High-lift aerodynamics

747 high-lift
system at
touchdown.

1. Obtain the highest Cimax, to obtain slowest approach speed and minimum runway length at
landing.

2. Get the maximum ratio L/D at takeoff, to maximize climb angle (jet) or rate of climb (prop)
— Ci= 0.7-0.8 Cimax-

3. Develop a reasonably high drag at landing to help reduce speed and increase glide slope.
These requirements mean that it is now almost mandatory to use variable airfoil geometry and/or

multi-element airfoils in high-lift systems. In the latter case we still want to achieve the highest
Cimax for each component.



Elements of common high-lift systems

- ? = Spoiler

747 leading edge

Flap‘

Slat or
707 wing variable camber

Kruger flap
\

737 flap system

High lift devices (multi-component airfoils) — 2

(i) Fowler (ii) Tabbed Fowler

Sealed slat Slat

Plain leading-edge flap
or Drooped leading edge

Krager flap Vented Kruger flap (iii) Vaned Fowler (iv) Triple-slotted Fowler

(i) (i) o
e. Fowler flaps

a. Leading-edge devices

b. Plain flap c. Splitflap

f. Triple-slotted Fowler with slat
(i) Single-slotted (ii) Double-slotted

d. Simple slotted flaps




High lift devices (multi-component airfoils) — 3

S\
N

Devices that increase wing area
also increase effective 9Cl/aa.

Multi-element flap with leading-edge device
Multi-element slotted flap

Plain or split trailing-edge flap
Leading-edge device

Basic aerofoil

Devices that increase
camber at TE reduce ao.

a

Devices that increase
camber at LE increase ao.

High-Lift Device Typical Flap Angle (CL)max/cos A
Trailing Edge Leading Edge Takeoff Landing Takeoff Landing More com p"C&ted and |al’gel’ h'gh'“ft
Plain flap 20° pre 1416 1720 systems can increase Crmax but also
Single-slotted flap 20° 40° 1.5-1.7 1.8-2.2 cost more in terms of weight,
Fowler flap maintenance and purchase price.
single-slotted 15° 40° 2.0-2.2 2.5-2.9
double-slotted 20° 50° 17-195  23-27 A less obvious effect is that they also
double-sl S ° ° i
Tome i i N e I i tend to reduce available fuel volume.
triple-slotted slat 20° 40° 24-27 3.2-35

N is the c/4 wing sweep angle.

Airfoil high-lift system basics

There are three effects that determine the increase in lift achieved:

1. An increase in camber

— 5
2. Anincrease in effective chord =

3. The mutual interaction effect of
separated components
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Figure 25.3- Pressure th NACA 63 -615 secti d as shown,
all three at a = 10 deg. Also shown is the pressure distribution on the basic s:ngle section. The slat gaps are 1% of
the basic section chord. Source: AIAA Paper No. 74-939 High-lift Aerodynamics, AM.O. Smith.
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Figure 25.1 - Effect of flaps and slats on the lift curve
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Landing vs take-off configuration
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Recall that performance considerations in landing and take-off segments are somewhat different.

In_landing one is largely concerned with slow speed/ground roll and most attention goes to Crmax.

In takeoff one is concerned with both with ground roll AND climb rate — attention

goes to optimising a combination involving both C. and L/D.

2 T 1
pl © MINIMUM TAKEOFF SPEED 1.2 V)
. . N2
Hence one typically sees a different deployment of the - b -Jéo\(,c
same high-lift system for the two segments. 5 FLAPS o g | ENVELOPE-SPECIFIC
A~ FLAP SYSTEM
Y% IS"%_
. N o,
slat main-wing fore-flap 10 2% s.
\ mid-flap — |
:/C e e @
15°-tlap setting 2 40°-flap setting XY |
\ L TAKE-OFF FLAPS —l——l
Figure 25.10 - Slat and flap positions at mid-semi-span for take-off and landing of the Boeing 737. “T WANOING RAPS =)
Source: AIAA Paper No. 93-3140 0 L0 C 2.0 3.0

L

Figure 27.4 - Take-off aerodynamics, polar envelope.
Source: Shell Aviation News nos. 343, 344 / AIAA Paper No 65-739

Design of high lift devices

To achieve highest lift:

Extend multicomponent airfoil chord.

Keep peak nose suction relatively low.

o~ 0N

6. Add fresh air to the BL behind peak suctions.

Nose peak suction is controlled by:
1. Nose radius and camber.

2. LE devices — flaps, slots, slats.

LE devices suppress the suction peak over the LE and
reduce the likelihood of LE separation at high a. They act by:

1. Camber changes: nose and Kruger flaps, or

2. Improving BL energy: LE slots and slats (most effective).
Lift over mid and aft sections is controlled by:

1. Camber changes (reduces Qo).

2. Flap systems that improve BL energy: slotted flaps.

Lift should be as evenly distributed as possible for a given peak suction in each component.

Avoid excessive (adverse) pressure gradients by design of geometry and/or BL control.

Increase lift over mid and aft sections of multicomponent airfoil.

BL energy improvement is achieved through slots that bring energy from lower to upper surface.



Why is Crmax prediction so difficult?

. S = separation START OF NEW PROCEOURE
interaction of wake ond boundary layer R = reattachment
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Figure 25.30 - Theoretical pressure distribution on the
flap in inviscid and in viscous flow fora =6, 10and 13
deg. Source: AGARD CP-365, Paper No. 3.

