T A T gy g T e

,-f ¢ ; ‘ N
! | This ceatalas | X
, | ‘ ‘!’\t{hc‘Fl\fnq/ c’?h iva /6'»7(—( )
: j} . THE ﬂﬂflﬂﬂ COMPANY '

COMMERCIAL AIRPLANE DIVISION

RENTON, WASHINGTON -

- DOCUMENT NO. D6~26011 TN

T1TLE. LOW SPEED AERODYNAMIC PREDICTION METHOD

MODEL

ISSUE NO. ;:S To_b@ 2&_/ | Y/ :-ﬁi | -

(DATE)

T WIRIFILMED ./ /- / ~e }

)
-

v
s
’

- ™ ’ .
( . M.M ° e 1970
PREPARED BY — o 4 Towe 197
, .
SUPERVISED BYM/ (ﬁ%ﬁzo
V3 . :
APPROVED BY J@ ﬁ';‘:"@af/ 27/Movfre
\ APPROVED BY
' <
0
v : (PATE)

| BOEING |no. DE-ROLLTH

IPAGE 1

6-7000 :

- . r ) s p— .
X e FI— S S, D SR L), I S S U4 D U S 414.,,‘..‘_._....,.;




OF

ADDED PAGES

PAGES

ACTIVE

LIST

ADDED PAGES

NAS AW

YIGWNN
39vd

NAS AN

REEL T Y
39vd

NAS A3Y

YIGNNN
39vd

WAS A3Y

YIANNN
39vd

34
35
36
37
38
39

40.1
40.2
4
42
43
44
45
46
47
48
49
50
51
52
53
54
- 55
56
57
58
59
60
61
62

NOILD3S

HAS AJY

UIAWNN
39vd

WAS A3Y

YIGNNN
39vd

WAS A3Y

YIGNNN
39vd

NAS AJY

AIINNN
I9ovd

— N M < D W N 00 O O
—

N ™M
[0 2N 1]

NOILD3S

a9sgl av

N
Z

| NO. D6-26011T/

REV SYM

 _BOFING



)

AD 1546 C

REVISIONS
SYm DESCRIPTION DATE | APPROVAL

———

REV SYM SOEING |no, D5-26011TN

' |PAG! 3 -)-

6-7000

S S,




AD 1546 D

AERODYNAMIC PREDICTION METHOD FOR THE LOW SPEED
PERFORMANCE OF THE 767 SERIES OF TRANSPORTS

This note describes the method used by the NAS Aerodynamics Staff to predict
the 1ift, drag and pitching moments for the low speed and high lift configura-

tions of the 767 series of transports.

METHOD BASIS

The procedure given will predict preliminary full scale values of the low
speed parameters required to estimate performance of various high lift systems.
The method applies to both subsonic and transonic designs and is based on
data from the SST Aerodynamics Group and previous work used for NAS performance
predictions with modifications and extensions to provide for the higher sweeps

and lower aspect ratios typical of the transenic transport configurations.

It should be realized that this document » Which rel:.ez heavily on measured
results, iz intended as a working paper to be improved and extended as more
pertinent data becomes available.
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DETAILED PROCEDURE

Wing area definitions are given in Figure 1, 1E and TE flap geametries
together with lift effectiveness equations in Figure 2. Fbr aerodynamic

parameters of lift, drag and pitching moment see Figure 3.

1. Lift Curve Build Up

1.1 Linear lift curve slopes
For high and medium aspect ratios, > 5, the basic wing 1lift curve

slope shown in Figure 4 is assumed linear and given by:

21 (1+5) ' _ 3
Cr,, = = = where E-,,/1+(2C/:\;é%y
Cos N TR

1.2 Non~linear 1lift curve slopes

For low aspect ratio wings 5 > AR > 1.0 the total lift is given by:

. oL
CL = CL . 8inoly Cos?aly + CL_, (1 - =55 Cosel 1 8in2e(1

TTAR Cos A c/k V@S
where Cp,_, = linear 1ift curve slope,per radian TL\@V '_',kn"
3 v
R !
oly =o{ measured from zero lifte{ . h‘}a[mefy

Note expression reduces to linear 1lift curve as o tends to zero.

