls in wind tunnels today for an arbitrary angle of attack.

B. Mintmum Orag, C,

The baseltne information for this fundamental quantity in subsonic flow was discussed earlier in
connection. with Fig. 4. Although the data from Groups | and 2 are self.consistent, the scatter in the
results from Groups 3 and 4 (not shown), owing to free-stream turbulence, surface roughness end/or bound-
ary layer trips, wall interference, and measurement errors, would almust totally mesk the vartation of
dreg with Reynolds number. Numerical results compiled by Molst [16] In his recent validation exercise for
transonic viscous airfoll anslyses, suggest that fully-turbulent Cq_ Vles between the values glven by
fans. Z and 3, but this hes not been validaten adequately, i

Another interesting situation is the transonic orag rise, Fig. 8, for which only a limited numper of
nign-qualtity sources are avaiiable. Here the scatter s excessive, but below M = 0.7, each Ind!vidua!
data set seems to be essentially independent of Mach number. This suggests subtracting out an average of
the subsonic values for any given data set. a3 follows:

8C, »C (M) - C, (m (%
N do % %
where C‘j is the average of the measurements for M < 0.7,
(]
The results of wppiying this procedure are shown in fig. 9, which is an obvious improvemsent over
Fig. 8. Remarkgbly, even the Group 3 dsts are in good agreement for aCy . The drag-civergent Mach rumber

can now be estimsted at My, = (.77 20.01, with ¢ smel) amount of drag creep for M > 0.72,

The behavior at higher transonic Mach numbers 1¢ much more difficult to establish. All of the dats
from Groups 1-4 are plotted in Fig. 10, along with estimates based on transonic similarity correlations of
data from many other symmetrical airfoils [10,11,14,17-201. These latter sources indicate that atrfoil
behavior in the low superonic region 15 given by

Co = Ey e e )t/ (6)
[ 0
where @ 13 a “constant” that varies from source to source, but which s bounded by abuut 4.0 and 5.6 ,

The dashed line in F1g, 10 1s for & = 4.8,

Data from Groups 1-4 do not extera peyond 4 = (.95, ovetween M =« (.8 and 0.9, where 1s rising
d

rapidly, there is a large amount of scatter, and the uncertainty in the measurements 1§ v|rluc?1y imposs i-
ble to assess. The colid 1ines represent the author's subjective judgement of 2he probsble upper and
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@ Harris, LaRC 8TPT ( Geoup 2)
@ Vidal, Calspan 8' ( Group 3 ), Re~10*
S Q Q Other Group 3 Data
o O Scheitel&Wagner. TWM (Group 4)
X Other Group 4 Deta, M > 0.97
Transonic Similarity Corr. M > 1
-.08 " e -y . i J
8 7 8 R} 1.0 1.1 12
MACH NUMBER
Fig. 1. Lift-curve slope vs. Mach number, including estimated upper ond lower bounds.
®= CresnkNewman, LaRC 0.3m TCT; trip
018 ¢ = Harris, Re=3x10°, no trip .
B Harris, Re=3x10°, trip
© = Harris, Rew6x10%, trip 7N
014} R Harris, Re=9x10°, trip
A= Goethert, DVL (Group 2). no trip &
012 b Ve Lowe, GD HSWT (Group 3), no trip
%ﬁa
010 F B e
E e 8 g 8 8 B
| o ouf »¢ 3 & FF
: & 4 a $ b zg o
: o008 c o n VYo ovOo
.004
002 |
: o . A A S J— i k. H - J
.35 A8 .56 .66 .16 .86
W MACH NUMBER
: F:p. 8. Miumuin drag va. Mach number; 2 . 108 < Re < 4. 107,
lower bounds of Lhe Coriect transunic G:ay characteristics for tnis atrfoll, [u brief, the most important a

00ints concerning mimimum drag may be summarized as follows:

1. The subsonic Lehavior withouy & boundary layer trip !s given by fan. 2 1o within about *0.0003 in
the range 10° < Re ¢ 3 . 10",
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2. Tne subsonic behavior with & fully-developed turbulent boundary layer over the er ire airfoll ig

given approximately by

€qn. 3. The uncertainty is difficult to estimate from the available sata,

put the value 20,0005 s proposed.

3. The drag-divergence Mach rumber is between 0.76 and 0.78. Above My,, C4 rises rapidly to a
maximum value of 0.11 $10%, which occurs between M = 0.92 and 0.98. °

4. ln the low supersonic range 1.05 < M < }32. Cq s given by fan. 6 Lo within 210X, In this
regime, both cdo and ¢, vary ss W4/9, °
-}

014 @ GreenkNewman, LaRC 0.3m TCT: trip (o]
8 Harris, Re=3x10’, no trip
® Harris, Rew3-9x10°, trip
012F O Goethert, DVL (Group 2). no trip
& Vidal, CALSPAN (Group 9), trip v
010 L D Sawyer. ARA (Group 3). no trip °
® Sawyer. ARA (Group J), trip
V Sawada, NAL (Group 3), ne trip .
.008 | A Lowe, GD HSWT (Group 3), no trip
= +0.0008 Co
-]
; .006 |-
[ |
.004 | ®
002 | e D
i A
.......... BO -.%
of S A WS EE
-mz A 4 e B e, e —— B —
.38 46 56 K- .75 .85
MACH NUMBER
Fig. 8. Incremental drag vs. Mach number: Groups 1-3.
16, & Croup 1, trip
H C Group 2 no trip
B8 Group 2, trip
4k 5 Group 3. no trip
i ® Group 3, trip
12 4 Group 4. no trip
er ¥ Group 4. trip , /"_“\
------ Cd=001 + 0105 M~ %7 /
10
°°
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F.g. 10. M:ymum drog vs. Mach number: oll dnta, 1ncluding estimated upper and loweér bounds.
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¢, Maximum L/0 Ratio