Possible flow separation/stall mechanisms

With a number of different lifting components interacting, a variety of possible flow separation locations arise:
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Figure 25.19 - Leading-edge stall on the main component for a section with a slat

Figure 25.16 - Leading-edge stall on the main component for a section without a slat.
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ESDU method for estimation of Cimax at low speeds

Topics:
1. Effects of LE devices and TE flaps.
2. Cyvs afor a single airfoil.
3. Civs a for various devices
() LE device
(i) TE flap
4. Experimental evidence of range of applicability.
a=0 Cprg = Cprop tACLy = Crop+ ACo +AC,
max  Cp, = Cpp+AC, = Cpp+AC,,, +AC,,,
g F Yy
9 T
@ £
o Cr
(@]
£
‘ACm‘
Crp i
Cron

a

(3.1)
3.2)

ACpy,

Cim

Crmp

Sketch 3.1 Build up of C 7o and C e for aerofoils

ESDU method for estimation of Cimax at low speeds

TABLE 3.1 Locations of information for determination of C Lo and C I for aerofoils

High-lift devices

Leading-edge

none

any

none

any

Trailing-edge
none
none

plain

split
single-slotted
double-slotted
triple-slotted

plain

split
single-slotted
double-slotted
triple-slotted

Data Provided

C C

LOB* “LmB

ACl.l’)[ . ACl,ml

ACLt')I ? ACLml

ACLO g ACLm

Item No.

84026
94027

94028
94029
94030
94031
94031

94028
94029
94027, 94030
94031
94031

Reference No.

16 Basic
26 LE only

27
28
29 TE only
30
30

27
28
26, 29
30
30

Combination

An introduction to the characteristics of aerofoils with high-lift devices deployed is given in
Item No. 94026 (Reference 25).
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The aerofoil maximum lift coefficient is obtained as follows:
Cim = (CL0+ ACL)FSFM 2.1)

in which the increment AC L is obtained from Section 3 or 4 and C Lo is obtained from Section 5. For
modern aerofoils the factor F < is obtained from Section 6 while for conventional sections F g = 1 0 .The
factor Fy,, obtained from Section 7, allows for the effect of Mach number up to 0.4. For M < 0.1,
FM = 1.0.

So we need Cyp and AC,, as well as Fs and Fu. (‘Modern aerofoils’ are those with large rear camber.)

ESDU plain airfoil Cimax — 2

5. LIFT COEFFICIENT AT ZERO INCIDENCE

The coefficient C;, for use in Equation (2.1) is obtained by combining the lift-curve slope, (a,) . for
incompressible flow obtained from Item No. Aero W 01.01.05 (Reference 21) with the zero-lift angle, A,
obtained by use of Pankhurst's method in Derivation 1,

14
1 . .
a4 =55 2 (B;z,;/¢c), (5.1) Qo in radians

i=1

where 2. = [2,(x; fe) +2; (x; [e)) /2. (52)

The coefficients B; are specified in Table 5.1 for the required values of x; /c.

TABLE 5.1
Coefficients B; in Equation (5.1)
i | x| B [ x| B,
1 0 145 8 0.50 367
2 0.025 2.11 9 0.60 4.69
3 0.05 1.56 10 0.70 6.72
4 0.10 241 11 0.80 11.75
5 0.20 2.94 12 0.90 21.72
6 030 2.88 13 095 99.85
7 0.40 3.13 14" 1.0 ~164.88
" Note that for the present definition of chord line the terms i = 1 and 14 do not contribute to @, .

Hence, the lift coefficient at zero incidence (a =0) is given by
Cro = —oglay)y,- 63

Next we need (a1)o, the lift curve slope at a=0 (approx. 2m/rad.)
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Derivation 2 gives the following equations representing Figures 1 to 3:

(ay), 0.1+(1.05-0.5 x,/c) tan (it ) too —t
= =1- 1@ tan(r,/2) = 22099 g
(ap)or [1-25 tan (51,)] 0.18¢
(IOgloR_S)
for Figures 1 and 2, where x /c is the boundary layer transition location,
and (a;)or = 2n+(475+0.027) 1/c TR Tq (2.2)
Now we have Cp. Next we need AC..
1.6
‘ R,
14 j : ! i : i ‘ | ' 9.0 < 10
| 60<10°
3.0 < 10°
AC These data for
= smooth airfoils with
12 Sl Zuios/c < 0.017
- 1.5 < 10°
10 41.0x10°
0.7 x 10°
08 it :
0.006 0.008 0010 0012 0.014 0.016

Zy125/c

ESDU plain airfoil Cimax — 4

1.8

These data for
smooth airfoils with
Zu125/c > 0.017

0.6

30 10°

20~ 10°
s 0®
1.0 x 10°

0.7 % 10°

008

0.10

0.12

0.14

tanT,

0.16

0.18

0.20

0.22
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Finally we need correction factors Fs and Fu.