1.3 Effect of fuselage on Cf, oc

Figure 5 shows effect of body on basic wing Cj, o

1.4 Effect of LE and TE device area extensions on Cf, o
Increases in 1ift curve slope (based on Sy) are obtained due to
fowler motion of the IE and TE high lift devices. PFor L E devices

full benefit is assumed

S
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AD 1546 D

For TE flaps full area benefit is realized at low and moderate
deflections only, reducing to about 40% at the landing setting. A

general variation is suggested in Figure 6.

1.5 Lift decrement due to LE devices
The 1lift decrement due to the IE device is calculated in a similar
way to the following TE flap increment and is added at the basic
wing zero lift angle. The equation is

~ it

ACLIg = CL, +o{§1p Sz & + K

where Cj, o 1s basic aircraft 1ift curve slope. The LE device

1ift effectiveness, oCSLE s 1s very close to the potential flow and
therefore assumed value in Figure 7. For Kb, part span factor, see

Figurell.

1.6 Lift increment due to TE flaps
The increment in 1ift due to TE flaps above the IE device down only
datum is given by the fo]lowing expression in the linear region (o = 8°)
ACg = CL Lo °CS ‘SFEFF . g—"~KAR . Kb+CL0°£_ 8°. (-g-'- - 1).Xp
The geometric and lift terms are defined in Figure 2 with the suffix
o pertaining to the TE flaps up, LE device down configuration. The
2<D flap lift effectiveness parameter, oég » is presented for various
types of fl;.ps in Figure 8 for constant flap chord., it is based on
2-D data and 3-D results analyzed by the reverse process. Flap
chord factor is given in Figure 9. The conversion of o(s to 3=D
requires the factor Kag (to finite R ) found in Figure 10 which is

the correction for lifting-line to 1lifting surface theory. Flap

Fowler motion is accounted for with the extended chord ratio G /C and

REV SYM BIEINE |0 D-200TH >

l PAGE 7
6-7000




AD 1546 D

part span effects by the factor Kb, Figure 11.

Discontinuous flap systems should be treated separately with the

total ACLypg being added to the flaps up, LE down Cy, at o = 8°,

2. Maximum Lift Prediction

2.2

2.1 Basic Wing CLvax

'The basic wing CLy,, including a LE device as required is shown in
Figure 12 and is representative of good design practice. Guide lines
have been drawn with the aid of simple theoretical considerations
anchored to kmown data points. At high sweeps, say > 50°, some

account should be taken of LE vortex lift.

Although Cp from Figure 12 does include the effect of a LE device,

Figure 13 is provided for seperate estimation of Aclmaxm if required.

e

Maximum 1ift increment due to TE flaps | o v

ASTE 82
ACImaxTE=CIm°.qJ-—Sw—'_ + Achuecﬁ

where ASTE is the area added by the flap fowler motion and So the area

of the flapped portion of the wing ineluding flaps, The fowler area

"efficiency factor (P is given in Figure 1U4. The sectional increment

in Clygy due to flap camber, ACly,y,, is found using Figure 15 knowing
ACL]_ which is the zero 1ift angle part of the previously estimated

ACLyg
AcL, =CL - °CS'SFEF!‘ % .Kar - Ko

to get

ACL, = ACL-0 . N
2
where © = ratio of 1ift due to flap on flapped pa.rt of wing to
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2.3

3. Pitching Moment Estimation

total 1lift due to flap, Figure 16. This is a "carryover" type
factor for use in the above sectional 1ift determination and is a

function of net flap span.

Dynamic Stall Effects v

These are added to the total trimmed Crpey (1lg) to give FAR Crgparr.
Figure 17 shows flight data for various Boeing aircraft, the mean line
giving +~1OX for all flap settings. Finally, a check on the estimated
approach 1ift coefficient can be made using Figure 18 where simple
theoretical considerations applied to known data points provide guide

lines for varying sweep and aspect ratio.

3.1 Pitching moment due to flaps

The total CMmpg, flaps down, is given by the expression:.