This quantity has {mportant practical consequances for both fixed-wing aircraft an¢ rotorcreft, amg
it also represents a rather different and sensitive check on wind-tunnel dccuracy and (low quality. On
the one hand, it compounds the uncertainty in both 11ft and drag, but does so under test conditions that
are less severe than C, o for example. On the other hand, errors in angle of attack or uncertainties

in the o-corrections are not at issue here. Therefore, some experiments in which C, is suspect may
sti1) provide useful information on (L/D).u. °

Reynolds-rusber effects on (L/D)g,, can be isclated for examination if the Mach number is less than
about 0.5. This fs 11lugtrated in Fig. 11, which shows an incresase in (L/0),,, by about a factor of two
between Re = 105 andg 107, In Fig. 11, thz Group 1 results generally show the highest values of (L/0)g,,.
consistent with the overall high quality of these investigations. Several of the Group 2 experiments
extend the Reynolds nusber :ange to lower values than thase of Group 1. In addition, the Group 3 results
and three sets of data from Group 4 are in falr agreement. Unfortunately, Harris [S] #'d not provide 1ift
aud drag polars for untripped conditions, but it 1s iInteresting to note that his re uits with a boundary-
layer trip are in fair agreemgnt with the other data shown. This was not the case for any other tripped
data.

At higher Mach rusbers the variations in (L/D).u with Mach end Reynolds number are aimost impossi.
ble to separate fram One another. As a compromise between the 1imitations of 30 few data avallable at a
given Reynolds number ang the large changes in (L/D),, with Re, Fig. 12 shows the available results fur
the narrow range 4 . 10° < Re < 9 105, Tne data from Groups 3 and 4 are of interest here, because they
_are the only available results without a trip that extend into the transonic regime. However, they are
susplcious because they lie significantly below the tripped data of Marris [S]. Additiora) transonic dats
would be particularly valuable to clarify the quantitative behavior of (L/D).

D, Maximum Lift

Conventiona) wisdom holds that three-dimensional separated boundary-layer effects are aimost tmpossi-
ble to contro) at the stall coniitions, and there is some question as to whether true two-dimensional

stall exists, even for extremely high aspect ratios. Parenthetically, the accurate prediction of (,
max
for the NACA 0012 airfoil also remains one of the greatest challenges to CFD. Therefore, this quantity

needs tc be established experimentally.

@ = Group 1 data, no trip
@ = Harris, LaRC 8' TPT; M < 0.5, trip

'S0r M= Group 2 data, no trip
O = Sawysr, ARA Bx18"; no trip
O= UTRC 8'; no trip
125 b O = LaRC 8x28; TM X-73890; no trip
V = LaRC 8x28; TP-1701; no trip
O= Ohio State 8x22"; no trip g 8
100 + g ® ®
Q
S A’A
= g 0O a
275t e go
. 2 v
; x FV
' 3 v v <
. \Tv | B 8
. 50 &
. 2 =]
: 8
. 2%+
¢
i |
; [} L* PN S S S S 4 1 T Wi WSS VY Y S Wy —— BE——
) 30 w0 106 107

Log, Re

Fig. i1. Maximum lift-todray ratto v=. Reviiolds number: M < 0.5.
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O= LaRC LTPT, no trip

© = Harris, LaRC ETPT, Reedx10°, trip
190 D= Sawyer, ARA 07'518"; uo trip
U = LaRC 0x28; no trip, TM X-73040
A= LaRC 0x38; no trip, TP-2701

b O = Ohio Nale 6x83"; no trip
o)

100} g ° 5 g ° 8

8 %" ¢ o

1l o °°A g ®

3 )
A

w0l o

1Y Ag.

A i e A A A A

0 2 4 X R
MACH NUMBER

Fig. 17, Momimum lift-1o=drog rulio vs. Moch rumber; 4 « 108 < Re < 8. 105,

Figure 1] shows the variation of vs Re for the available data from Groups | and 2, at Mach

) 3
roRbers (@S than 0.25. A monotomic increase in maximum 147y with Reynolds ruaber 1y evident. These
particular results are surprisingly consistent, wheress the values from Groups ) and 4 (not shown) were
found tg pe s13nificently lower, n genergl. Algo, 1t should be sentiongd that the data shown 4t

Re < 10° are somewhat higher than the values of tan auoied (e.9., Ref. 3). based on older sources.
1.7 ¢
0
1.25)
-t
J
g ! 00 |
2
2
x
2 sl
O = Abboti & vonDoenhaoff, Critzos, LaRC LTPT
O« Ladsoa, LaRC LTPT
S0} O = Gregory & OReilly, NPL 13'x9’
V = Sheldahl & Klimas, Wichita St 7x10
O = McCrosloey, ot al. ARC 7210
8= Poisson-Quinton, et al, S1.Ca 3m
d @®= Wortmann & Althaus, Stuttgart Low Turb 0.7227m
ol P N R ST U | N " a4 4 aad ;
2x 105 108 107

