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‘ _ A SUMMARY = }
The theoretical predictions of several versions of the NASA-Lockheed multielement.
airfoil computer program are evaluated. The computed results are compared with
experimental high 1ift data of general aviation airfoils with a single trailing edge flap,
and of airfoils with a leading edge flap and double slotted trailing edge flaps. Detailed
test-theory comparisons are reported for the GA(W)-1 with a 30% chord flap and a'f'
Boeing four-element high-lift airfoil. Theoretical and experimental data comprise global :
airfoil parameters such as lift, pitching moment, and profile drag, as well as surface” |
pressure distributions, boundary layer integral parameters, skin friction coefficients,;‘
and velocity profiles. The evaluated versions of the computer program include the
_baseline version that was available from NASA in June 1976, and three versions that
were developed by The Boe1ng Company in a Jomt NASA Boemg effort The results,o o

IN TRODUCTION

e e g W

This document reports on an evaluatlon of the, pred1ctmns of several versions of thei

NASA-Lockheed computer program for two-dimensional. mult1e1ement airfoils. The. !
original version was developed by Goradla and h1s coworkers at Lockheed Georg1a'

calculatmn were made by researchers at the Langley Research Center (ref 2) Recently

(ompany supported by numer1ca1 analysts of Boeing Computer Sexvues 3

,\&A&«

substantially modified the aerodynamlc model, its numerical 1mplementat10n and tl

computer code e

LTS —— P L e i s g 4t i eeeeene scpr 5 Lk

‘This work, reported «in two engineering documents (refs.3 and 4) and in this.
supplemental document, was sponsored jointly by NASA and’The Boeing Company. In
particular, ‘the evaluation of the computer program by comparison with recent
experimental high-lift data was a joint NASA-Boeing effort §

The objective of the evaluation was to learn as much as' poss1ble about the range of )
appllcab111ty and the deficiencies of the ‘aerodynamic model For that reason those sets_J
" of experimental data were preferred and investigated in detail which not. only offered
global aerodynamic force and moment coefficients but also information on: pr(»ssure
_ distributions and boundary layer parameters. - : R

It should be emphasized that the test theory comparison reported in this document is by
no means complete or exhaustive. However, enough information has been accumulated
during the evaluation period to justify the publication of a separate document:-Revision;
of the, document, will ;be, made later 2s new wversions "of, the. computer program and
3 g N e ?‘ B TS N A s =
ad(}l%}tl i xperimental data be vai ' '




' PROGRAM VERSIONS

&

The following defines the various versions of the computer program emphasizing their

differences.

ﬁﬁ&C%‘LH\}E& \« ERSION

This version was supplied to Boeing by NASA-Langley prior to the beginning of the
contract work. A discription is not available but most aspects of its underlying
aerodynamic theory are discussed in references 1 and 2. The main assumptions of the
aerodynamic model are:

. Flow is two-dimensional and subcritical T

. Flow is attached to the airfoil’s surface

® High-lift airfoil consists of up to four components
* Geometry of the high-lift airfoil is discretized by up to 165 surface points

VERSION A

This is the baseline version of the code made operational for airfoils with negative
overlap of neighboring components. ’

ey
N
43

VERSIONB R

: J‘omu;.,h“iv documented in re{erence 3. The followmg areas dszeremza%
he baseline version.

. The predlctlon method of Nash for ordinary turbulent boundary layer ﬂow is
replaced by the method of Nash and chkslnef 5.

e The drag prediction method of Squire and Young{\ ref (—n replaces* the prev1ous*‘
&

pressure and skin friction integration. - » P
e w7 s B 2 ”
e  Several logical errors in the baseline version’are c’Orrec%ed& & & ,& £ 7 '
. » . ":“ ' » * 5 g Fi) %‘ @ g %
VERSIONC. - s = ¥ : ’ ¢ 5 #
PR e @

The followmg discribes the differences between the aerodynamlc theory and the Version

B theory of the NASA- Lockheed program (ref 4., - & on ¥ s s omow ¥

. Tiw ‘method used to rcp,e& nt the dlsplacement effect of viscous nye rs is replaced
bi the surface transpiration method. This uses an equwalem thstrlht ion gof
sourcce along the airfoil surface and alongthe ‘wake centerlmesw
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TR

. The flow model “of the reglon contammg a- potent1al core is modlfled Wake

properties are calculated using the lag entrainment method of Green (ref. 7) and !