1.14 =
e
//
Fs (section) accounts for increase in Cimax for modern L12
sections with significant rear camber, otherwise Fs=1. v
5
1.10
1.08 :
2 4 6 8 10

Fnv (Mach number) accounts for reduction in Cimax with M, R, <107

most significant for sections with small nose radius,
Fy=1—-FF,

02

00 = L
0.0 0.1 02 03 04 ST
0

M 0.005 0.010 0015 0.020 0.025
[2,(0.05) -z, (00D)] /¢

ESDU LE, TE device effects on Cimax

where
ol Cro =Crop+ACyy = Crop+AC15;+ACLs, |5 LE device
CLm CLmB+ACLm = CLmB+ACLml+ACLmt t = TE device
a. Leading-edge device
b S | '
Cr L 1BCm
SEE i
Note ACLo is negative
because zero-lift a
Crm increases with device
c deployment.
/ LmB
ACLO.‘
ol
Cros Cpp
0 a
b. Trailing-edge flap
../"-’--7 - . L
C e 4 AC[ mt
L S
P _/"’ ) ‘
i - > 4 <
pd -
" ac - -
m
Lot ¥ Crmp
Cro p
i
Crop -

0.030
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VT bl | c=plain airfoil chord
[ VA < ) c’=extended airfoil chord
5 v
12N
ci=chord of LE device f -
c/'=extended chord of LE device - - Z
’AC‘||// " Apcofoil dotum (chord Ko
Ac=chord extension due to T g Seelod datum fener ii/""_’_"
deployment of of LE device Lo Y R
R -
Hinge ons
&\ N
N\ The flap cotum s the
\: N\ oerafoil chord line
N
5 '
z, ton(5 8,)
”~ h [}
D
Q 8, positive 0s shown
) Lk 3
w i ;
<
ke,
. |
Construction for ¢’ [see Equation (4.2)] ib\ |
|
e 81 {
e

Sketch 4.1 Plain leading-edge flaps and drooped leading edges

From Sketch 4.1,

cl' = c,+:htan(bl 12) 4.1)
and cli= c+2:hlan(6[ /2). 4.2)

ESDU LE device effects on Cimax — 2

Pont of rotation | S 1 — o]
defining Ac, |

(¢} Construction for ¢’
[see Equations (4.4a) and (4.4b)]

a = II_, coseca, tan (34,) /
(a) Slat h =asing, ‘
=M, tan | 36,

ESDU 94027

z
C; = —Hl/sindl

Aerofoil dotum (chord line)

(b) Vented Krugerflap

d=c+q—-L;—H tan(61/2)
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31

ESDUCLE device effects on Cjmax — 3

Aerofoil cotum (chord line}
(a) Sealed slat

Aerafoil dotum (chord line)

] Aerofoi

Fh(-ve)
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Increment in Lift Coefficient at Zero Angle of Attack

The deployment of a leading-edge device gives a (usually small) loss in aerofoil lift at zero angle of attack,
determined from

ACpg; = [AC,, ], + [AC,, ], . G.1)

The prime symbol (‘) indicates that the lift coefficient increment is based on the aerofoil extended chord ¢” .
In Equation (3.1) the first term is the main contribution obtained from the theory, and is given by

[ACi01), = Koaid; G2)

where K|, is an empirical correlation factor, which is dependent upon the type of leading-edge device, and

a, is the theoretical rate of change of lift coefficient with respect to the deflection §;, positive nose down,
given by thin plate theory as

a, = —2(6,— sinBl) (3.3)

where 8, = cos"L(1-2¢,,/c") (34)
2. ¥

and sing; = [1-(1-2¢,, /)] (3.5)

in which ¢, is the effective chord of the leading-edge device.

Combination of Equations (3.2) to (3.5) gives, in conjunction with Equation (3.1),

AC)y; = -2Kyd; { cos™! (1-2¢,0c") - [1-(1-2¢, /Y2 } +[AC ), | (3.6)

in which [AC, ,’_0,]2 is a correction required only for slats and vented Kriiger flaps.

To convert the lift coefficient based on extended chord to one based on basic aerofoil chord, the equation
AC; ;= ("1 c)ACy, 3.7

is used. The value of AC;,, can be taken to be independent of Reynolds number.

gotum {chord line)

" (b) Upper-surface
Kruger flap

d=c+c,—x,

{¢) Lower-surface
1 Kruger flap
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Increment in Maximum Lift Coefficient
The increment in maximum lift coefficient is given by

AC = Kl,KxKIam,(iS,—bo) (3.8)
For given flow conditions the empirical correlation factors K, , K, and K, are dependent only upon
leading-edge device geometry. In this Item K, K and K have been determined for a datum Reynolds
number of R(, =35x 10" (see Section 5). The parameter a,. is the theoretical rate of change of maximum
lift coefficient with respect to §;, given by thin plate theory as

Ay = ZSinel (3.9)
in which sin 8, is given by Equation (3.5).

Equation (3.8) can be rewritten, using Equations (3.9) and (3.5), as

: i W27
A, = 2K K K (8-, [1-(1-2c,/c")] . (3.10)

for the datum Reynolds number. The parameter 8, is the empirically-derived value of 8, required to give
AC; ., = 0 for slats and vented Kriiger flaps.

The magnitude of AC; . is influenced by Reynolds number. Analysis of data in Derivations 10 and k’l

showed thatif K, , K, and K were correlated at a datum Reynolds number, taken here as R . = 35x107,
then all the Reynolds number dependence of AC; ,, could be allowed for through a factor, Fp , given by

Fp = 0.153log R, (3.11)

which is unity at the datum.

Thus

ACy = Fp(c'lc)AC),;- (3.12)

ESDU LE device effects on Cimax — 6

DETERMINATION OF AC;,, AND AC;,, FOR A RANGE OF LEADING-EDGE HIGH-LIFT
DEVICES

To determine values of AC,'_OI and AC}_m B and thence to determine the associated values of AC Lol and
AC, ;. for the various types of leading-edge device, Equations (3.6) and (3.10) are used in conjunction
with Equations (3.7) and (3.12). The parameters involved in Equations (3.6) and (3.10) take different values
according to the type of leading-edge device, so Table 4.1 is presented to show the source of the required
geometry and definitions or locations whereby the relevant parameters can be determined.