Her = on v n (i g - o) 00, (38 - X
where ZBCLl is the TE flap lift at the flaps up zero lift alpha.

" The flap pitching moment iﬁcrement is therefore:
ACnqe . ( Aaxan-ni> + ACL, Cxcg 32:1%)
The rearward shift in aerodynamic center dueto Fowler motion of the TE
flaps is approximately given by
AXacqe _ 1 Aim.i&)
< 4 AR Sw <*
The spanwise and chordwise position of the flap load center of
pressure (CP) can be determined knowing the wing and flap gecmetries.
Firstly, construct lines perpendicular to the.C/é line at the flap
REV SYM BOEING |vo. DE-26011TN N
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extx;emities as described in Figure 19. The CP chordwise position
7= found from Pigure 20 can then be marked on these perpendiculars.
The flap load CP line is then constructed by joining the two points
linearly. The CP spanwise position, ”Zcp,_ from Figure 21 is

located on the flap load CP line. Fimally, the distance of the flap

CP to the CG can easily be calculated. As before discontinuous flaps

are treated separately.

At the stall there is usually some pitching moment relief from the
linear variation suggested above due wing tip and flap separations
occurring before Crp,,. Results from model tests of various Boeing

aircraft suggest at Clm the total pitching moment is approximatel y
70% of that calculated.

3.2 Trim losses

The down load on the tail required to produce zero overall pitching

moment about the c.g.

C
ACLTomM = MCE rau orw
It /=

where 1% is the tail arm usually measured from the wing % mac to

the tail-plane 2 mac.

4. Drag Polar Build Up

The procedure will assume the following traditional build up of the
untrimmed drag polar:

2 ‘ ,
CD = CDPmineruise +%R ‘\'ACDPm'n:LE‘\‘ ACDPpin g +ACDiTE + SCme-f-ACDp
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L1

k.2

4.3

L.,

4.5

L.6

Bagic aircraft (cruise configuration) minimum parasite drag
Cpp mineruise is calculated at the chosen Reynolds Mumber by a
standard build up procedure described in the Boeing drag document
number D6-8195.
Induced drag of basic wing

c s cr2 .
This is assumed to be of the form R with variations from the

parabolic shape accounted for in the ACDP term.

Parasite drag of LE device .

ACD? min 1g 1S found from Figure 22 knowing ASIE/Sy. It has been
shown that this term decreases in magnitude with increasing flap
deflection and hence circulation, although data is scarce a possible

variation of & CDP IE with ACLJ.'E is given in Figure 23,

Paragite drag of TE flaps

Acpp ninTE is found from Figure 24 knowing the flap type and geometry.

Induced drag of TE flaps

ACDp; is assumed to be of the form KaA CL;, The factor K is found
from Figures 252 through 251 for various aspect ratios and flap
spans. If a high speed aileron cut-out is present s £ind K by using
a reduced flap span assuming the cut-out to be at the inboard end.
Unlike the 1ift and parasi’de drag calculations the induced drag of

discontinuous flaps cannot be found "by parts".

Variation of polar from parabolic shape
ACDP takes into account the variation of the polar from a parabola
and as such includes all unknown 1lift induced drag. The CI, at which

ACDP is zero is termed CLP and is found, flaps down, by adding to
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the basic aircraft CLP increments due to

the LE and TE high lift devices, see Figures 26 and 27. The CLp

for thé basic aircraft is a function of wing sweep, section camber
and thickness (design C;) and may be calculated using the method in
the Boeing Subsonic Drag document or that described in Figures 28
through 30. Various test data for a wide range of wing sweeps and .
aspect ratios has been analyzed and used torproduce the working curves
of ACDp , Figures 31 and 32, for high lift configurations.. Cruise

wing"ZSCDP 's have also been included, Figure 33, for comparison with

above methods.

4.7 Final Polar Prediction

A total drag build up format is suggested in Figure 34; the polars
then being plotted againgt lift. .

An estimate for the extra trim drag will be required for more forward
c.g.'s. In calculating L/D's for takeoff and landing predictions
windmill and yaw drag will have to be added for engine out cases.