Log, Re

Fig. ;3. Martmum lift vs. Revnolds number: Croupy 1-2, ro trip, M < 2.25.
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The offect of Mach rusber on C, 18 shown 1n Fig, 14, for ke > 2 . 105, Tre scatter nelow

Moo 0.1 seamy 10 Do part)y due Lo Reynolds mamber and pirtty due Lo wind-tunng) wall effects. Howavaer,
1eca) transonic ofrects In the 1aading-adge region evidently play an increadingly domingnt role in the
stal) process a4 M e 0.1 ond abeve, whare the seniaum 111t starts Lo momtonically decreste with
‘ncressing M, It 1y interasting to note that most of the Uroup ¢ data are onty s1igntly below t.0 dats
fros Groups 1-) al M » 0.4, and Lhe scatter 1A Lhis regise fs surprisingly ssall,

200 ¢ Ow=Qroup | Dala, ne Lrip
' M= Marris (Qroup 8), Lrip
Q= other Group § Dala. 0o L11p
178 O Greup U Data, no trip
e ¢ = 0reup 0 Data, trip
4 o (ioup 4, with & w/e rip
1807
% (%]
L. -
: + 4?4-
X, Lo
100 . 4’0"
¥
a "r -]
wr
” .

s 4 mdmoas sosmbaiigin meh o asea 4

[} ¥ ] I} L) [}
MACH NUMBER

Py, 14, Mgnmum i v, Mach umber. all dota, 8. 18" o 1g s 907,

{, hocs - Wp ¢ A

Ay nOten n the [natroduclion, INgre 15 40 110010 Grarlap 17 UM 44t TI( Lransanic Lost coratiinng of
the myriad €aper iBenLs, LhaL @O0t COMPIIuUnt Ar@ MZobbarily Vieitad 10 force 4nd miman', dele. Howsver,
some ‘nleresling Comparisons Con DR MAGE G the GBAIUrec IMOCH-wave LOIILIORY, 84 Lhiy quaniity appears Lo
oo particulerly sensttive 10 walleintarfarence offocts anvt Lo arrery in Mech number,

Uats from )7 anperimenty oL M e 0,00 ana o 0 are plotied tn tig, 10, ehers 1. 1y Aefirmd 44
the 4ppros imgte B14D0IAL Of LAE Drassura 2140 0CPO8) LD SRACE wave, | tALL flgure, the open dlamund
1yrualy represent dete ubtatrmn ot sufficient)y-large atpect rettos thet side wea!! pournvary leyer etfacty
should be mining!, and the sui1d dismung 1y & deta poinl correctad by W, G, Sewall 17 o privale communirg
Lhur uting his thaoretical analysts of stde-wall e/ actks 121, (The principal oftect s to ‘rvraste the
offe tive Mach number by ebuut 0.01). The squares denole eaperiments In which the §1d0-u8)! DWNIEr)
layar was @ither removed or its effsct corracted for. The ¢ir:les reprasent tha resgaining snuices, far
which no perticuler attention appeared Lo dbe given 10 side-wall offacts,

Tre yrouping of the data in fig. 1d 15 Inspired Ly recent numerics) anaiysey (72,73), which thowed
the tendency of three-disentions) viscous affects on airfoile In wing tuanely Lo Move Lhe ¢hoid wave for-
word of tti lwo-dimensional position, Thiy explanstion 1s teepting fur sose of ihe dete with unressunatty
el valves of X, DUt data from sevaral OLher SOUrCeS withoul #1de-wall tresteent appear “normet,®
Neither does there sesa Lo be any systematic effect of other factors, tuth 4% Loundary-layer tripy or the
amount of tunne) slot or parforation cpenness, Although the majority of the resulis sesm L t1e helwesn
Yo = 0.44 and 0.48, the overall scetter t¢ disturhing, and the actual resson for 1t ramaing o Systlery.
Therefore, this 15 yet another ares whers the bey Auprrimental tnfarmation thet would he veluable far (IU
coage validation ¥y not satisfactory,
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Vidal AR = &; trip

Tricvetein, AR = §; no trip

Yang AR = 3 - 6; no trip

MoDevitt & Okuno, side—wall suction; no trip
Lowe, side—wall suction, no trip

Ohman, side—wall suction, no trip
Sewall, 6228, carrected for s.w.bl; trip
Sewall, x19, carrected for s.w.b.l; trip

Lisak, solid walls, AR1.7; no trip

) Sawyer, slotied walls, AR=1.6; with & w/o trip
Tacashimae, Sewada, slotted walls, AR=12; no tsip
NoonankBingham, siotted walls, AR]; Do trip
Thibert, porous walls, AN2.7. no trip

Lee & Gregoreic, porous walls, AN={; no trip
Kraft, adaptive porous walls; AR=2; no trip
Qregory & Wilby. slcited walls, AR=1 4; Lrip
Navier Slokes caloulations. fully turbulent
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single investigation of the conventional NACA airfoils to date, Harris' range of flow conditions is not

nearly as complete a3 desired, and the 8-Curacy of the dats wés not evident & priori, as Vift-interference
corrections on the order of 158 were proposed for the angles of attack. However, the present study indi-
cates that Harris' estimates of this phenomenon are, tn fact, adequate, 4t least for low angles of sttack,
and that most other major sources of errers we~e minimized. On the other hand, the author 13 persuaded by
the arguments of Mr, W. G. Sewall [21) that some side-wall boundary-layer interference existed. lherefore,
it is strongly recommended that this be corrected for before using Harris' data for CFD code valigation,

As discucsed in Section IfI, the valies of lift-curve slope and mintaum drag ip subsonic flow Can now
be established with high confidence in the Reynolds rumber range 106 <Re < 3. 10/, Tne behavior of
these key quantities can also be estimated throughout the transonic regiee a.d up to low supersonic Mach
rusbers, but with rapidiy-deterforating confidence apove M = 0.8, The issue of self-induced osciliations
ang the possibility of negative values of C,  in the range 0.85 < M < 0,90 need further

investigation, A better definition of the behavior at and abcve M = 1 would be useful for CFD code
validation.