TABLE 4.1 Source of geometry and relevant parameters required for evaluation of Equations (3.6)
and (3.10) for various leading-edge devices

Geometry Parameter in Equation (3.6) or (3.10)
Leading-edge devi N - ! ;
eading-eage device | coction | S | & K, |[aCd, | K. K, K |y
Plain leading-edge 4.1 c; | Sketch 1/K, 0 10 |Fig.2a Fig.1a| 0
flaps and drooped 4.1
leading edges
Slats and vented 42 ¢, | Sketch 135 | 0.030 Fig3 |Fig.2b|Fig.1b|025
Kriiger” flaps 4.2 for slats,
1.0 for
vented
Kriigers
Kriigerkﬂapx and 43 ¢; | Sketch | 1.8 0 1.0 Fig.2a | Fig.1c| 0
sealed slats 43

" Itis essential to refer to Section 4.3 for the determination of ACLmI for Kriiger flaps (vented or unvented) for details of a
limitation on Kriiger nose geometry.

In addition to the sketches, Sections 4.1 to 4.3 contain special comments concerning the geometry and its
influence on ACj,; or AC; , via the correlation parameters.
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08

0.6

04

02

0.0

0.04
005
0.06

The curve must not be
extrapolated to larger 61° values

8"

FIGURE 1a CORRELATION FACTOR K, - Plain leading-edge flaps and drooped leading edges

ESDU LE device effects on Cimax — 8

50

8

FIGURE 1b CORRELATION FACTOR K, - Slats and vented Kriiger flaps
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1.0
0016 0.004
H, g 3
s Extrapolation
(4
08
0.02 <0
06| 0024
K;
04 | 0028
0.032
02}
0.036
0.040 \
00 20042 X
0 10 20 30 40 50 60 70 80 90
8"
FIGURE 1c CORRELATION FACTOR K, — Kriiger flaps and sealed slats
ESDU LE device effects on Cjmax — 10
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[ 15205, RO A
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04
02
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] 0.002 0.004 0.006 0.008 0010 0012 0.014 0.016 0018 0.020 0022

P
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FIGURE 2a CORRELATION FACTOR K T Leading-edge flaps, drooped leading edges, Kriiger flaps and sealed slats

0.024
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Extrapolation| /

0.002 0.004 0.006 0.008 0.010 0.012 0014 0.016 0.018 0.020 0.022

Py

¢

FIGURE 2b CORRELATION FACTOR K, —Slats and vented Kriiger flaps
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FIGURE 3 CORRELATION FACTOR K,

0.024
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5. APPLICABILITY AND ACCURACY

5.1 Applicability

The methods given in this Item for estimating the increments in aerofoil lift coefficient at zero angle of
attack and in maximum lift coefficient due to the deployment of leading-edge high-lift devices are applicable
to a wide range of such devices. Table 5.1 gives the ranges of parameters covered by measured data, obtained
from Derivations 1 to 9 and 12, for which the various correlation factors used in developing the methods

have been obtained.

TABLE 5.1 Parameter ranges for test data used in methods of Section 4

Plain leading-edge .
Parameter Sflaps and drfmpegd SI?(‘:u:folf[Z:lsed Kr:f:;eﬁl;:g"d
leading edges
tle 0.06t00.10 00910 0.15 0.09100.15
p;le 0.004 to 0.0069 0.005 to 0.0158 0.0055t0 0.015
Pt 0.067 to 0.0687 0.055t0 0.132 0.0611t00.10
x, le Not applicable 0.0185 to 0.05 Not applicable
¢l 0.15 0.125t0 0218 0.097 1o 0.306
8,” (undeflected) Not applicable 13° t0 27° Not applicable
8,7 0 to 45° 12° to 50° 12° to 92°
L/c Not applicable -0.028 t0 0.125 Not applicable
Hle Not applicable -0.020 t0 0.088 -0.0204 t0 0.045
G,le Not applicable 0.01 to 0.06 Not applicable
x,le Not applicable Not applicable 0.02t00.25
R, x10°° 45106.0 0.60 to 6.0 0.8106.0
M 0.151t00.17 0.10t00.17 0.11t00.17

The methods are based on the theoretical effects derived from simple thin hinged-plate theory with empirical
corrections for the effects of practical leading-edge device geometry. The leading-edge device requiring
the largest number of such corrections is the slat (including the vented Kriiger flap). That is not surprising
since it is the device farthest removed from a simple hinged plate in terms of the physical processes involved
in its operation. The slot is very influential in its own right; in the extreme case a slat can provide a change
in maximum lift simply by translation, with no rotation, to open up a slot.

ESDU LE device effects on Cimax — 14
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Sketch 5.1 Comparison of predicted and experimental values of AC;

Accuracy approx. +7%

(ACLnPexp:

Sketch 5.2 Comparison of predicted and experimental values of AC,

Leating el

oo xo0

(AC P pred

Accuracy approx. +10%




ESDU 94030

ESDU 94030

ESDU TE device (single-slotted flap) effects on Cimax — 1

3.

ESDU TE device (single-slotted flap) effects on Cimax — 2

4.1

LIFT COEFFICIENT INCREMENTS AC; , AND AC,,,

The increments in the lift coefficient at zero angle of attack, AC 10° and at maximum lift, AC T due to
the deployment of a leading-edge high-lift device and a trailing-edge flap on an aerofoil are given by the
sum of the individual increments, i.e.