" transition from laminar to turbulent bourfdary layer ﬂow .may take place in the
5 ¥core region. ¥ g :

.

e By using a modified version of Goradia’s’ confluent boundary layer model an
attempt is made to’predict’ the onset g”of’"&separatlon of” confluent boundary layers.
The modification utilizes: Coles two- parameter velocity proflle for the wall layer

R SR Bos e

-

s ®

(ref. 8). e E ¥ e ¥ ‘
e The hlgh lift airfoil may consist of up to 10 airfoil components® @+ W .-
R 3 PN e r BB

N
e The computer code of this version uses“a dynamic storage allocation thereby
removing. the limitation on the number of geometry points representmg alrfoﬂ

m\_siurfaces L P R A
o & e s e B g B e
. TEST CASESg w4
It T Fow s L0 i @

The geometries of all airfoil conflguratlons that were used for the evaluation.are shown

in figure 1. Geometric details of these airfoils such as flap settings, gap, and overlap of -

:t condition, ie., angle of attack Mach number and Reynolds number at Wl’]th the .

alrfml components are listed in tables 1, 2, and 3. Furthermore these tables contain the

EORPRRRPT R+ U AN A

25 i e,
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1mportant geometry parameters.

S ‘. Y Lt
%mmwmm O SR VTN U ¢ -

% 2

(2 B
Versions A and B of the program were%evaluated%»byﬁ Dr. Mangopé-f’ahn of the Boelng
Commercial Airplane Company e & %a\ - &
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GA(W)-1

(A(W)-1 >
< Fostor

(( Bosing < Q» '

rEE

;?'Figure 1. — Analyzed Airfoil Configurations \




: Table 1. — GA (W)-1 Airfoil Cases

(a) GA (W)-1 Basic Airfoil, cyeg =1.917 ft

. (b) GA(W)-1 With 30% Ch

ord Trailing-Edge Flap, cyef = 2|ft

' Ref. 12

: degree

| % chord

Overiap

' % chord

1 degree

10
20
30

- 40

L
H

. 2.5

‘25

25

26

7.1

P47

. -4.0,0.2,5.2,10.3, 12.8
0.2,5.2,10.3, 12.8

-4.0,0.1,5.2, 10.3, 12.8

2.7




Table 2. — Additional Two-Element Airfoil Cases-

i {a) Foster's Two-Element Airfoil, ¢ o = 3 ft

' Ref.15 /-

Plain wing leading edge, 40% chord flap

= 300 Gap 2.5% chord

S¢ -
' M = 0.18(?) . Overlap 4.3% chord

&5 - o

|

(b) Ljungstrom’s Two-Element Airfoil, ¢ ¢ = 2.133 ft

Ret. 76 ?’\

| Configuration 1 . 32% chord flap
Sk = 20° . Gap 2%chord
Moo |= 0.12 ¢ Overlap 1.54% chord

"Ry = 1.83x 108 ‘ '
a = Q°

ot e o S
SN
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ref 21

oD

i (a) Boeing Airfoil, ¢

Ref. 16

00 350 | 3.1
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(a) Slat Angle

~ (b) Gap and Overlap

" (c) Flap Angle -
{c) Flep Angl o wis |

Figure 2. — Geometry Definitions
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EVALUATION OF PROGRAM PREDICTI()NS

|

The comparisons of theoretical and experimental high-lift data are discussed in the

same order in which the analyzed airfoil conflguratlons are hsted in figure1l and
tables 1, 2, and3’ S S

. . o w & > 3 @ & § & % S
P

’ SRR SINGLE AIRFOIL -~ = 7 %

e s s S

BASIC GA(W)-I AIRFOIL

The basic GA(W)-1 airfoil was chosen-to test the- program capablhty of predlctmg
performance characteristics of single ‘airfoils. Figures'3 and 4 contain® theoretlcal lift, ‘
pitching moment, and drag curves and their comparison with" exper_lmental ‘data of -