F&r landing configurations the addition of gear drag is also required.

5. Ground Effect

A further refinement, not dealt with here, would be the effect of ground

proximity on lift and drag.

The procedure outlined in this noté,though wanting in many respects,should

predict estimates of sufficient accuracy for preliminary performance

calculations.
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6. Appendix
Comparisons of results using the prediction method with those of flight=-

model testing are shown in appendix Figures 1, 2 and 3 for Boeing trans-
port airplanes.

It should be noted that since these predictions were calculated modifie

cations have been made to the method in an attempt to improve accuracy.
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TABLE 1

List of Symbols

R = Aspect Ratio

b = Wing span

beo = Span of TE flap cut=out due to fuselage

bt = Span of TE flap

c = Wing chord

c = Mean aerodynamic chord

c! = Extended wing chord, TE flaps down

c" = extended wing chord, LE device down

C1E = LE device chord

CMF = Main flap chord (including fore-flap if present)

CAF = Aft flap chord

Cr = Expanded m flap chord

C1, = Lift coefficient

ED\' =< ... - = Drag coefficient

Cucg = Pitching moment coefficient about c.g.

ACLrg = Lift increment due to TE flaps at consta.nt.gc—;.__8°

ACLIE = Lift increment due to LE device at cruise zero lift oC

ACMrg = Pitching moment increment due to TE flaps at constant ;><=8°

CImaxlg = Maximum trimmed lift coefficient at 1lg

FAR CLgparl = Maximum trimmed 1ift coefficient including dynamic effects

Aclmax-m = Increment in maximum lift coefficient due to TE flaps

ACLpa4LE = Increment in meximum lift coefficient due to IE device

ACL2 = Sectional 1ift increment due to TE flap camber

Acha.xz = Sectional maximum lift increment due to TE flap camber
REV SYM BOEING |vo. D -2LonTV >
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CI’P = Lift for minimum parasite drag in cruise configuration

ACLPTE = Increment in lift for minimum parasite drag due to TE flaps

ACLPLE = Increment in lift for minimum parasite drag due to LE device

cDPlﬂincruise = Minimum parasite drag coefficient in cruise configuration

ACDPyi,TE = Increment in minimum parasite drag due to TE flap

ACmein 1E = Increment in minimum parasite drag due to IE device
(TE flaps up)

Acpp, = Sectional increment in parasite drag due to TE flaps

S CDPLE = Reduction in parasite drag due to LE device with TE flap
deflection

ACDing = Induced drag due to TE flaps

ACDP ' = Increment indrag due to non-parabolic polar shape

CLo¢ = Lift curve slope

SREF . = Aerodynamic wing reference

Sy = Wing area _ ‘

S1 = Wing area plus area due to extended IE device

S = Area of flapped part of wing including extended LE & TE
devices

ASLE = Increment in wing area due to extending LE device

ASTE = Increment in wing area due to extending TE device

(t/c) ) = Section thickness/chord ratio.

K | = Flap induced drag factor

Ky = Flap span factor on lift

Km = Correction factor - lifting line to surface theory

X ac = Chordwise position of cruise wing aerodynamic center

Xeg = Chordwise position of aircraft center of gravity

X CPrg . = Chordwise position of center of pressure of load due to.
TE flap deflection

AX acrg = Shift in aerodynamic center position due to TE flap
deflection

REV SYM SOEING |~o Db-2401TN _)_
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&

Wing angle of attack

Q{g = Flap effectiveness parameter

A = Flap pitching moment function

é;LE = LE device deflection

Swr = TE main flap deflection

SAF = TE aft flap deflection

S FEFF = Effective TE flap deflection

n = Spanwise station, fraction of semi-span
fth) = Flap spanwise loading function

© = Part span flap lift distribution function
[\gﬁ = Sweep of wing quarter chord line

¢

SUFFICES & ABBREVIATIONS

TE flap fowler area efficiency factor

0 = LE device down, TE flaps up configuration

(>

Leading edge (device)

TE = Trailing edge (flaps)
1/B = Inboard
o/B = Outboard
REV SYM SOEING |vo. Do - 2001 TV >
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