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INCREMENTS IN AEROFOIL LIFT COEFFICIENT AT ZERO ANGLE OF ATTACK
AND IN MAXIMUM LIFT COEFFICIENT DUE TO DEPLOYMENT OF A
SINGLE-SLOTTED TRAILING-EDGE FLAP, WITH OR WITHOUT A
LEADING-EDGE HIGH-LIFT DEVICE, AT LOW SPEEDS

1. NOTATION AND UNITS
Sl British
(), basic aerofoil lift-curve slope in incompressible flow Tad  rad?
Cilm maximum lift coefficient of aerofoil with high-lift devices

deployed, based an

(CLmB)d maximum lift coefficient of basic aerofoil at datum Reynolds
numberR, = 3.5 x 16

Clo lift coefficient at zero angle of attack for aerofoil with high-lift
devices deployed, based on

increment in maximum lift coefficient due to deployment of

Lm
high-lift devices, based ar Equation(3.2)

AC| increment in maximum lift coefficient due to deployment of
leading-edge high-lift device, based @rsee Sectiob

AC| increment in maximum lift coefficient due to deployment of
trailing-edge flap, based an Equation(3.4)

AC/ increment in maximum lift coefficient due to deployment of
single-slotted trailing-edge flap, basedojrat datum Reynolds
numberR. = 3.5 x 18, Equation(4.9)

(AC it )O component oAC| .. independent of flap deflection,
Equation(4.6)

(AC it )l component oAC| .. due to flap deflection, Equat{drb)

AC increment in lift coefficient at zero angle of attack due to
deployment of high-lift devices, based grEquation(3.1)

AC increment in lift coefficient at zero angle of attack due to
deployment of leading-edge high-lift device, based,@ee
Item No. 94027

AC| increment in lift coefficient at zero angle of attack due to
deployment of trailing-edge flap, based@iEquation(3.3)

AC| o increment in lift coefficient at zero angle of attack due to

deployment of single-slotted trailing-edge flap, based',on
Equation(4.1)
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increment in lift coefficient associated with deployment of
single-slotted trailing-edge flap on aerofoil with lift-curve slope
of 21, based ow’, Equation(4.1) and Figure?

basic (plain) aerofoil chord.é. chord with high-lift devices m
undeployed), see Sketdhl

extended aerofoil chord . chord with high-lift devices m
deployed), see Sketehl and Equatior4.4)

chord of single-slotted trailing-edge flap, see Skdtdh m
extended flap chord, see Sketth and Equatiorf4.5) m

chord extension due to deployment of leading-edge device, see
Sketch4.1

increment in chord of single-slotted trailing-edge flap, see m
Sketch4.1

factor for effect of Reynolds number &€ aha

see Equatiorf3.5)

Lml Lmt !

correlation factor (efficiency factor) for single-slotted
trailing-edge flap, Equatio(.2) or (4.3) or Figurel

correlation factor for effect of leading-edge device deflection,
see Sectio®

correlation factor for effect of basic aerofoil geometry, Fidure

correlation factor for effect of deflection of single-slotted
trailing-edge flap, Figuré

free-stream Mach number

Reynolds number based on free-stream conditions and aerofoil
chordc

ft

ft

ft

ft

ft

ft

maximum thickness of aerofoil m ft
chordwise distance aft from basic aerofoil leading edge m ft
chordwise location of flap-shroud trailing edge, see Skétth m ft
chordwise location of maximum upper-surface ordinate m ft
upper-surface ordinate at 0.012% for basic aerofoil m ft
deflection of leading-edge device, see Skétdh rad, deg rad, deg

deflection of trailing-edge flap, positive trailing edge down, seead, deg  rad, deg

Sketch4.1
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P leading-edge radius of basic aerofoil, see Skétth m ft
Subscripts
( )eXpt denotes experimental value
( )pred denotes predicted value
2. INTRODUCTION

2.1 Scope of the Item

This Item provides semi-empirical methods for estimating the incremental effects on aerofoil lift at zero
angle of attack and on maximum lift due to the deployment of a single-slotted trailing-edge flap, with or
without the deployment of a leading-edge device, at low speeds.