The variations of C, with M and Re can now be specified with a moderste deyree of confidence, .

mK
and the data from most Of the avallable sources are surprisingly consistent gbove M « 0,4, This conCly-
sion appears to contradict folklore, conventional wisdom, and recent numerical studies of wall
tnterference, '

On the other hand, the behavior uf the méximum 11ft-to-drag ratio and shock-wave position is not
nearly &5 well gdefined, and both these quantities appear to be particulerly sensitive to wing-tunnel wall
effects and turbulence. Therefore, asdditiona) studies under carefully-controllad conditions are strongly
recomended. It fs also suggested that both of these quantities would be especially important rriteria
for CFD code valiadation, 1f they could be re'iably estadlished by well-documented experieents.

fFinally, the results of this investigation indicete that measuremcnts, correciionsg, and/or lreatments
for a1l four walls ¢f the test section are essential for any reasonably-sizeq mode! under transonic flow
conditions. Although resulte from some facilities appesared to suffer more than others from wall-
interference effects, no facility that failed 1o adoress the potential problems on 41) four walls provided
data that could be judged entirely satisfactory.
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8. Sawyer, trs, J. "Results of Tests on Agrofoil) M102/9 (RACA 0012) in the A.R.A. Two-Dicensions)
Tunnal,* Afrcraft Rassarch Associates Mode) Test Note M102/9, 1979.

9. Scheitle, H. *Mestreihen sur Bestimsung stationirer Profiibeiwerte der Profile MACA 0012, H1.Tb und
1#3-To,” Inst. fur Luftfanrttechnik und Letchtdau, Universitit der Bundsswehr Munchen Institutsbericnt
ur. 8772, 1997; also private commnicstions from §, Wagner, 1987,

10. Ladson, C. L. *Two-Disentions) Atrfofl Characteristics of Four RACA 6A-Series Airfolls at Trantonic
Macn Nusbers up to 1,25,° WA+ 0 LETFOS, 1947,

11, HcDevitt, J. 5. *A Corralation by Means of the Transonic Sistlarity Rules of the Esperimentally

Determined Characteristics of & Sertes of Symaetrical end Cosdered Wings of Rectanguler Planform,® WACA
1R 1243, 19¢8,

12. Prouty. R, *Aerodynemics,® Rotor L Wing International, Aug. 1984, pp. 17-22; a1s0 private commynice-
tions 1982, 1984, and 1987,

13, feldman, T, K. "Untarsuchung von symaetrischen Tregfiugatprofilen bel hohen Unterschaligesciwindig-
keiten 1n eingm geschlossanen Windkana),® Mittellungen gus dem Institut fur Agrodynsaik, Ho. 14, A, G.
Gabr. Leemsn § Co., luricn, 1948,

14, MeCroskey, W. J., Beader, J. 0., and Bridgeman, J. 0. *Calculation of Helicopter Airfoi) Cheracteris-
tics for High Tip.Speed Aop)icetions ,® J. American Weliceotar $0c., Vo). 11, o, 2, pp 3-9, April 1988,

15. Levy, L. L., Jr. *Caperimnta) anc Computations! Steady end Unstaady Transonic Flows sdout & Thick
Atrfoil,” AIAA Journal, Vo). 16, Mo, 6, pp. 564-872, June 1978,

16. Molst., 1. L. "viscous Transonic Afrfol) Workshop - (ompendium of Resuits,” AIAA Peper 87-1460, 1967,

17, Crane. M. L. and Adams, J. J. "Wing.flow Invettigation of the Characteristics of Savan Unswept,
Untepered Airfolls of Aspect Retio 0.0,° NACA W4 L31024s, 1981.

16. Oaley, 8. M. and Otck, R, §, °Cffect of Tnickness, Comber, and Thickness Distribution on Alrfol)
Chargcteristics at Mech Numders up to 1.0,° WACA T )07, 1084,

19. wWoarner, S, F. Flyig-Dyngsic Drgeg, pudlishad by the suthor, Widlsnd Park, N.J., 1968, pp. 17-7
to 17-12.

20, noerner, 8. F. and Borst, M. V. [lyid Dynamic Lif3, published Dy #rs, L. A, Hoarner, Brick Town,
N.J., 1975, pp. 2-12 to 2-14,

21. Sewa)), W. G. “€ffacts of Sidewsl) Boundary Leysrs in Two-Nimeasional Subsonic and Transonic Wing
Tunnels,® AIAL Journal, Vo) 20, mo. 9. pp. 1283-1286, Sept. 1982 also orivete communications 1985, 1986,
ond 1987,

22. Obayashi, $. end Kuwahars, K. “Navier-Stokes Simylation of $ide-Wall [ffect of Two-Dimensiona! Tran-
sontc 4ind Tunne!,* ALAA Peper 87.037, 1997,

23. Obayeshi, $. and Kuwanars, K. *"Side-wal) Effect for & Wing &t High Anglé of Attack,” AIM
Paper 87-1211, 198),
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Table 1. WMACA 0012 . Sumsqry of Experiments .. Group |

SOURCE MACH Re (108) TRIP 2  TUWNEL CHAR, REMARKS
range range Xt .