”VIC(‘h“e and Beasley (r ef 3. Both Versmn A and the new Versmn C programs predlct

up to the onset of trailing edge stall at about 8°. angle' of attack.‘

Considerable ditfferences between all drag polars. are observed in flgure 4, Versmn AA g
uuhmng an mtcgratlon of surface pressure and skln frlctlon in the predu tlon of: prohle"

surface; whereas at the higher angle of attack a laminar short bubble w1th subsequen ,y.,kn
turbulent reattachment of the boundary layer is indicated near the upper’ wurfa(e

ieading edge, and turbulent boundary layer separation is predxctcd theoretically ol
the upper surface trallmg edge. The latter predlctlon is conﬁrmed by the experlment l~

In all flgures of thls document the *arrows and’the symbols S and LS refer to*‘theoretlcal o
points of turbulent separation and laminar short bubbles, respectlvely The" symbol FT

w{x«\«w TR |

point in the computm simulation. The symbol T denotes a computed free trans1t10n

Al ,”,mi\"‘

Figure 6 shows a test theory comparlson of a d1fferent k1nd that was used to Judge the <
quality of the wake flow calculations of Green’s lag entrainment method (ref. 7). The
experimental data of the wake behind a flat plate at zero angle of attack were takern

11



i Exﬁe;ih\enf' ii\/-licGhe_e‘& ééésigy
Versons A and Cc .

|
z
Ry

M_, =0.15
=6.3x 108
Il (]
16 120 |
o, deg
-4 0 4 .8 12 16 20
....... . = o .

" |
-2 ‘Moment about the
:25% chord point

F/gure 3. — Lift and Pltch/ng Moment of GA ( w)- 1 Smgle Alrfo:l
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— «— — Version A

‘Version C

{Mo, = 0.15
'Ry =6.3x 108

(.04 05

Figure 4. — Drag Polar of GA(W)-1 Single Airfoil

0] ‘Expgrir_‘\r‘\ent: McGhee & Beésley .
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© %Expe;imént': McGhee & Beasley

— [Theory, Version C

FT Fixed transition

3 o 4.17°
My, = 0.15
Ry = 6.3x 108

X/ec

ref

. F)’éuré"b. — Surface Pressures of GA (W)-1 .S‘ihg/é A irfoil



FT

“LS

Fixed transition
-Separation

Laminar short bubble

\Figure 5. — (Concluded)

: LS
;FTE‘
-2!
°p -1
1 ™ _
N S _,3
. NEF
1.
2 - )
- 0 2 4 8. 1.0
X/Cref
@) ,Experiment:m McGhee & Beésley o = 8;026
M, = 0.15
Version C Ry = 6.3x 1064



: fi‘NO{é s 0 6 are parameters of one side ofi ~ -
L I the symmetnc wake. i

L —

(o} Expenment Chevray & Kovasznay
R R

———— %Powez !a.w

| F/gure 6 — F/at P/ate Wake Character/st/CS;
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7 10 and 11); and appear to be the only available test results of two-dimensional wake
characteristics at low-subsonic speeds. The agreement of theoretical and experimental
wake parameters seems to be adequate for the present purpose, but better results for
the wake displacement effect immediately downstream of the trailing edge might be

©  desirable. , ) : . . C e
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"TWO.ELEMENT AIRFOILS

GA(W)-1 WITH 30% CHORD FLAP

The GA(W)-1 airfoil, with a single 30% chord trailing edge flap, served as the principal
test case for this type of general aviation high lift airfoil: The* expenmental data were
measured by Wentz, Seetharam, and Fiscko (refs..12, 13, &and 14). The- data include, |
global airfoil parameters d%talled surface;. pressures and boundary layer: .

characteristics. - A . o n &
e ;§ o L 4

IS N

et ok ety o s S R

o ¥

Figure 7 shows ithe' lift and pltchmg moment éfcharacterxstms of thxs'*”a1rf011 with a flap -
deflection of 10°. The comptited data of Vers1on C.agree, very;well with the*’expenmental
results in the prestall angle of attack range; Vers1onB slightly: mispredicts 1ift! and™
moment curves. Figure 8 presents the 11ft curves at_three dlfferent flap settmgs up to :
SF = 300 flap angle X S e T

| L e E s (B
Figure 9 shows the correspondmg “pitching: moment characggerlstlcs.g Tbegagreement of
. ¢ 'the theoretical data with the:experiment is only’ sat1§'actory at Avov%ergan{gles of attack_
> ‘and lower flap angles The differénces”at’ hlgher ?ngles of attack arey due to':
> @ trailing edge stall, a phenomenon thatjis inot' modeled by the computer program;