ACy; = ACy0+ACy,, @3.1)
and AC;, = AC,, ,+AC, .. (3.2)
[ AP
ACyo = ZACTo, 33)
o Ciitia
and AC,, = F, zACLmI (34
where Fp =0.153log, R, . (3.5)
e l" -
- (‘ -
o A(':. 2 - ol (",I .
s " Aerofoil datum (chord line) - h" e
o 7 — o [ N e ( e 4 &y
0 Slat datum . ~ Ac, T 2
NS . .
o Ch S Flap
c’n datum *
-
-

* Flap datum is rotated aerofoil datum

Sketch 4.1 Single-slotted trailing-edge flap with typical leading-edge high-lift device (slat)

Increment in Lift Coefficient at Zero Angle of Attack

The increment in lift coefficient at zero angle of attack due to the deployment of a single-slotted trailing-edge
flap is given by

AC}q, = JAC (a))27 . 4.1)
In this equation J,; is an empirical correlation (or efficiency) factor which is a function of §,; and is given by

= 1.17[5in(3830°)]%  for 058° 523.5° @2

and Jo =117 for 67] >235%% 4.3)

which are plotted in Figure 1.

The flap deflection, 8, , is seen from Sketch 4.1 to be the angle through which the flap datum” s rotated
relative to the stowed flap situation. Thus, for a single-slotted flap 8, is the angle through which the aerofoil
datum is rotated.

The lift coefficient increment, AC} | , associated with the deployment of a single-slotted flap on an aerofoil
having alift-curve slope of 21, is based on Item No. Flaps 01.01.08 (Derivation 19) and is given in Figure 2
asa functionof 8, and ¢}, /c".The parameter AC; ,, which is based on test data, replaces the value derived
from thin plate theory used for plain flaps in Item No. 94028. This was necessary because slot effects are
not represented in the simple theory.
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Increment in Maximum Lift Coefficient

In the development of the method for predicting the increment in maximum lift coefficient it was found
necessary to adapt further the thin hinged plate theoretical model to cater for slotted flaps, especially those
involving large chord extensions. i.e. Fowler flaps. With such flaps it is possible to obtain significant
increments in maximum lift (with a low drag penalty) by deployment with zero deflection. The increment
in maximum lift is then very largely due to chord extension and is related to the basic aerofoil maximum
lift. The increment in maximum lift coefficient then consists of two components, one, (ACLm,)
independent of flap deflection and the other, (AC} ,) , due to the deflection. Thus

ACG,, = (ACE,, )0+(AC'Lm,)I 5 (4.6)
where
(ACY )y = (I =cle' ) Cy 5, .7
and
(ACL"”)l = KK, \J, AC;  — (1 —c/c')sinb,I(CLmB)d, (4.8)
so that
ACY,, = (1=clc')(1=sind, )(Cy,p) + K7K, 1/ AC] ) “.9)

In Equation (4.9) (CLmB) is the maximum lift coefficient for the basic aerofoil at the datum
Reynolds number R, = 3.5 x 10% , obtained from Item No. 84026 (Derivation 25).

The extended chord, ¢, is given by Equations (4.4) and (4.5), J;, is obtained either from Figure 1 or from
Equation (4.2) or (4.3) and AC ’,_l is obtained from Figure 2.

The correlation factor K7, given in Figure 3, allows for the effect of basic aerofoil geometry viaz,| »5/c,
the dimensionless upper-surface ordinate at 0.0125¢, and x,,,,, /c, the dimensionless chordwise location of
the maximum upper-surface ordinate. Values of z,; 55 /c for a range of NACA sections are given in Item
No. 66034 (Reference 28). The correlation factor K|, is given as a function of 87, in Figure 4.

Finally, with the value of AC}, . obtained from Equation (4.9), AC;, . is evaluated from Equation (3.4)
with Fg given by Equation (3.5).

ESDU TE device (single-slotted flap) effects on Cimax — 4
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For possible application to vented

Kruger flaps see Section §

Use for slat gap 0.02¢ 10 0.05¢ [

|
1

55

50

45

35

30

FIGURE 5 CORRELATION FACTOR K;FOR SLATS IN PRESENCE
OF TRAILING-EDGE SLOTTED FLAPS

10
09
03
0.

0.1

ESDU TE device (single-slotted flap) effects on Cimax — 8

TABLE 6.1 Parameter ranges for test data for single-slotted

trailing-edge flaps used in methods of Section 4

Parameter Ranges
tlc 0.10 to 0.30
p,lc 0.007 to 0.099
Z,125/¢ 0.013t0 0.072
Xumlc 0.25t0 0.45
x,.le 0.715 to 1.000
¢y lc 0.15t0 040
% 0 to 60°
¢'lc (no slat) 1.02to0 1.42
c'le (with_%lat) 1.27t0 1.39
R.x10 10t09.0
M 0.12t00.24
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Sketch 6.1 Comparison of predicted and experimental values of AC
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Sketch 6.2 Comparison of predicted and experimental values of AC;

BL blowing/suction to raise Cimax

When wing loadings are very high, engine-powered BL suction or (more
usually) blowing can maintain attached flow and significantly increase
Cmax at the expense of added complexity, weight, and reduced reliability.

\ N
' Jetsheet v
P

T

BL blowing may occur near LE
without any movable airfoil element,
as well as over flaps (e.g. Buccaneer).