1. Abbott et al.; 0.07-0.15 0.7-26 yes & no s0lid walls Vingar wal) corrections;
*Std. R* AR e 0.75-6 very low turbulencs;
Langley LTPY h/ce 1.9-18 excessively thick trip;
possible minor side-wall
boundary-layar affects
data avatlabie: €. Gy, Cyo (L/0)gy,. c,_“

2. Ladson; 0.07-0.36 0.7-19 yss & no solid walls 1insar wall corrections;
Langley LTPT Me S very low turd. ot low N:
At«0.08 h/c « 3.8 possible mtnor s1de-wa)l

boundery-layer effects
dats avatleple: €., Gy, Cgy (L/0)geye C‘.“

3. Gregory and 0.08-0.16 1.4-3 yes b no 30110 wally VTinsar wall corrections;
0'RedVly; e b with L w/0 s100.wal)
NPL 137a9° verying h/c 8.2 boundsry-leyer control

dets svetlaple: (., (g, G4, 1.0 Oy (L/0)gy,, C‘-‘.

Tcr..n b wewmen; 0.5 -0.8 9 yes sptive walls  four-wsll corrections;
Langley G.3m 1CT AR o 2 soderate turo. leve!
1t « 0.08 LY/

Jete avatlable;: € , C4 (low 2 only)
' 9%

Rgleren for 14b)

la. 1. H. Adbott and A, €. von Dosnnoff: Thgory of Mi iong, 1969.

b, &, €. von Doanhoff and F. T. AbbOtl, Jr.: WACA TN 1283, 2'3‘47.

1c. C. C. Critzos, H. H. tayson, and A, W, Boswinkle, Jr,s NACA TN J361, 1988,

2. C. L. Ladson: NASA-Langley, private comnication,

3. N, Gregory end C. L. O'Refllys MNPL Aero Report 1308 (ARC 11 719), 1970.

4. L, L, Green and P, A, Newman: AIAM Paper 87.1431, 1987, and private communications.
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Table 2 - Summary of Experimenty -- Group 2

SOURCE MACH Re (10%) TRIP 7 TUMNEL CHAR. REMARKS
range range Xt
S, Merris; 0.3 - 0,46 J-9 yer bno gslotted wally large o corrections:
Langiey B' 1P1 AR = 3.4 possible side-wall boundary
%t«0.08 n/c e 3.4 effects on X L (4

deta evalledle: Cp, Cuo G0 Cpy (L/0)gyy. Xgo Vimitad C‘..l

6. Gosthert; 0.3 -0.,08 2-6 no s01id walls wall and end-plate corrections;
. DVt 2.7m W.T, AR = 2.6 turbulence leve! «1%;
n/c o 8.4 $oBe 10w asymmetry
_ data evatlable: C,, Cg C4o Cp
. 7. Sreldah) & x)imag 0.1-0.2 0.)5.1.8 no $0110 walls 1inear wall corrections;
, Wicnite St, 7'x10’ AP ¢ 2,4.6 some flow atymmetry;
1]

h/ce 5.6-1% 0 <o <160
Jdets aveitable: Cp, cd' (L/o)“l' C|‘..

8. mc(roskey, et ) 0.1-0.1 1.4 yos bLno g0lid walls Tinssr wall corrections:
Ames 7210' ™o.2 AR « 3.5 continyous dynamic dats
Xt « 0.01 LY/

dats svatlavle: Cy, Cp, Vimiteo Cyo Cp, (L/D) gy,

9. Bevert; Po'sson 0.06-0.11 1.1.2,2 no s0110 walle 1inear wall corrections;
Quinton L de Slevers: AR ¢ 1.3 Tv < 0.2%
51.Ca dm n/c s 4

dets avatrale: €, €y, L4 €
o (/D) gqne €
max

10, worimenn & 0.07-0.17  0.3-2.5 no 0110 wells side-wal) suction;

A'thaus; Yechn, AR o ] 5.3 very low turbulence
Hochs. Stuttoart h/ce 5,5-11 early C, suspect
Lam, W7, o

date avariadle: C,, C4y (L/D)gqus €4

Rgferencey for T4dlg 2:

&, C., 0. Harrfs: NASA TH 81927, Apri) 1981.
6. 8. M. Goethert: WNACA Tm.1240, 1949; wNat. Res, Counct) (Canaga) T171.27, TT.3], TT.38, 1947,
RAE TN Aero 1684, 1945,
7. R, £, Shetdan) ang P, C. K1imas: Sendie Wat. Labs Report SAND8O-2114, 1981,
8, W. J. McCroskey, K. W. McAlister, L. W, Carr, and 5. L. PucCi: NASA TM 84245, 1982.
94. A, Bavert: ONERA Doc. 76/1157.An, 1972,
Su. Pn, Polsson-Duinton and A, de Stavers: AGARD (P-22, rvapcr No. 4, 1967,
10a. ¢, X, Wortmann: AGARD (P-102, 1972.
10n. 0. Aliheys: Institut fur Aerodyn, und Gasdynasik, Stuttgart, private communication, 1987,
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Table 3 - Summary of Experiments -- Group 3

