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Introduction

Airplane drag

» zero-lift drag

= drag due to lift

C,° C,°
Co=Crn+Cn: =C ZL =Ch L+ 1+
D D,0 D, D,0 7'Ae D,0 m ( 5)

Oswald factor e
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Method 1:
Oswald Factor e Calculated without Input of Cg,

Application: Preliminary Sizing

€= Gheo |:Ike,F [ke,Do |:Ike,M
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Method 1: Calculate Oswald Factor e without Input of Cy,

€= Gheo Dke,F |:I](e,Do |:I](e,M

€ Oswald factor:

correction factor for the aspect ratio to calculate drag due to lift

Cheo theoretical Oswald factor, invisid drag due to lift only
ke,F correction factor: losses due to the fuselage
ke, Do correction factor: viscous drag due to lift
ke,M correction factor: compressibility effects on induced drag
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Method 1: Oswald Factor

€= Gheo Dke,F |:Ike,Do |:Ike,M

e without Input of Cp,

Bheo see next pages

2
d
ke,F = l_ 2(—':
Aircraft K k b
category de /Db e F e,D, 5
All 0.114 0.974 |- 1|+ c,
Jet 0.116 0.973 |0.873 comp
Business Jet  0.120 0.971 |0.864 a. <0 c.=1
Turbopro 0.102 0.979 |0.804
pl P a, = —0.00152
Genera
v _
Aviation 0.119 0.971 |0.804 b, =10.82
c. =1
M omp = 0.3
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Literature Study: HORNER

Corrections to induced drag for unswept wings as a function of taper ratio A
f (1)
012 lt'mumm ' ' f(A)=k/A

RECTANGULAR
\ - \> Cy, == (1 +k C/rA
0084 L P!
\ v k=0
s e
004 | \.\ . // ] 6 = 1
~— Ctie ™ 140
Croot 1
0 * etheo

0 02 ok 06 08 [0 J 1+ T(A)LA
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Method 1: e, for unswept Wings

Estimating a Theoretical Oswald Factor From the derivative of the

function f(A), the optimum
taper ratio for unswept

f (1) =0.0524 1* — 0.151% + 0.1659/% — 0.0706/ +0.0119 |  WINGS IS Agy = 0.357

=  Approximation of Horner's function:

012 1Ymummm ' ' HECRANGULAR 0.012 -
E L \ £2)
\ rel ]
0081 % < 0.008 -
\ d
\ e
0% | \, /'/ 0.004 -
N. - Ctip
N
Croot I
0 + + + + 0 T T T T 1
0 0.2 04 06 08 [0 0 0.2 0.4 0.6 0.8 1
Taper ratio, 4
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Literature Study: NACA Report 921

648 REPORT NO. 921—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
L5 \ .
~< .9
g \
'{5 . Region where fogadlng moves outboard
T with ingreesing aspect ratio
g
Q8 \
N-=-Plen¥orms with gpproximotely ellipticoi oading
. independent of aspect rotio
la \
Region where loding maovas inbvard \
with increasing aspecf rafio \
I —

g
—4E =I5

g £

30 4

Angle of sweep, A, deg
FIAURER 31 —Relation of taper ratio to sweep angle requlred for approximately elliptical loadng.

5° &0

75 80
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Method 1: ee0

Optimum Combination of Taper Ratio and Sweep Angle

For each sweep, there is an optimal taper ratio that minimizes the induced drag.

= NASA Report 921 delivers a curve that relates the taper ratio to sweep for an
approximate elliptical loading

. . . . ~0.0375
= An equation that approximates this curve is /]Opt =0450¢e #as

= The optimum taper ratio for an unswept wingis Ay =0.45
(this is not quite the value from Hdrner)

=
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Method 1: e, for swept Wings

Shifting Horners curve to a minimum as given by NASA

» The difference in the minimum between Horner and NASA (sweep angle in degrees):

AA =—-0.357 + 0.45[& OB Y=

» Calculating the theoretical Oswald Factor from Horner‘'s now shifted curve:

1
1+ f (A —AN) A

etheo =

Horner‘s equation now applied as:

f (A —-AA)=0.0524 (A - AA)* —0.15(1 — AA)® +0.1659(A — A1)? - 0.0706(A — A1) +0.0119
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Literature Study: KROO

B2 BAZ

Losses due to the Fuselage

d/z

» |f the flow were axially symmetric and the fuselage were long, then mass conservation
leads to b2 :bz_sz

= Aspect ratio A = b?/S is kept constant by convention, so the losses are included into the
span efficiency e. The reduction in e is expressed by the factor k. - . So the factor on

th ffici Ko g
e span efficiency kq r is pod? (dp j2
Kep =——% —=1-| —
' b b

» In practice losses are bigger and experience has shown that induced drag increment is
about twice the simple theoretical value, so ,
d
ke,F :1_ Z(fj
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Method 1: k. Fuselage Correction
= Fuselage correction factor /0997 \
f
for the Oswald factor e f
to correct missing or reduced /
lift due to presents of fuselage /

2
o -t-2f%)
! b

0 02 04 06 0.8 1
de/ b
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Method 1: Influence of Mach Number: B737 and MPC75

3T evs M MPCT5 e vs M
08y 09,
D?E - r " ___-“K\ D'B B = = # --__"\\ ®
Y D_l'r B I"'-_I:.
07y \
1 06}
065 \ A
(uk} I'| @ DE | |II
06¢ A |
\ 04; 'I
1 .
055k ' |
L 03 - 1;-
051 " emp | 02f "~ Teme |
EEI'I-.] l‘ D . E.EIFI-E
Mﬁ_z 0.4 0.6 0.8 1 'b.E 04 0.6 0.8 1
M
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Method 1: Influence of Mach Number - Comparison with Prandtl-Glauert-Correction

Kem pe =V1-M ’

1,0 I

0,9 —
0,8

0,7 i —— k_e,M_PG b,

q,“l 0,5 ke_M ke,M = ae - —1 + Ce

0,3 -

0,2 - A < 0) Co =

0,0
0,40 0,50 0,60 0,70 0,80 0,90

= Mach number correction for Oswald factor - from Prandtl-Glauert (k. \s pg) COMpared
with own factor kg, (using data for the A320)

= ke v fits the data better than Prandtl-Glauert (k, y pc) (S€€ next page)
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Method 1: Influence of Mach Number and Results for A320

1,0

0,9
s 0,8 —€— ¢ A320,DBD
Y
:. 0.7 —e_calc_A320

" ke_M
0,6
0,5
0,40 0,50 0,60 0,70 0,80 0,90
M

Oswald factor — A320 data and own method. Own Mach number correction ki,
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Method 1: Summary: Influence of Parameters

€= Gheo |:Ike,F Dke,DO |:Ike,M

e[heo > 0,9 . Driven by wing parameters: taper, sweep, aspect ratio. Small influence!
ke’F > 0,9 . Driven by fuselage diameter to span

ke,Do around 0,85 . Influenced by zero lift drag of the aircraft, but Cy, not required

ke,M 0,5...1,0. Strongest influence on final result of e for cruise of jet aircraft !
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Method 1: Results: The Polar of the Boeing 737-800

Aircraft Flight Manual Calculated
737 High Speed Drag Polar
0.8 08

— - —M0.82
0.7H — —M0.78 -7

—————— M 0.7 L

M 0.6 =
0.6F _x
P _r"x..’
’_.\K'.’ -
P . >
o 051 ST
p A
// /'(:}(,X’ ) o
04+ AT
i < -~
yd e - ’

03f //

S

i
xf -
02kss r i ! ! !
0.02 0.025 0.03 0.035 0.04 0.045
Cp CD
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Method 2:
Oswald Factor e Calculated with Input of C, and Twist

Application: Conceptual Design

e= Q=—"— P

KC,, K=0,38
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Method 2: Oswald Factor e Calculated  with Input of CDo and Twist

e= ke,M\ Q:; P=KC K=0,38
Q+PrA \/' ”

from Method 1

Including the Effect of Twist:

C, 80 (C, 6)*w Twist 8=,y , — iy ; (is generally negative)
P= LE’: +-— L 5 +KCyp v and w from DUBS
- C K=0,38
C = 27A For A> 4.
L, f \ _ _ _ 2
2+, [N L+ tan® g, -M?)+4 v=0.0134(1 -0.3)- 0.0037/

w=(0.0088 1 - 0.0051 22 ){L.— 0.0006A%)

v gets negative when A< 0.33
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Theoretical Background

The lift-dependent drag term has two components: Cp, = (Q + pj g[;l_z
= aninviscid part, also called vortex drag
= aviscous part

The term Q covers the inviscid

1 Q o e = o part of the induced coefficient,
MAe \7A —+P .
TA The term P is used to express
the viscous part of induced drag
o= 1 coefficient.
Q+Pm Q2 > >
C,. =—C,2+KC,,C,2+C, 8vC, +(C, 6)*w
Di T AL D,0~L L, L L,
aniscid = 1/Q —
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Literature Study: Including the Effects of Twist: v

v =0.0134(/ - 0.3) - 0.00374°

and w from DUBS

w/(1-0.0006 A%) =0.0088 A — 0.0051 4>

0.0035 bbb

T T T T T T T
- 0.0088"lambda-0.0051"ambda™2 __———

P

]

0.006 — —T— — 0.004
© 0.0134*(lambda-0.3)-0.0037*lambda™2 ——~
0.004 e
e | 0.003
0.002 ] 0.0025
0.001 —
z 0002
|:| -]
-0.001 - 0.0015
-0.002 — o
-0.003 —
0.0005
-0.004 —
0.005 R T R T R R R R gL
0 01 02 03 04 05 06 07 08 09 1 0

lamda

0.1

02 03 04 05 0B OF 0B D3 1

lamda
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Extension of Method 1 and 2:

Oswald Factor e for Nonplanar Configurations

vp = LKy np
e\p = Eheo Ker |:H(e,Do K Ke e
ke,M

I

Enp

2
2 h

Koo =| 1+——
e,NP Ko D
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Estimating the Oswald Factor for Non-Planar Configuratio ns
Wing with winglets

| » b W b h

W

b
i:1+22
b b
C2
_C°_ ¢’
CD,i,VVL_ -
A€ TR,
2
2 h
_A?ff _ beff =|1+2— [
S vl A
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Estimating the Oswald Factor for Non-Planar Configurations

Wing with winglets
Correction of the simple geometrical consideration via the factor ky,

2 h
QNL =] 1+ — | [&= ke,V\/I_ (& = e[heo |:H(eF |:l](e,D |:I](e,M |:I](e,\/\ll_
1,0 4 ) )
0,9 - 2 h b
08 - \ Koy =|1+—— :Abﬁ:(eﬁ)
| RS - b) A Lb
0,7 - \o\ kWL
= 06 - \\\0\
08 \\s ¢ DUBS, read from diagram
S 04 ‘\ ' g
0.3 — —geometry, k_wl =1
0.2 - HOWE, k_wl =2
0,1
0o ——DUBS, ZIMMER, k_wl =245 |
00 01 02 o 08 04 05 real A/C average, k_wl =2.83
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Estimating the Oswald Factor for Non-Planar Configuratio ns