The F104 employed
blown flaps to reduce
landing speeds to
tolerable values.

The TSR-2 employed
blown flaps. Take-off
distance was reduced
from 2800m to 750m.




High-a aerodynamics for swept wings

1. On highly-swept wings, flow initially detaches from the LE as a increases, and may roll up into
vortices that produce substantial lift (aka vortex lift).

2. In this case, stall is not closely linked to the onset of flow separation and lift may be further
increased by raising a still higher.

3. The penalty is that drag is also large. However, the L/D ratio may be acceptable for the flight phase
considered.

4. Typically, high-a effects are mainly relevant to sub/transonic flight. Supersonic aircraft may however
(and often do) exploit this effect to lift for takeoff, landing, or (subsonic) manouevering.

5. If the wing is not highly-swept, chines or LE extensions (LEX) near the wing root can be used to
induce vortex flows.

High-a aerodynamics for delta wings — 1

On delta wings, which are typically highly-swept, a reasonable approximation for high-a lift and
drag is obtained by assuming the lift is provided by a combination of ‘potential’ and ‘vortex’ lift.

At first this might not seem a very good idea but in fact R u?%’&?:’m
there typically is a region of flow between the LE SEPNE ™

vortices that is non-swirling and much like the
predictions of slender-wing potential flow.
SECONDARY

SEPARATION
LINE

SECONDARY
ATTA&::ENT
First we examine the slender-wing potential flow

theory of Jones and then the cross-flow drag idea.

A modified sum of these (Polhamus’ theory) Surface
does a reasonable job. streamlines on
an ogive-delta
wing at high a.

Attached
flow



Jones’ theory for slender wings of low aspect ratio — 1

RT Jones in effect made the dual of Prandtl’s assumptions for slender wings of high aspect ratio:

1. The flow around every cross-section perpendicular to the flight direction can be approximated by
the two-dimensional flow around the same section, superimposed on the original uniform stream.

2. This makes it possible to determine the lift distribution along the chord just as the Prandtl theory
gives the lift distribution along the span.

3. The lift at any point is only influenced by the flow ahead of the point considered and is
independent of the flow conditions downstream, whereas in Prandil’s case of large-aspect-ratio
wings, the local lift depends largely on the influence of the free vortices downstream.

Consider a delta wing flying through a stationary body of fluid, with AoA a:

[Z Iz The flow generated in the y-z plane is assumed
“\ N —f to be the potential flow created by a flat plat of
y | |\ r 1b f width b moving downwards at speed U-.sina.

[ | J =
- \ i }\ | | The increment in velocity potential between the
g e\ z

?—‘-\é,ﬂ—' two sides of the plate is given analytically by

)‘ Lo ‘ 4 -
k ||' ( | | .
C AN |/ l!,__ i w: Ap =Uysinabd m

|
‘A/ \j C G
C Streamlines of However, this 2D flow, if steady, will generate
_ 4 flow generated in no force, because the flow is potential.
tan A the (stationary)

y-z plane.

Jones’ theory for slender wings of low aspect ratio — 2

The force is generated because in a fixed reference frame, the flow is unsteady owing to the
passage of the wing. We can then use the unsteady Bernoulli equation (written in potential form)
99 p

1
3¢ p + §(V¢)2 + gz = const.

to compute the lift force per unit length as

oL 9 [? 9 b y
2% = ot e A¢dy—onosmaa /_b/2b 1-— <b/2> dy

2
= pU sin a% 8b8ix)

Use the chain rule dL R db2(x) dr
W PUso sinar—-——

db(x)
dz

Note there is no lift if db/dx = 0.

1
= ionzoW sin o b(x)

Now for a plain delta, db/dx=const and we end up with

1 .
L= iprogsinabmax D; = §Lsma
T . C%
C = 34sina for lift,  and Cpi=—4 for induced drag.

D

A=—
tan A



Cross-flow drag analogy for detached component of vortex lift

Consider the normal force produced by the wing-normal component of flow, U.sina.

Primary vortex

Secondary vortex

Inboard chordwise flow

Lateral flow beneath primary voriex

Tip flowbeneath secondary vortex

Total vortex lift force

The wing is sharp-edged and this normal component of
flow separates, giving rise to a wing-normal force with
local drag coefficient, Cpp.

The force per unit length in the normal direction is:

1
§pU§o sin? ab(z)Cpp

The lift force per unit length is the vertical component:

1
EpUEO sin? avcos ab(x)Cpp

1 C
L= §pU§o sin2acosab(x)CDp/ b(z)dz, Cp=Cpp sin? o cos
0

Polhamus’ theory — 1

Using a leading-edge suction analogy to compute the separated flow/vortex lift component,
and a potential-flow model for the remaining lift Polhamus (1966) derived

CrL =K, sin « cos? a + K, cos o sin

Cp = Cp tana

where Kp and Ky are respectively potential and vortex lift coefficients.

As a—0, C.—Kpa, so Kp=0C.p/da.