Section3 summarises the equations relating the contributions to the total lift increments at zero angle of
attack and at maximum lift arising from the deployment of leading-edge high-lift devices and trailing-edge
flaps. Sectiord presents methods whereby the contributions from single-slotted trailing-edge flaps are
obtained. The contribution to the lift increment at zero angle of attack arising from a variety of leading-edge
high-lift devices is obtainable from Item No. 94027 (Derivat&@). However, with regard to the lift
increment at maximum lift, the situation is hampered by the lack of test data for other than slats in
combination with slotted flaps. Nevertheless, Secligprovides a guide to the use of the data in Item
No. 94027 in the present context for the full range of leading-edge high-lift devices covered in that Iltem.

Section6 concerns applicability and accuracy, Secli@ives the Derivation and References and Se@ion
presents two detailed examples illustrating the use of the methods.

2.2 Application of Data to Calculation of Total Lift Coefficient ValuesC, o and C ,,

In order to use the data obtained from the present Item in the wider context in which the total lift coefficient
at zero angle of attack o, and at maximum liftC, ,,,, are required for an aerofoil with high-lift devices
deployed, it is necessary to refer to Item No. 94026 (Refe9)c&hat Item acts as an introduction to,

and a link between, each of the Items in the complete series dealing with the incremental effects of high-lift
device deployment on aerofoil lift at zero angle of attack and on maximum lift. It describes how the
incremental effects are summed and added to the contributions from thd.bagleifl) aerofoil to give

the total value€, 5 andC .

3. LIFT COEFFICIENT INCREMENTS AC; AND AC, .
The increments in the lift coefficient at zero angle of att.;t&‘xt:k110 , and at maximutlsx('.l'n‘pn , 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 incrementse.

AC| 5 = AC o +AC, o (3.1)
and AC| = AC, iy +AC, 1y - (3.2)

The increments in Equatio8.1) and(3.2) are based on the choxj,of the basic aerofoil.
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The values ofAC, ;,, andC,,,, for various leading-edge devices are obtainable from Item No. 94027.
However, see Sectidnwith regard taAC, ,,, for use with the present Item.

For correlation purposes it is more convenient to present the right-hand sides of Eq84it)arsl(3.2)

in terms of increments based on the extended atloAdso, whereas values &C, ,, addC, ,,  can be
taken to be independent of Reynolds number, the valuss qf , AGng, are influenced by Reynolds
number. Thus, for a general trailing-edge flap, Item No. 94028 (Derivafjoshows that

c .~
AC| o = EAC,_Ot (3.3)
—r S
and AC i = FR EACLmt (3.4)
where Fr = 0.1530g4R. . (3.5)

The value of AC| ., in Equatior(3.4) is therefore appropriate to the datum Reynolds number
R.=3.5x 1€, for whichF = 1 , (see Sectioh1).

The values ofAC|, andAC| ,, in Equatiorf8.3) and (3.4) are determined for single-slotted
trailing-edge flaps by the methods of Secton

LIFT COEFFICIENT INCREMENTS AC| ,,AND AC},,

First approximations to the lift coefficient increments due to the deployment of trailing-edge flaps can be
obtained from the theory for an equivalent thin hinged plate with empirical correlation factors to account
for the geometry of practical aerofoils and flaps. To make some allowance for the effects of chord extension
in the theory, the flap-chord ratio and the lift coefficient increments are based on the aerofoil extended
chord. This approach was used in Derivatt@wand was the basis for the methods developed for plain
trailing-edge flaps in Item No. 94028 which was used as a model for the methods given in the present Iltem
for single-slotted trailing-edge flaps, see Sectibisand4.2 However, some adjustments were required

to adapt to the considerable departure from the thin hinged plate basis of the model when applied to a slotte
flap, possibly involving large extensions in chord.