SOURLE MACH Re (105) TRIP 7 TUMNEL CHAR, REMARKS
. range range Xt
11. Bernard-Cuelle; 0.32% 3.5 no(?) solid walls side-wal) suction, care-
OMERA R].Ch A « 0.87 fu) study of side-wall
h/c o= 3.3 effects

dats av+ilable: 1imited Co. Cy, Cy

12. Sawyer; 0.3 - 0.85 3.6 yestno sictted walls o, M, and curviture
ARA 8*n}8* AR = 1.6 corrections; poss.
Trans. W,T. Xte0.0? n/ec = 3.6 side-wal) boundary

layer effects
data svafleble: Cy, (4o Cpo C‘..l. (L/D)ggxs X

[

13. Vida) et al. 0.4 - 0.95 1 yes porous wallg thick transition strips;

CALSPAN §° AR -8 s1ight flow angularity;

xt=0.1 h/c = 16 minimum interference

data avatladle: C,, Cg, C4, cp. (L/0) ggx+ limtted C:.-‘- Xg

14. McDevitt & 0.72 - 0.8 2 - 12 no 5011d walls contoured walls, wall
Okuno: AR o 2 pressure meas.;

Ames Hi.-Re Channel h/c el side-wall sucticn;

unsteaoy measurements
data available: C C Xs {low o only)

o S
15, Gumbert & c.? - 0.8 3.9 yesdéno slotted walls o corrected;

Newman; AR = 1.3 side-wall boundary-layer
Langley 0.3m ToT Xt«0.05 h/c = 4 corrections

Jata available: C, , cdo (low o only)
o4

16. Tekashima, 0.6 - 0.8 4 -39 no slotted walls wall pressure-rail meas.:
Sawada et al. AR » 1.2 - 2 poss. side-wall b1,
NAL Transonic W.T. . n/c s 4-6.7 effect on shock position;

data availaple:r C,, Cd. Cp. Xg (lo» o only)

17, Sewall; 0.3 - 0.83 4-9 yesbno slotted walls o and side-well

Langley 6* x 28* AR = ] - 2 b.1. corrections
(revised) Xt=0.08 h/cs 4.7-9.3

data avatlapble: €., Cy, C4, C.u.‘. Xg

18. Lowe 0.63-0.82 15-38 no perfor. walls  22% perforation, side-wal

General uyn. Hi-Re AR = | suction;

20 Test Sect, HSWT h/ce 4 uncertain o corr.

data available: C,, Ca. CD' X,

19. Jepson; 0.3 -0.9 2 -6 no solig walls tTtnear wall corrections;
Lizak; Carta; ARs 1.7-5.8 myltiple entries; various

UTRC 8’ h/c=4.,7-5.8 models and und plates

aata avaitabte: C,. C,, Cg4, Cp, (L/D) ggxe c'nox' Xg

?0. Wang et @), 0.7 - 0.9 (N yes perfor. walls porosity adjusted for

Chinese Aero. Inst. AR= 3.2-6.4 min, interference

Transonic W.T, Xt=0.06 hica2.6-5.2

data available: limited C,. Cp. X

References for Table 3:

11. R. Bernard-Guelle: 12th Applied Aero. Colloq., MNSMA/CEAT (NASA TT-F-17255), 1975; also
J. P, Chevallier: ONERA TP ]981-117, 1981.
12. Mrs, J. Sawyer: Alrcraft Research Assoctiates Mcde) iest Note M102/9, 1979.
13. R. J. vidal, P. A. Catlin, and D. W, Chadyk: Calspan Corporation Report No. RK.5070-A-3, 1973,
14, J. 8, McDevitt and A.F. Okuno: NASA TP 2485, 1985.
15. C. R, Gumber® and P.A. Newman: AlAA paper Ho. 84.215!, 1984,
16a. H. Sawada, S. Sakok ‘bara, M. Satou, and H. Konga: NAL TYR.829, 1984,




Table 3 - Concluded.

16b. K. Takashimg: [ICAS Paper 82-5.4.4, 1982,

19¢. W. 0. Jepson: Sikorsky Report SER-50977, 1977.

I9b, A. 0. St. Hilafre, et a': NASA CR-3092, NASA (R-145350, 1979.

19¢. W. M, Tanner: HMASA CR-114, 1964,
194,

R, Lizak: Army Trans, Res, Cosm. Report 60-53, 1960.

*Fundasenta) Experimenta) Asrodynamics,® MASA-Langley, 1987.

16¢, K, Takashima: Nattons) Aerospace Lab, 8130 private communications, 1985 and 1987,
17. W. G. Sewall: NASA TH 81947, 1981, 4130 private commynications 1985, 1986, anad 1987,
18, W. M. Lows: Genera)l Dynamics Report HST-TR.7Z.1, 1974,

A,
20, S, wang, Y, Chen, X. Cui, ang B. Lu: presentation to Stno-U.S. Joint Sympasium on

Table 4 - Summary of Experiments -- Group 4

Re (168) TRIP 1

TUNNEL CHAR,

REMARKS

LaRC 6°x19°
Xt«0.08

dats avaviaple: C"u. cdo' Xq

slotted walls
AR e
n/e = 3.2

fata corrected for thick
side-wail boundary
interference but not
11ft interference