7 ] - 5 & & % S % 3

“The d1screpancy be%ween theoretical: andwexperlme"%tﬁl_ €‘lﬂlft coeff1c1ents at the
.30° flap angle and small angles of attack 1s- unexpected in vie%v of the good agreement
between the theoretical and experimental pressure “distributions’ (ﬁg 10) gFurthermore 4
the experimental pressures do not indicate separation ‘on the upper surface of the ﬂap at
small angles of attack. Hence trallmg edge: stall can not be respon51b1e for the observed

. A % A
. .. disagreement; ¥ * c T
IE NI B O O :

2

" reasons: the theoretical values of lift and drag were computed on the basis of*a model -
X with many simplifying assumptions; .the validity of j{some(,&of;g these gssun%%ptlons s
E? questionable. A case in p01nt is the computatlon of proflle drag applymg the; Saqu, %and {
2 .

not expected ‘to produc_e Yery__az“ccura‘te Aresults‘

On the other side, the accuracy of the experrmental drag polars of ﬁgure 11 must also %
é -be questioned. The data were obtained from a two-dimensional insert in a larger wind i
tunnel with no blowing or suction of the wall boundary layer applied. Boundary layer" §
‘* separatlon in the corners formed by the- ﬂap and?the 1nsert 2Walls most hkely took, place

_ reference 12 support this observatlo ¢
e s i i b s i i

18
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: —A-O-B— Balance Measurements: Wentz &
%. : “Seethg__l:__am :
——  iVersionC

613
2.2x 108

: RN

iR

-4 o a3 2 16
'@, deg '

{ Figure 8. — Lift Curves of GA(W)-1 With 30% Chord Flap
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A O @ Experiment: Wentz & Seetharam

. Version C

H

| Moo= 0.13
Ry m22x10°

1.
0 -1.0

Figure 9. — Pitch

ihg Mg;;é;"t—ébaracteristics of GA(W)-1 With 30% Chord F/apw
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®  Experiment: Wentz, Seetharam, & Fiscko

-« = Baseline version, modified cove geometry

— .Version C

-FT Fixed transition
-S Separation
LS Laminar short bubble

-4 8 = 30°
e =0.1°
| Mg, =0.13

Ry = 2.2x 10°

oYo¥oYoloXo)

-
---__-~

Figure 10. — Surface Pressure of GA(W)-1 With 30% Chord Flap
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Figure 11. — Drag Polar of GA(W)-1 With 30% Chord F

lap
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_ Pressure distributions ‘are compared’in f ) £ p-angle

for the 30° case. The solid: lines represent the tﬁéo

yretical pre‘dicti‘onsj of "Véi‘siénﬁ ¢
- reasonably well approximate the experimental surface. pressures ‘in all “
Differences. are observed :in’the cove region and near the upper surface trailing edg
Mispredictions are expected from an aerodynamic theory that does not attempt
properly model the recirculating flow in this region. No explanation is offered for the

discrepancy between theoretical and experimental pressure distributions near the upper:.:|
surface trailing edge. Figure 12 further shows theoretical results of the baseline version.s

. 'of the code obtained by .Wentz, Seetharam, and Fiscko (ref: 13). The cove geometry of:

the GA(W)-1 had been Ii;;log}iﬁed«by:f these authors to produce a be'tggr;;gmatghg;gf the
:and experiment in the cove, region. At this poin)t‘*it‘shoulg(i be emphasized that all othe
comparisons shown in tg’isj@ﬁdggguge;ltgare baséd on the true airfoil geometries without

. modifications? o g s a b  HW

{7 R SR ) s 3 A & i - " kY
The computed boundary layer thickness (Ve;si‘orrlfC)!oqjﬁl;}oth surfaces‘of. the
component of the GA(W)-1. high lift airfoil is shown in figure 13: The bound
thickness 8y ‘on the upper surface gr ontinuously, whereas; §;-on the low