Kp

| | |
0 1 2 3 4

Aspect ratio b2/S

1.2

75° Delta, M = 0

Total lift, C, >
Vortex
lift, C,
v
Potential lift,

Ci, = Kp sin a cos?a

| | J

10 20 30
a deg

The model is found to do a reasonable job in subsonic flows provided a is not extreme.
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Polhamus’ theory — 2

(Reasonable agreement with Jones’ theory

B e
- //’ at low a in this case ‘is fortuitous’.)
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— NOCICNTE _#”"Stonder wing Reduction in lift at high a is associated
N - theory with onset of ‘vortex bursting’.
7 (Jones)
- = 7/ .
7~ -
= 7
- - s
7
| ,/ Data (Wentz) »
- 7
. 7
— 7 L]
7
- 7
7
- /V Potential lift
L | | | | | I | | | I
0 10 20 30 40 50

Angle of attack, degs

Vortex bursting tends to
occur when the swirl
strength as measured
by tan-1(Ve/Vi) is large.
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Polhamus’ theory — 3

Since the circulation of the vortex increases downstream, the core will tend to burst with increasing x.
Or a. Bursting can occur downstream of TE but this has no effect on a delta-winged aircraft.
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Delta wing design constraints

Besides vortex bursting, the LEVs shed from very
slender/low A wings can interact, sometimes in
an oscillatory fashion.

This supplies another design constraint.

Other constraints can be provided by the need to
sweep the LE behind the Mach cone, or practical
limits on cabin floor/cockpit a.

Overall, there is typically some window of
feasibility.

Vortex Vortex
[ asymmetry breakdown
sof- q__/)
a, deg o
20
Stable symmetric
vortex pattern
10
] 1 ] ] 1
0 0.5 1.0 1.5 2.0 2.5
R
25° T T T T T
DUTCH ROLL ONSET en\é?xiggm
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A FOR DELTA WINGS

High-a aerodynamics with LE extensions (LEX) — 1

The impact of Concorde’s successful exploitation of vortex lift boosted associated R&D for military application.

Meanwhile, some early
. adopters had already
ceased production...

LEX provide little effect (other than aiding
favourable axial area distribution for transonic
regime) until high-a flows are encountered.

Moderately sweph basic wing
assures good flying qualities
and spin resisfance

11 R

Leading-edde extension provides
50% increase in max lift
Lower drag-due-to-lift
Lower supersonic frim dr
Reduced buffet intensity

Northrop YF-17




ASPECT RATIO

High-a aerodynamics with LEX — 2

Northrop’s development of the F-5 family of
wing designs showed a steady increase in

high-a lift for small increments in area.

F-5A/B

|
|
|
|

20

2.0

B z e F-5E
: 1.6 _— F-SE 3 L
S 12 _.—-—+""/‘ 12 Vortex
= o E Tedesee ceedbeift
Z ¢ ey o e
£ 08 8,135 =000 < 08 Area ratio
,/ 0.4 CGat0.12 E 0.4
E M=0.3 )
% 30 — . 0 P
0.0 0.02 0.04 0.06 0.08 0.0 0.02 0.04 0.06
SLEX/Swing SLEX/Swing

This led to the YF-17, then the F-18 series, both with comparatively larger LEX (approx 10% S).

Note that the wing is designed with a supersonic LE,
so is comparatively thin and sharp. To achieve best
turning performance, both LE and TE manouevre flaps
are also employed.

At higher wing loading than the F-15, comparable
sustained turn rates are achieved, and the aircraft
remains controllable at a~45° (or better).

High-a aerodynamics with LEX — 3

F-18 series performance characteristics

Nyond wing
variable camber

100% increase in
subsonic Crmax

for 10% area
increase
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High-a aerodynamics with LEX — 4

Related approaches have since been adopted on a variety of combat aircraft.

However, there have been some
significant difficulties associated with
heavy reliance on vortex lift:

2. Yaw departure

no pitch-
down

YF-16 with +max
elevator deflection.

" Ny N L P .
0 20 40 60 80
a, deg

Note that extended dorsal fins can
be considered as fin LEX, adopted
for good high-B characteristics.

Aerodynamic crutches — 1

Aerodynamic ‘crutches’ are add-on palliatives used to cure some undesirable aerodynamic characterisitic,
typically flow separation in an off-design situation. Very often they are seen on swept-wing aircraft.
Almost invariably, they rely on creating streamwise vortices on the wing upper surface.

The successful, routine use of wings swept back at 30 to 45 degrees is a source of wonder to stability
and control engineers who were active in the 1940s. Then, a wing that was tapered by sweeping back
the leading edge while keeping a straight or slightly swept trailing edge, giving no more than 5 degrees
sweepback, was deplored. One could expect early wing tip stall with increasing angle of attack, wing

drop, and roll-damping reversal. (Abzug & Larrabee)
Aerodynamic palliatives ... are in a sense the vacuum cleaners of the aerodynamicist. (Stinton)
... there is no such thing as a clean swept wing. (Shevell)

Fences Saw-tooth

Vortex generators



Aerodynamic crutches — 2

Fences

1. Wing fences are the oldest of the swept-wing palliatives. Early, as many as three per
wing half might be seen but now just one per half is more typical.

2. Fences may be designed to act on the boundary layer flow, or the external flow, or both.
Fences dam the spanwise flow of air and create flow separation and associated vortices.

4. The inwardly-directed flow created by the vortex near the wing surface retards spanwise
BL flow. Outboard, the BL may be energized by influx of high-velocity air.

5. At high-q, the lift created by the vortex or sets of vortices, may itself be significant.

Upper surface flow visualisation

Flow Direction Fence

Inboard ¥ -
ﬂ‘ ~ Primary vortex Dead Air . / '
'
& Outboard / ‘
]
../ g ‘
v
@) Flow attached on outer wing Y . '

~ Secondary vortex )

Out board ( - 3 Flap

(b) Flow separated on outer wing 2

Aileron Fence
’ vortex

Aerodynamic crutches — 3

Improved aerodynamic performance associated with fences Improved aileron effectiveness/controllability
(Harrier)
Rolling moment
coefficient
- 010
Rollmg oscillations
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Aerodynamic crutches — 4

Saw-tooth and notch
1.