22. wooman L 0.35 - 1.0 1-10 yes & no
8ingham: Ladson;
LORC 6“x28" Xt = 0,1

data ovailevle: C,, (oo Coo Cpo (L/D)ggys Co o X

;
SOURCE MACH
ranqe range Xt
21, Sewall; 0.58 - 0.92 3-4 yes

siotted walls
AR = 1.0
h/c » 4.7

o corrected;
side-wal) b. 1. effects on

shock positior und C,
max

23, Ohman, et al; 0.5 - 0.93 17-43 no
NAE &' x &'
with 20 insert

oata availapte: € Cp. X, a4t o =0

a9

porous walls
AR - 1.3
h/c = §

20% porosity:

side-wal! suction;

data tligntly asymmetric;
Mach No. corrected herein

24, Thinert, et a); 0.3 - 0.83 1.9 - 4 no
CNERA S3.Ma

data avatiaple: C., C4, Coe Xg

porous walls
AR = 2.7
n/ce 3,7

large wall corrections, but
wall press. measured;
thick side-wall b, 1,

25. Scheitle & 0.36 - 1.6 3-10 no
Wagmer: TWT Munchen
yniv. 3undeswehr

oat flaple: £, ¢ . (LD . C
8 avally 1, “omin (L/0) nax taax

slotted walls
AR = 1.5
h/c = 3.4

suction on all four walls,
variabie with M to
sdtch other factlities;

soderste turb. leve)

26. Jepson; 0.3 -1.08 2 -5 no
NSRGC 7'x10°

data ava‘lable: Co Cae Coo (L/D)nax. Ct'wl

slotted walls
AR = 7.5
h/c » 5.3

large 1ift interference

27. Lee, et al; 0.2 - 1.06 2 - 12 no
Ohio State 6"x22"
Trans. Airf, Factl,

porous walls
AR s 0.9 - 2
h/ce 0.9-7.1

independent plenums for
toep and bottom walls

data avaflable: (., Coo €40 (L/0)g,,. C“‘x

data available: €, Cp. Cyo (L/0)gy,s Ct.‘x. Xg, Mmited C,

28, Prouty; 0.34-0.96 3-7 no slotted walls large Y{ft interference:

LAC 15°x48" AR = 1.5 poss. side-wall boundary
h/c = 4.6 layer effects;

some flow asymmetry

29, Gregory & 0.3-0.8% 1.7-3.8 yes
wiloy,
NPL 36"x14" Xt=0.02

dats avatlable: C,. Cq. Cy, Cp. (L/0)myys Clm‘l. L

siotted walls
AR = 1.4
h/c = 3.6

probable wall effects
on all data
foirly large roughness
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Table 4 - Concluded,

30. Kraft & 0.8 - 0.9 2.2 no adaptive walls  variable porosity and
Parker; AR = 2 hole angle;
AECC 1-7 hjc = 2 no side-wal) treatment

data availedle: (5, Xg

31. Triebstein; 0.5 - 1.0 1-3 no porous walls no corrections applied:
OFVLR im TWT AR o § unsteady measurements
. hceS$
data svailable: X, Cp
32. Ladson: 0.5 - 1.1 1, - 3 n slotted walls a corrected for 1ift
LaRC 6"x19° AR = 1.5 interference but not
hec = 4.8 side-wall boundary layer
data available: (., Cg, Cp. surface oil flow, schlieren
33. Laason; 0.8 - 1.25 2.7 no slotted walls no corrections appliec
LaRC ATA 2°x]9” AR e 1,0
h/c « 4.8

data avatlable: (,

References for Tabie 4:

21. W. G. Sewall: RIAA Journal, Vol 20, No. 9, pp 1253-1256, 1982; also private communications

1985, 1986, and 1987.
228. K. W, Noonan and G. J. Bingham: WASA TM X.73990, 1977,
22b. K. %. Noonan and G. J. Bingham: NASA TP.1701, 1980.
23. J. Thibert, M. Grandjacques, and L. Ohman: AGARD AR-138, Ref. Al, 1979; also private
communication from L. Omman, 1987,
24. J. Thibert, M. Grandjacques, and L. Otman: AGARD AR-138, Ref. Al, 1979.

23a. K. Scheitle: Inst. fur Luftfanrttechnik und Leichtbau, Universitat der Bundeswehr Munchen

Instisutsbericht Ne, 87/2, 1987,
26h. S. Wagner: Universitat der Bundeswehr Munchen, private communications, 1987,
26. W. 0. Jepson: Sikorsky Report SER-50977, 1977,
27a. J. D. Lee, G. M. Gregorek, and K. 0. Korkan: AlAA Paper Mo, 78-1118, 1°78.

27b. M. J. Berchak and G, M. Gregorek: Ohto State University, private comm_nications, 1987,
28. R, Frouty: “Aerodynamics,” Rotor &L Wing International, Aug. 1984, pp. 17-22; also private

communications 1982, 1984, ana 1987.

29. N, Gregory and P. G. Wildy: ARC CP-1261 (NPL Aero Report 017), 1973,

30, £. M, Kraft and R. L. Parker, Jr.: AEDC Reports TR-79-81, 1979, TR-60-83, 1981.
1. H, Triedbstetin: J. Atrcraft, Vol. 23, No. 3, pp. 213-219, 1986.

3¢, €. L. Ladson: NASA 10 D-7182, 1973,

33. C. L. Lagson: NACA RM |57F0S, 1967.
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Table 5 - fxperiments exadinad but not used -- Group §

3a. J. Stack-and A. £. von Doenhoff: NACA Report 492, 1934 (MASA-Langley 11° HST; solid wills, severe
blockage effects).