- _suddenly increases at "'tHé“éht'raﬁE?e:"E ) the cove and later ﬁéarly"‘vahiéhes at 15:%
gf?sirfa;ce!{trailing’-' edge. This thiq%ieriing of the boundary layer has been notice
 theoretical resultsiand seems; at least qualitatively, to be a realistic descript;
" flow pattern in the cove‘region. The boundary. layer at the lower surface trailin

too thin which results in erroneous initial values for the subsequent calcu’flati )
core region. The potential core size is overestimated at the slot exit which-in:it
the end of the co'rg; region too faazjjdownstream'.f\ I Poop

S e T,

e SRR, o R o G e o
Figure 14 through 19 contain data of the GA(W)-1 with a 30% chord’trailing edge flap' |
at 40° flap angle. Experimental data’ (ref. 14) clearly -shows:separation on the flap upper
surface for this configuration’ Presumably: this is the: reason’ theoretical and
experimental lift coefficients disagree’ (fig. 14): The :pressure distribution ‘

. reader_should nz)t@é*that program_Veérsi
_ second half of thewupper surfac
~ displacement effects: in “the:
displacement effectsiby modj

| unrealistic coupling.of u
! be seen in figure 15,

d lower surface pressure

Figure 16 presents a comparison of skin friction coefficients on'the ipper. surfa

GA(W)-1. The corresponding predictions of the point oﬂ.ssep,af" tion, ] s
. surface are shown in figure 17. Theoretically, separation is riot wé

probably due to the misprediction of the pre
4 mprovements will have to be ‘made

G B 1 O ER B, B
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. {Experiment: Wentz, Seethararh, &“Eisclzo :

i Version C |

FT Fixed transition
S Separation .
‘LS Laminar short bubble.

8 =200

@ =02°

e oo

Figure 12. — Surface Pressure of GA(WO-1 With 30% Chord Flap
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©  Experiment: Wentz, Seetharam, & Fiscko

~ =—— -Baseline version, modified cove geometry

Version C

{FT ° Fixed transition
S Separation .
LS Laminar short bubble

. 6F =20°, )
-5 ILS : o =52 .
J/ {M.=0.13

Ry =22x10°

‘p

Figure 12. — (Continued)
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©  Experiment: Wentz, Seetharam, & Fiscko
= = =« = -Baseline version, modifigq cove geometry

‘Version C -

FT Fixed transition
'S~ Separation
‘LS Laminar short bubble

Figure 12. — (Conc/uded}
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‘M, = 0.13
: 2.2x 108
20.0°

E (]

:Cove region

.04

6,/c 21
1Tref 02 Lower surface

ref .02 . A Ubjp'e'r surface

-
o

X/ Cref

Figure 13. — Boundary Layer Thickness on Main Component of GA(W)-1 With 30% Chord Flap



—— . | Potential flow

| Version A

® Version C

40°

O ,
0.13

My,
Ry

CQ'

% . B . . .

o . - — — —

Figure 14. — Lifc Curve of GA(W)-1 With 30% Chord Fiap

2.2 x 108
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[ LS ) 'T ! Transition
-S| Separation 3
'LS  Laminar short bubble

30

©  :Experiment: Seetharam and Wenz

——— Versiqn A

Version C.

Figure 15 — Surface Pressure of GA(W)-1 With 30% Chord Flap



O =Expet_'-i'r_nent: S_eqéti'vl_gram and Wentz
—_——— :VerfiAdn A

4 :Method of Truckenbrodt
‘VersionC

PR ——

R

6[: =402
= 2.7
= 0.13

2.2 x 108

.020

g
!

ote |
L

. .008 |

1004 |-

1 | - { N |

0. 2 14 8 .8 1.0
X/cpef

F/gure 76‘ — ':S"k/'n‘ :"—';l"»cl‘vz;;gh-onwl./pper Surface of GA { W)7MWIth30% .Chord Flap
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| Range of experimental separation -
§Wentz, Seetharam, and Fiscko i

S g g

Predicted
4separation
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Vers1on C

Flgure 18 again emphas1zes the couplmg» of upper éand lower surface data in’ithe
computations of program Version A. As shown earher m ﬁgures 13 and 15 such
coupling of upper and lower surface data 1s not present in the theoretlcal predlctlon [

Figure 19 demonstrates the 1nab111ty of the NASA-Lockheed program to s1mulate N

.\ S 14 ?f g« ’%ﬁ BE

" Furthermore, the Reynolds number and the Mach number are not stated and must be