Real wings with winglets: Boeing and Airbus data

2
2 h
e, =|1+-=—| =k, @
K b |

7.0% - Approach / Source Reference K
Geometry - 1.00
o 6.0% - _ Howe Howe 2000 2.00
% 5.0% - 767-400 raked tip = Kroo Kroo 2005 2.13
E KC-135winglet ® 47800 blended winglet Whitcomb Whitcomb 19'{6 2.20
c 4.0% - 747-400 tip plus winglet ~ . enae ang e Dubs, Zimmer Dubs 1975, Miiller 2003 2.45
=) ® MD-11extendedwinglet Real aircraft average Boeing 2002, Airbus 2012 2.83
g 3.0% A320 neo, sharklets 767-400 raked tip Boeing 2002 158
g 2.0% - 747-400 tip plus winglet Boeing 2002 2.92
2 737-800 blended winglet Boeing 2002 3.08
s 10%7 KC-135 winglet Boeing 2002 2.65
0.0% : : : . MD-11 extended winglet ~ Boeing 2002 3.62
0.0% 5.0% 10.0% 15.0% 20.0% A320 NEO Airbus 2012 3.29
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Estimating the Oswald Factor for Non-Planar Configuratio ns

Wing with dihedral

The following relations can be written:
b b
L e . q_:_A?ﬁ (&
2 2 b cosl A

=~ —b):b%:uzﬁ

2
b o =[1e 2| =14t [ﬁ 1 —1)
D:E(i—lj | ke Db ky \cosl
b 2

€= Gheo [ke,F [ke,Do [ke,l\/l [ke,r

2

cosl
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Estimating the Oswald Factor for Non-Planar Configuratio ns

Wing with dihedral

From the simple geometrical consideration:

o] (o)

A more accurate evaluation is achieved by penalizing the relation with the factor Ky,

Ker = 1+—dj 1 = —j

2
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Literature Study: KROO

Various Non-Planar Configurations

> -

1.38

1.41

1.45

1.46

Span efficiency for
various optimally
loaded non-planar
systems (h/b = 0.2)

KROO
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Estimating the Oswald Factor for Non-Planar Configuratio ns

Non-Planar Configurations in General
The following relations can be written: (this time via a penalty factor called Kyp

2

2 h

enp = £1+k—6j [& = exp = konp £
NP

The factor for wings with winglets and dihedral, investigated above, becomes now a
particular case of the factor kyp.

Having the ke,Np from KROO, Kne  can be calculated for each configuration
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Estimating the Oswald Factor for Non-Planar Configuratio ns

Non-Planar Configurations in General

2
E\p = 1+ig &=k \p [&

NP

= €heo Ko r I:Ike,Do K e e

h/b =0.2 general
Non-planar configuration k, vp kxp
\/ 1.03 26.9
<> 1.05 16.2
>—< 132 269
>< 1.33 2.61
1.36 2.41
1.38 2.29
1.41 213
i i 1.45 1.96
1.46 1.92
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Estimating the Oswald Factor for Non-Planar Configuratio ns

The Box-Wing Aircraft

Di,bOX — eref - k . Di,bOX _ k _ k]_ + k2 I:H.l/b . Q)OX — eNP — k3 + k4 [h/ b
D_ — — 1 —_— — )
S - D ks +k, [h/b es | € Kk +k,[h/b
e k for
gurati k k k k .
Case Configuration  Author ] 2 3 4 550 h/b—w
(a) Biplane Prandtl* 1 -0.66 24 74 0.976 -0.089
(b) Biplane (2) Prandtl 1 -0.66 1.05 Sl 0.952 -0.178
(c) Box wing Prandti 1 0.45 1.04 2.81 0.962 0.160
(d) Box wing Rizzo 0.44 0959 044 20 1 0.432
(e) Box wing iDrag bestfit 1.304  0.372 .95 1.988  0.964 0.187
() Box wing iDrag ky =k; 1.037  0.571 1.037 2126 1 0.269
ky+kyh/b
* here, a different equation is used: £ =0.5+ £
;L—j +J|q.—4 'I.r' "Irb
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Estimating the Oswald Factor for Non-Planar Configurations

The Box-Wing Aircraft
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Estimating the Oswald Factor for Non-Planar Configuratio ns

The Box-Wing Aircraft
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Summary and Conclusions

= Simple, physics based method for both conventional and unconventional
configurations given

= Treats more in depth the special cases of wings with winglets, wings with dihedral
and box wings

= Information provided to assist aircraft designers in making a sufficient accurate
estimation of the span efficiency factor e during preliminary aircraft design and
aircraft design optimization.
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