"

I

Flap
datum *

* Flap datum is rotated aerofoil datum

Sketch 4.1 Single-slotted trailing-edge flap with typical leading-edge high-lift device (slat)
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4.1 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] o = J4AC] , (3))g/2T . (4.1)

In this equatiordy; is an empirical correlation (or efficiency) factor whichis a functia® pf ~ and is given by

1
Jip = L.17sin( 3.8:521)]/2 for 0<6y,<23.%8 (4.2)

and Ji =117 for 83, >23.5, (4.3)

which are plotted in Figure.

The flap deflectiond,; , is seen from Sketth to be the angle through which the flap datusotated
relative to the stowed flap situation. Thus, for a single-slottedflap is the angle through which the aerofoil
datum is rotated.

The lift coefficientincrementdC, ; , associated with the deployment of a single-slotted flap on an aerofoil
having a lift-curve slope &t , is based on Item No. Flaps 01.01.08 (Derii&iand is given in Figurg
asafunctionoby; andi;/c’ .Theparamei€); ,whichisbased on testdata, replaces the value derivec
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.

The aerofoil extended chord, in Sketch4.1is given by
¢ = AC X+ Gy - (4.4)

The parametefc, is the chord extension due to the deployment of the leading-edge device, obtained for
a variety of such devices from Item No. 94027. The quaxtity the chordwise location of the trailing-edge
of the flap shroud and the extended chord length of thed]ap, , is given by

Ciy = Cip TAC . (4.5)

In Sketch4.1Ac,, is drawn as having a magnitude sufficiently small to neglect. For those cases in which
Ac,, is not small, graphical estimation would be necessary.

The parameter (g in Equation(4.1)is the basic aerofoil lift-curve slope in incompressible flow from Item
No. Wings 01.01.05 (Derivatiozil).

The value ofAC| ; is then used in Equat{@mB)to determineAC, , .
4.2 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 extensionsg. Fowler flaps. With such flaps it is possible to obtain significant

" Note that for a single-slotted flap the flap datum is taken as the rotated aerofoil datum, not the flap chord.
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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, (ah@'Lmt)O ,

independent of flap deflection and the othex(C, .,), , due to the deflection. Thus

AC i = (BC] )+ (ACL o)y » (4.6)
where

(ACLmp)g = (1-¢/e)(C p)y (4.7)
and

(AC|mp); = KKigdig AC] 3 — (1-c/c')sing; (C g 4 (4.8)
so that

AC e = (L—c/e')(1=5sind;1)(Cp ) 4+ KK 3 ACT 3 - (4.9)

In Equation (4.9) (CLmB)d is the maximum lift coefficient for the basic aerofoil at the datum
Reynolds numbeR. = 3.5 x 168, obtained from Item No. 84026 (Derivatias).

The extended chord; , is given by Equati@hd)and(4.5), Ji; is obtained either from Figudeor from
Equation(4.2) or (4.3)andAC, ;, is obtained from Figuée

The correlation factaK, given in Figure3, allows for the effect of basic aerofoil geometry xja,s/c,
the dimensionless upper-surface ordinate at 0€¥%lx,,/c, the dimensionless chordwise location of
the maximum upper-surface ordinate. Valueg @fs/c for a range of NACA sections are given in Item
No. 66034 (Referenc2B). The correlation factdk; is given as a function aiy;  in Figufe

Finally, with the value ofAC| ,,, obtained from Equati@h9), AC, . is evaluated from Equatid8.4)
with Fg given by Equatior3.5).