,,the computer program B
'%LgUNGSTROM’s ‘AIRF;OIL;

‘Lift and drag coefficients of Ljun

j.'The lift curve and; the drag polar of th1s airfoil at a Reynolds number of two rmlhon

E»%_«?f’ﬂ_ 3

correctly separated flow. Even though theoretlga];gresults of Version A are: only&sl;‘pw&n fi
r 3. :

this statement. applies t to all?rogar&versmn 3 @,, ¥ . gg %

A few results for the two- element a1rf01l Foster (ref. 15) ‘are shown in flgures 20 and
21. Theoretical and experimental pressure dlstrlbutlons are only in partial agreement j
and, also higher values of the boundary layer displacement thickness on. the uppe
surface of the fla are estimated by Vers1ons A and B of the program. Similar results

Most likely the correspondence between test data and airfoil configurations in Foster's 4

i
" were calculated by program Version C. The reasons for this discrepancy are not known. j
|

~ publication (ref. 15) was misinterpreted since tes results in the referenced document do

not clearly ed. conﬁguratlons (fags 20 and 21):"

estimated on the basis of the. given tunnel speed (table 2). For these reasons, " Foster’s 4

-hlgh hft data are of limited.; uejfor an evaluatlon of ghetperformance’“*fpredlctlons‘ )

%

flgurv 2) Thc oretical predlctlons of program Vers1on B were only successful at a 28107
f a*ta"’x but d1d not_converge o a wamt mfat af N

e

idogren 3‘17;0 o

BOEING HIGH“LIFT AIRFOIL@ % s f .
T o m s
e k &‘ @‘ -

47

case for multlple airfoils? It” consists of a wing section*with a leading edge ﬂap and‘a
double slotted trallmg ‘edge flap. Global airfoil parameters and detailed dlstrlbutlons of
surface pressures’and boundary layer data are available: for comparlsons The data were.
obtained in the Boeing research wind tunnel (BRWT)’on a model with 2 feet unextended
wing chord and 5 feet span. Careful blowing of* ‘the wall boundary layers was applied in |

order to achieve a two-dimensional flow pattern across the whole span of the airfoil.
g .

The Boelng four element‘*hlgh hft%alrfml (flg lﬁand table’ 3)“Was used as t%le mamstest f

,based on the 3 w1ng 4reference chord, are given 1n|ﬁgures 23 and 24. The experimeéntal hft
'coeff1c1ents are balance data that’ are within 1.5% of the lift obtamed by pressure
integration. The prof1le"drag of the airfoil is the result of wake rake measurement
taken at a fixe xed spanwise &gsmon relatiyel; : i - 0f

AL b s
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Figure 20. — Pressure Distribution on Flap for Foster Two-Element Airfoil
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F igure 21. — Boundary Layer Parameters on Flap U,bper Surface of Foster Two-Element AlrfOI/

37



q

Cd.

Configuration 1

Q‘\

3
/ /"-.l — g —— Exper"in‘\_ent
- A - e a2
“ !
, 7/ - O Vesions
. , n ,
2+ |, /‘/ | VersionB *
a , _
4 —— - —— ' Potential flow
|
/ . n
1¢¢ ) - BF = 20
‘Mg, = 0.12
9 Ry = 183x10°
q{ ]
0
4
050 & P
. -
\/‘
. R4
025 ,‘/‘/
/\
1 3
0 10 20
" o, deg

Figure 22. — Lift and Drag Comparison for Ljungstrom Two-Element Aiffbil

0



cQ

3.5

© 3.0

25

2.0

1.6

1.0

«, deg

Figure 23. — Lift Curve of Boeing Four-Element Airfoil

-
10
-0
-' (0] 0] Experi;;ﬁt-
b — — -Pote_"nﬁal flow
_—— Tﬁeory,. VersuonB
————— Theory, Versioh C
i My, = 0.16
'Ry = 2 x10°
1 I TS A 4 —d
5 10 15 20 25

39



st E i N

Rol Experiment

YR O———.