Both devices rely on creating trailing vortices with inward-directed flow near

the wing surface.

The saw-tooth may also be used to introduce LE camber/washout to further

improve handling. Also t/c is reduced, lowering supersonic drag.

The notch is largely the ‘inverse’ of the saw-tooth and creates similar flows.

The saw-tooth is also used to improve handling on some straight-winged
aircraft also.

Saw rooth

0 15° AoA 0 10° AoA
—

P/rching
Section a-a momlenr

coefficient
s Cm Cm‘ High speed

il
e

Wingtip twisr

Aerodynamic crutches — 5

Pylons, and engine-mounted devices

1.

2.

3.

Pylons for stores and especially engines act like fences to block
spanwise flows which are comparatively large on the underside of
swept wings, owing to general spanwise BL flow, tip-vortex flows,
and interaction with swept bound circulation.

At high-a, pylon flows may trail over the top of the wing and create
inward flows near the wing surface. In fact they are often designed
to do exactly this.

To enhance or create such flows for high-bypass engines, now
often located near the wing, special fins may be added to engine
nacelles to provide intense vortices at high-a.

Component due to

bound vorticity v p lon vortex
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Aerodynamic

The vortilon

1. The vortilon is in effect a truncated ‘fake engine pylon’, developed by Douglas to provide similar
benefit to that given by under-wing engines.

2. Typically employed on rear-engine aircraft that lack wing-mounted engines. Used by Douglas on
early DC-9 variants.

<~ VORTILON
V——=8

Aerodynamic crutches — 7
Vane vortex generators

Vane acting as a lifting
surface, generating a
longitudinal vortex
forming in its near wake

Vortex trailing downstream
~of vortex generator

Vane shown larger
than typical size Spiral flow induced

by vortex

-/ Portion of wing

\ e

S _h}n—ir;sdrface
. Small vanes located in spanwise rows which produce
vortices to locally energize BL flow by promoting

cross-flow mixing and thereby delay separation.

. Typically ‘co-rotating’ or ‘counter-rotating’ although
other arrangements are possible.

3. Counter-rotating types can thin wing BL since fluid is
ejected normal to the wing.

4. May be used for subsonic application but often the
purpose is to delay shock-induced separation.

5. Generators produce local drag but the overall effect
can often be beneficial.

Difficult to design without wind tunnel modelling.

Not restricted to use on wings.



Aerodynamic crutches — 8

Co-rotating

Note: Vanesshown larger
than typical size

See Detail A

/

Local flow /f_ Flow induced

direction [/ __—?%?/\ tfearcores

/ ~\
/" Vane vortex \A
generators

’

Detail A

Co-rotating vortices

Counter-rotating

Note: Vanes shown larger
than typical size

Portion of wing

See Detail A

Local flow

direction
/" Divergent pair of vane \
5 vortex generators ‘\
Flow induced
near cores

Counter-rotating vortices

Aerodynamic crutches — 9

Shock wave
locations
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Aerodynamic crutches — 10

Stall strips S
1. Stall strips are designed to promote (relatively) early { 4 e s ”1
stall at an inboard spanwise location, and to provide an N s
orderly spread of area influenced by flow separation. il ) ™ ,
2. Thus they make stalling behaviour more benign and 7 /,' e i
’/ /, /( g -

provide the pilot with warning signs such as buffeting.

3. While designed to minimize degradation in Crmax, stall
strips inevitably cause some reduction in peak lift
capacity. They have minimal effect at lower C.

__ Stall strip
Percentage reduction in aircraft trimmed,
mvu.\imum lift coefficient due to location
( Shaded areas show regions D
\ of upper surface separation 30
) \’:; increasing with increasing
‘j'/ incidence
\ Angular
v displacement - >
\ from leading
20 edge
Stall strip at 60 degrees
displacement from
10 leading edge taken as
datum
\J
o | Py
0 10 20 30 40 50 60
Winglets
Fairchild 300 Gulfstream GIV - SP
1. Winglets are tip extensions which extend the Sl N,
‘trace’ of the wing in the Trefftz plane without
significantly extending wing span.
2. As aresult, for a fixed span, they lower induced \
drag. However, they also contribute skin friction, Tupolev Tu 204 __ Airbus Industrie A340-300
profile drag, root bending moment, and weight. <\ \T
3. Arange of studies now suggest that if span is ' 2 _
not restricted, it is better to directly increase ' o™ - .\
span (i.e. aspect ratio) than to use winglets to Joetes
increase the trace length. 036 .
034 . o
4. However, if span is restricted, they are worth 032 § & J¥oekwotcan s £
. . P . o inglets-on data ! S
considering. Also as a modification to an o id
tati H H = Model has swept-tapered wing with A =4.1 : :
eXIStIng prOdUCtlon Wlng U‘Zg Winglet length parameter, ! /5 =025 :" E:
0.2 = : 20 de : o
5. Generally they make greatest contribution when . o2 PR 3
induced drag is significant, e.g. at high C.. 312 T
6. Also, they are most beneficial on wings/twist o ¥
distribution that makes the original tips relatively 0.2
highly loaded. i
7. Upper winglets are more beneficial than lower/ o5
split winglets. 002
0
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