EFFECT OF LEADING-EDGE HIGH-LIFT DEVICE

The only leading-edge device for which test data are available for aerofoils with slotted trailing-edge flaps
is the slat. With regard to the effect of slat deployment on the lift coefficient at zero angle of attack it was

found that the increment determined from Item No. 94027 could be used without modification. That being

so, itis anticipated that fd&xC, ;,, the methods of Item No. 94027 for any leading-edge device may be used
in conjunction with the present Item for single-slotted flaps.

Unfortunately, the analysis with regard to maximum lift revealed a more complicated picture. It was found
that the optimum slat gap with slotted flaps deployed is larger than for the situation in which the flap is
undeployed. The optimum gap is typically within the range ©t62.0% with slotted flaps deployed,
compared with about 0.0%or the flaps undeployed case, for the same range of slat angles. However, only
a small variation ilAC, ..~ was found within that range, and the test data were used to derive a modified
variation of the slat correlation factsy with &; compared to those given in Figure 1b of Item No. 94027.
The revised factor, which applies only to an optimum (or near-optimum) design, is given irb-iypaet
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6.1

from the value oK, the method of Item No. 94027 for slats can be assumed to be unchanged.

Since Figure 1bin Item No. 94027 applies to both slats and vented Kriiger flaps it is anticipated that Figure
in the present Item will likewise be applicable to optimised vented Kriger flaps. Further, since the slot flow
for the leading-edge device is deemed to be responsible for the chakgeasisifelt reasonable to assume

that for leading-edge devices with no slot the methods of ltem No. 94027 can be used unchanged. However
in the absence of appropriate test data the use of ltem No. 94027 for leading-edge devices other than slat
in conjunction with the present Item for single-slotted flaps should be treated with caution in terms of
maximum lift.

Finally, itis important to remember that if the leading-edge device extends the aerofoil chord when deployed
(.e. Ac, >0, see Equatio(#.4)) the effect of that chord extension@meeds to be taken into account when
evaluating Equation@l.1) and(4.9) for the trailing-edge flap.

APPLICABILITY AND ACCURACY
Applicability

Methods are 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 a single-slotted trailing-edge flap with or
without the deployment of a leading-edge high-lift device.

Table6.1 summarises the parameter ranges covered by the measured data, obtained from Dérigations
18, 20, 23 and24, from which the various correlation parameters have been obtained. Although test data
(Derivations23 and24) were available for single-slotted trailing-edge flaps in conjunction with only one
type of leading-edge high-lift device (slat) it is anticipated that, with caution, the methods will apply to any
of the types of leading-edge device treated in Item No. 94027, (but see Sgction

The methods in Sectiohwere derived using measured data from wind-tunnel models for which attempts
had been made to determine optimum values of the laps and gaps for the slots. The correlations (se
Section6.2) include many data points for which the lap and gap values were near to but not at the optimum,
from investigations to find the optimum at each flap deflection. The methods, particularly that for the
increment in maximum lift coefficient, therefore apply only to configurations in which the laps and gaps
are close to the optimum.

The valueR. = 3.5 x 16 was used as the datum from which to develop the f&gt@pplicable to the
increment in maximum lift coefficient, see SectirMost of the data were at or around this value. The
effect of Reynolds number akC, ,,  over the parameter ranges given ir6Taatel for higher Reynolds
numbers can be assumed to be negligible.
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6.2

TABLE 6.1 Parameter ranges for test data for single-slotted
trailing-edge flaps used in methods of Sectioh

Parameter Ranges
t/c 0.10t0 0.30
p/c 0.007 to 0.099
z,105/C 0.013to 0.072
Xym/!C 0.251t0 0.45
X /C 0.715 to 1.000
Ciq/C 0.15t0 0.40
e 0 to 60°
c'/c (no slat) 1.02t0 1.42
c'/c (with %Iat) 1.27t0 1.39
R.x10 1.0t0 9.0
M 0.12t0 0.24

The method of the Item takes no account of Mach number in the increments in maximum lift coefficient
due to the deployment of high-lift devices. This is not because such effects are felt to be insignificant, since
even at quite low free-stream Mach numbers the local flow around a leading-edge device can attain
supersonic velocities. Rather, it is due to the lack of data for free-stream Mach numbers greater than 0.2
for the type of high-lift device considered. It is however suggested that the use of the Item be restricted to
M < 0.2 for consistency with the other Items in the series.