"} Spanwise variation of
-jexperimental drag value

PSR —

= |VersionB

o 02 o4 o (o8 [08

s e

Figure 24. — Drag Polar of Boeing Four-Element Airfoil *




L supportlng brackets ‘and pressure taps The maximum spanw1se varlatlon of the
Vo ' ‘24 The hmagﬂ\;alueswg@rerecor e‘d"@

All attempts failed when " “using the baseline version of the program and program
Vers1on A o obtam a converged solutlon for thls an'foﬂ Program Versmn B arnved at

conSIderable amount (ﬁg 23) The 1mprovement of the predlctlons by Versmn C 1s«~'\"

remarkable. But the reader should note that the | potential flow solution already
provides a very good approximation to the lift curve. Program Version C overpredicts
the lift: t_-hlgh angles of attack, which is expected since the program does not model
flow: (separatlon Howeverz thetprogram accurately indicates the onset of trailing-edge
stall at“about 169 ‘angle s0f: wattacg thereby warning the user that above this angle of
( attack&i perates%outs1de%1ts§range of. vahdlt < ' L R ’

O
N

‘ég‘fs

"The theoretical values of the proflle drag of Vers1on C, (figs. 24 and 25) s relattvely
close to the measured profile drag. In judging the quality of the agreement of the two
{1 types of drag curves, the reader should rec_all the problems of two- dunensxonal high hft

25, o5, 80,

figure 26. The discrepancy of the curves at higher lift values is due to trailing edge stall
thatis ot“modeled by the program -

“Theoretical pltchlng moment characteristics are compared with exper1menta1 data in -

 program VersiongC..Table
emanatmg from; thg% tI@.‘ i
overall 1terat1og1 procedux;;

" 1gure 27 and table 4 demonstrate the excellent convergence characterlstlcs of the new *43

F1gu1es 28 through 33

pressures at 8. 4° angle of attack These flgures conflrm theée?%rller ﬁnd§1ngs that Versmn @
- C indeed prov1des the best’ theoret1ca1 results leferences between the theory of Version %

| 32, and 33). Again, the need to model the flow in the cove region of airfoils is- apparent
Other differences in the surface pressures are due to an insufficient number of surface

shown ‘that at‘least 50 to 60 surface pomts%are nee%e% for ‘an’ adequate representatlon“
L of each airfoil component. The in'sufficient dlscretlzatlon %ot the’ Boel"ng@hlgh 1ift airfoil
was dictated by the limitations of program Versiond¥A and B % a' total of 165 surface :

" comparison- of ‘ the #program” versiors; “but s lithited: t@sﬁch"‘ @ stnall number of
; geometry points.® % s % ¥ ' < & B AT o a8 0

T

C and experlment are noted in cove regions and on the second trailing edge flap (flg 28,%.

points used in the discretization of the airfoil geometry. Figure 34 contains the number :
of surface pomts of each a1rf01l component Numerical ¢ experlence in aerodynamlcs has™;

. pointsi Program#Veérsion O%used ‘the ‘safne %umber"%'of%’surface%po‘mt@s £o ensure a‘%falr o

ol

Flgure 34 demonstrates the capablhty of Vers1on C to compute smooth streamhnes 1'n,
| the vicinity of alrfml surfaces N I I jjg i T, G

o St e, o T oA P e st i

o 5 i AR
S e
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Table 4. — Convergence Characteristics of Version C of
S NASA/Lockheed Program
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2.211
2.158
2.176
2.175
2173

O b W N~
OO = =N

o= 12.45°

| Moo= 0.16-
Ry =2x10°8

e e s o L M L i s R, 450

lteration number " Lift Wake centerline updates

2.748
2.676
2.698
2.701
2.699

G wWN =
P T YN




>

© Experiment
e \Jersion C
S Separation
LS Laminar short bubble

o« = 84
‘M, = 0.16

-2
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 main, component are shown at Several chordw1se “statiods. QThe experlmental veloc1ty é
) _proﬁles reveal ‘that very little’ confluence %f slat wake' and,wing boundary.layer has !

taken place, and that an""lmtlally ex1st1ng weak conﬂuentﬁboundary layer above the

gy
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Figure 35. — Boundary Layer Displacement Thickness on Upper Surface of Main
' Wing of Boeing Four-Element Airfoil
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, CONCLUSIONS . , = T
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%