35. R. Jones and D. #. Williams: ARC RM 1708, 1936 (NPL Cospressed Air Tunnel; effects of surface
roughness and Re on wings; AR = 6),

16, €. N. Jacobs and A. Sharman: NACA Report 586, 1937, and Report 669, 1939 (MACA-Langley VOT; AR « 6;
nign turbulence levell.

37. H. J. Goett and W. K. Bullivant: NACA Report 647, 1938 (NASA-Langley 30'x60' Fyll-Scale WT; AR = 6;
low turbulence).

! 38. J. V. Becker: NACA Wartime Report L-682, 1940 (MASA-Langley 8' HSWT; transition and skin-friction
measurements at high Re).

39. A. £. von Doenhoff: NACA Wartime Report L-507, 1940 (NASA-Ls- ‘ey LTT: doundery-layer and
minimys.-drag measurements vs Re).

a0. F. k. Felaman: Techn. Hochsc. Zurich Miite!lungen aus dem Institut fur Aerodynamik, No. 14, 1948
(Ackeret’s High-Speed Wing Tunnel; transonic messurements on wings; AR = 3.3),

1. L. X, Loftin and H. A, Seith: NACA TN 1945, 1949 (MACA-Langley LTT; low 1ift values, not symmetrical
for positive and negative angles of attack).

A7. J. Stack and W. F. Lingsey: NACA Report 922, 1949 (MASA-Langley 24 HST: 50l '3 walls, varigable AR).

43. L. K. Loftin: NACA TN-3241, 1954: P.J. Carpenter: NACA TN-4357, 1958; (.L. Ladsonr: MASA TO 0-7182,
1972 (NASA-Langley LTPT using freon).

44. J. Ponteziere and R. Bernard-Guelle: L'Aero. et V'Astro. Vol. 32, 1971-8: [ONERA R1.Ch before sige-
wai! studies).

3%, &, G. Parker: AIAA Journsal, Vol. 12, Mo. 12, pp. 1771-1773, 1974 (Texas AUM 7'x10°; large airfoil,
comparison of open and closed test section).

36. N. Pollock and B, D. Fairlie: ARL Aero Report 148, 1977, ang Aero Note 384, 1979 ARL Variadle-
Pressure HT with slotted and solfd walls; large corrections, but pressures measured on solic »alls).

47. K. W. McAlister, W. J. McCroskey, and L. W. Carr: WMASA TP 1100, 1978 (NASA-Ames 7'x10' #2; 1arge
s1rfoil; unsteady measurements; with and without end plates).

0. F. 4. Spaid. J. A, Oanlin, F. W. Roos, and L. S. Stivers: Supplesent to NASA TM 81336, 1983: L.
Stivers, NASA-Awes, Drivite communications (NASA-Ames 2°x2' TWT{ large 1'¢t interfercnce; incomdlete
resutts available).

9. 0. Jhang: presentation to Sino-U.S. Joint Symposium on *Fundamenta) Experimental Aerodynamics,”
NASA-Langley, 1987 (Manjing 0.6x0.6m HSWT; cetalled study of alternative iInterierence corrections).

5. R. J. Hansman and A. P. Cratg: AIAA Pgper 87-02%9, 1987 (MIT 1'xl* LTWT; comparative study of the
effects of trips and ratn &t low Re).
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"7 Authoris) T8 bl Cnng Ulg.;"_\i“l;ii-OT\ fleport No.
A%
W. J. McCroskey | A-87321 =
10. Work Unit No. :\:‘J
9. Perioiming Organization Narg and Address 992-21-01 o 'f
Ames Research Center, Moffett Field, CA 94035-5000 11. Contiact or Grant No.
and Aeroflightdynamics Directorate, U.S. Army %
Aviation Research and Technology Activity, Ames o o Y
Research Center, Moffett Field, CA 94035-5000 [ 13 Type of Report and Period Covarnd
-'lf:kgn—o;\so«ing Agency Name and Address .
National Aeronautics and Space Administration L_#I?.r“_hllf:_a_l_ﬂeﬁgréﬁql_lm
Washington, DC 20546-0001 and U.S. Army Aviation 14. Sponsoring Agency Code o
Systems Command, St. Louis, MO 63120-1798 o
if.:
15, Supplementary Noles e /e e o :.;,
i Point of Contact: W. J. McCroskey, Ames Research Center, M/S 258-1, DE\_Q
; Moffett Field, CA 9L4035-5000 (415) 694-6428 or i >
i FTS U6L-6428 *,{
| fx
s — ——— e e+ < - \
16. Abstract 5\.
A large body of experimental results, which were obtained in more than UQ N
wind tunnels on a single, well-known two-dimensiornal configuration, has been
critically examined and correlated. An assessment of gome of the possible i,
sources of error has been made for each facility, and data which are suspect {:.‘
have been identified. It was found that no single experiment provided a ﬂ
complete set of reliable data, although one investigation stands out as supe- -~
rior in many respects. However, from the aggregate of data the representative ‘r}:
properties of the NACA 0012 airfoii can be identified with reasonable confi- »
dence over wide ranges of Mach number, Reynolds number, and angles of }‘
attack. This synthesized information can now be used to assess and validate (<
existing or future wind tunnel results and to evaluate advanced Computational ,-:
Fluid Dyramics codes. N
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