Accuracy

Sketch 6.1 shows the comparison between predicted and experimental valuk§, gf due to the
deployment of single-slotted trailing-edge flaps. Also shown are comparisons for single-slotted flaps in
combination with leading-edge slats. With few exceptions the predicted and test da@, for are
correlated to withint15% .

Similarly Sketch6.2 presents the corresponding values of the increment in maximum lift coefficient. With
few exceptions the data f&C, ., are correlated to witti6%
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EXAMPLES
Example 1: Single-slotted Flap

The incremental effects on the lift coefficient at zero angle of attack and on the maximum lift coefficient
are to be estimated for a single-slotted flap deployed at 30° on a modified smooth NAZ¥SGEerofoil

as shown in SketcB.1 The modifications produced a linear profile rearwards from 75% chord and 65%
chord on the upper and lower surfaces respectively.

The relevant geometrical data are

Aerofoil Flap

tlc = 0.15 Cqp = 0.8ft

c = 251t oy = 30°
z25/c = 0.0188 Acy =0
Xym/C = 0.40 Xs = 2.25ft

The flow conditions are
M=0.2andR. = 3.5 x 16.

Also given for the modified NACA 658215 are

(89)p=5.62 rad’ from Item No. W.01.01.05 for boundary-layer transition at the
leading edge

and CLmpq = 1.309 from Item No. 84026 for a smooth aerofoil surfad®.at3.5 x 16

All lengths in feet

Sketch 8.1

13
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The extended flap chorct, , shown in Sketch is given by Equatio(4.5) as

Ciy = Cy +ACyH

08+ 0
0.8 ft.

The aerofoil extended choadis given by Equatio(4.4) as
c' = Acj+ X+ Chy

and since there is no leading-edge device= 0 , So that

0+ 225+ 0.8
3.051t.

C'

Therefore,

c'tl/c' 0.8/3.05

0.262

and

3.05/2.5
1.22.

o~

Ny

o
I

Calculation ofAC, , :

From Equatior(4.1)
AC o = I AC] 4 (3p) /2T
From Equatior(4.3)
Jy = 1.17for 83, = 30°.
From Figure2 with &3, = 30° andci,/c'= 0.262
AC; ;= 1.26.
Hence

AC| o1

1.17x 1.26x% 5.62/2m

1.319

14
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so that from Equatio(8.3)

AC, o = (C'/C)AC]

1.22x 1.319
1.61

Calculation ofACLmt:

From Figure3 with z,; »5/c = 0.0188 and&,,,/c= 0.4
Ky =25

and from Figuret with &°,; = 30°
Ky = 0.35.

Equation(4.9) gives

AC;

Lmt = (L=clc')(1 - sind1)(CLpnp)y + KrKyyJ3ACT

(1-1/1.22) x (1 - sin30°) x 1.309+ 2.5x 0.35« 1.1% 1.26
0.118+ 1.290
1.408

Equation(3.5) gives, forR. = 3.5 x 16,

Fr 0.15309,, R,

0.153x log,, (3.5 x 10)

1.00.
Therefore, Equatio(B.4) gives

AC

(c'/e)AC | i

1.00x 1.22x 1.408
1.72

Lmt

15
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8.2

Example 2: Single-slotted Flap with Leading-edge Slat

Estimate the effects on the lift coefficient at zero angle of attack and on the maximum lift coefficient of the
addition of an optimised leading-edge slat to the single-slotted flap configuration considered in Example
1, as shown in Sketéh2 The relevant geometrical data for the slat (using the notation of Item No. 94027)
are

c = 0461t p/c = 0.01505

| = 40°(9, = 0.698rad) H = 0.04ft

X, = 0.10ft G, = 0.05ft

X = 0.43ft L, = —0.02ft
0.43

All lengths in feet

Sketch 8.2
As noted in Sectiob the effect of the deployed slat is to increase the extendedchwith the result that
the calculations foAC, ;. andC, ., from Example 1 will need to be revised for the changed values of
ci,/c’ andc'/c.