1 .
- Several versions of the NASA-Lockheed computer program were evaluated on the basis %
' of experimental hlgh lift data that had not been available when the original version of |
.the code was published. Based on a relatively short evaluation phase of a few months, i
b the following conclusions about the rehablhty and quahty of the’ theoretlcal predictions g,
are drawn. _ ””’_ * ’i‘§

Ll

RS
o
T

Program? on”’ﬁ‘(‘ developed by The Boeing Company, is the most reliable and .
accurate version. It produced converged solutions within a few iteration cycles.for’ e
all test cases run, while the other program versions frequently failed to prov1de' .
any result at all. The improvement of the accuracy of the program predictions is
due to several modifications of the aerodynamic model; mainly due to a better
representation of the boundary layer dlsplacement effects, and an improved model
of the potential core region. : »

e All program versions produced the best results in cases where most of the flow is “
attached to the airfoil’s surface. This is consistent with the basic assumptlon of
attached flow, but the range of applicability of the program should be extended by
adding separation models for the cove region and for trailing edge stall. '

@ The usefulness of the confluent boundary layer method of Goradia and its.
2 modification utilizing Coles’ velocity profile for the purpose of predicting the onset -
of confluent boundary layer separation, has yet to be tested. Optimized "
configurations were chosen for most of _the program evaluatlon w1th httle
confluence of wakes and boundary Iayersﬁ ? '\

R S R

e The performance of the program needs to be tested for conflguratlons at off- des1gn §
conditions. ; “

-

experimental high lift data. Additional wind tunnel testing of some. of the more ‘i
important high lift airfoil configurations would increase the confidence in thelr

performance predictions. B e
e S .Ma»mmwmmmmJ%mmﬁmmhmm

“" Boelng Commerc1al A1rplane Company
P.0. Box 3707
Seattle, Washington 98124
December 1977
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Virginia, March 1975.

REFERENCES

Stevens, W. A.; Goradia, S. H.; and Braden, J. A.. Mathematical Model for
Two-Dimensional Multi-Component Airfoils in Viscous Flows. NASA CR-1843,

July 1971.

Morgan, H. L., Jr.: “A Computer Program for the Analysis of Multi-Element
Airfoils in Two-Dimensional Subsonic, Viscous Flow.” Aerodynamic Analyses
Requiring Advanced Computers Conference. Langley Research Center, Hampton,

A Y B B WIS

‘Green, J. E., Weeks, D. J.; and Brooman, J. W, F. Prediction of Turbulent
Boundary Layers and Wakes in Compressible Flow by a Lag-Entrainment Method.
RAE TR 72231, January 1973.

Coles, D. E.: “The Law of the Wake in the Turbulent Boundary Layer.” J. of Fimda
Mech., vol. I, pp. 191-226, 1956. ¢ <

. McGhee, R. J.; and Beasley, W. D Low Speed Aerodynamic Characteristics of a'j
« Jd7-Percent Thick Airfoil Sectzo% Qeigyc‘ fg‘ ‘#@emlaAvmtwn Appltcatwm 1

NASA TN D-7428, 1973.* * &i"”"gg?a

NASA-Langley: Conference on Free Turbule(&t §hgar¢Flows NASA SP-321, July
ARy *;ttll‘if*
‘ ; - ; E E
e Measu emen

‘dwé’*““ 1900 W 0T

O

Chevray, R,, and Kovasznay, L. S. G.:
Thin Flat Plate.” ATAA J.,vol. 7, no. 8 ﬁp 5

Wentz, W. H. Jr.; and Seetharam, H. C.: :'Development of a Fowler Flap System for
a H zgh Performance General szatwn Aerod NASA CR-2443 December 1974.

Ii i, w i, s S

61



62

w—wwm‘m — o

13. Wentz, W. H. Jr Seetharam H. C.;and FlSCkO K. A Force and Pressure Test"‘f“‘
the GA(W)-1 Airfoil With a 20% Aileron and Pressure Tests’ With: d:
Flap. NASA CR-2833 June 1977

o e

14. Seetharam, H. C.; and Wentz W.H., Jr: A Low Speed Two-Dimensiond'l‘iétudy
Flow Separation on the GA(W)-1 Airfoil With 30-Percent Chord Fowler Flap NASA'

CR—2844 May 1977
. \% %

A s SR it