From Item No. 94027 Equation (4.4a), the chord extension due to slat deployment is

ACI = Cl _Xn_LI —Hltan(6|°/2)

0.46— 0.10— (=0.02) — 0.04x tan( 40/2)
0.3651t.

The extended chord is obtained from Equatiof#.4), with values ofc; and from Example 1, as

¢’ = Ac, + X+ Ciq
0.365+ 2.25+ 0.8
3.415ft

and so
c'/lc = 3.4152.5

1.366.

16
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Therefore, for the slat (in the notation of Item No. 94027)

cellc' = c,/c’

0.46/3.415
0.135

and for the flap

0.8/3.415

I I}
ctllc

0.234.
1. Slat Contributions
For the given slat geometry Item No. 94027 gives (in the notation of that Item)

Ko = 135K, = 1,K; = 1.96 &, = 0.25and[AC| ], = 0.03.

Figure5 of the present Item, with®, = 40° , gives
K, = 0.625,
which replaces the value that would be given by Figure 1b of Item No. 94027.

These values, together witfy /c’ = 0.135 ancﬁI = 0.698 rad, are then used to evaluate Equations
(3.6) and (3.10) of Item No. 94027 to give

AC!, = —0.100andAC] ., = 0.750,

respectively, which by means of Equations (3.7) and (3.12) of Item No. 9402¢' vith 1.366

andFr =1, give
AC o = —0.137andAC = 1.025.
2. Slotted-Flap Contributions

0] Contribution toAC, :

From Figure2 with 8°;; = 30° and ¢;;/c’ = 0.234

AC, = 1.193

" Note that the value of the dimensionless slat@gdp= 0.05/2.5 = 0.02 is within the range of applicability for Fighire

17
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Hence, Equatiof¢.1) gives, withJ;; = 1.17 andd;)q = 5.62 rad* from Example 1,

AC o = JuBCLy (ay) f2m

1.17x 1.193x 5.621
1.248,

so that, from Equatio(8.3)

AC| 5 = (c'/c)AC| o

1.366x 1.248
1.705

(ii) Contribution toAC| .-

Equation(4.9) gives, forc/c = 1.366,AC| ; = 1.193 and the remaining parameter values from
Example 1,

AC| ¢ = (L—clc') (1 - sinétl)(CLmB)OI + K;K131AC) 4

(1 - 1/1.366) x (1 — sin30°) x 1.309+ 2.5x 0.35¢ 1.1% 1.193
0.176+ 1.221
1.397.

Equation(3.4) then gives, witlFg = 1 from Example 1,

AC| ., = FRgr(c'/c)AC]
= 1 x 1.366x% 1.397
= 1.908
Total Values

Equationg3.1) and(3.2) give the total increments as

AC o = AC g *+ AC|
= —0.137+ 1.705
= 1.57,

which compares with 1.61 from Example 1 with no slat deployment, a small decrease of about
2%%, and

AC = AC + AC

Lm Lml Lmt
= 1.025+ 1.908
= 2.93

which compares with 1.72 from Example 1 with no slat deployment, an increase of about 70%.
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FIGURE 1
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These values are

3.0 constant for
0.0188 <z, »5/c < 0.074
Xum/C
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FIGURE 3
1.3
1.2
1.1
K1 =0.35 for§°t1 > 25
1.0
0.9
Ki1 0.8
0.7
0.6 N
0.5
0.4
0.3
0 10 15 20 25 30

o
on

FIGURE 4
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For possible application to vent

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