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SUMMARY

The evaluation of any propeller-driven V/STOL configuration requires analytical
methods that adequately assess the aerodynamic characteristics and the forces
arising from the propeller and the slipstream.

This study was to develop a unified analytical procedure to evaluate the effects of
passive high-lift devices on deflected-slipstream or tilt-wing V/STOL configura-
tions, Methods were developed to predict the two-dimensional flapped airfoil char-
acteristics to be used in a span load program. The span load results are used in
procedures for estimating the coefficients of lift, longitudinal force, and moment
for a wing partially immersed in a propeller slipstream, These characteristics
can then be used in a performance program developed to calculate the takeoff, land-
ing and transition maneuvers. In addition to these tasks, investigations were made
into downwash characteristics, wind tunnel wall corrections, and correlations of
flight test data with theory. An analysis of the effects of high-lift devices on the
performance of a tilt-wing V/STOL configuration is included in the appendix.

The procedures to predict the two-dimensional aerodynainic characteristics of high-
lift devices furnish reasonable estimates, generally within 10 percent of experi-
mental results, that can be used in the span load program. The trend from General
Dynamics experimental data indicates that the maximum lift levels from NACA data
are approximately 10 to 20 percent lower. This may be attributed to the General
Dynamics testing technique which utilizes side-wall blowing to eliminate adverse
wall boundary layer interference effects.

The program initiated at Convair to develop a more basic approach to the problem
of estimating the lift and longitudinal force coefficients was well justified. It is
considerably less limited than existing empirical methods in that it requires only
two-dimensional data for application to general configurations. The procedures for
predicting lift and longitudinal force coefficients of a wing-fiap combination give
satisfactory results at all thrust coefficients. However, the procedures for pre-
dicting pitching moment coefficients result in erratic correlations for cases with
flaps deflected.

The entire task of correlating wind tunnel data that has been corrected for wall
effects with actual flight test conditions could not be accomplished due to the lack
of a good set of flight test data for comparison. The evaluation of tunnel wall
effects indicated that currently available correction procedures for lift and drag
yield erroneous results and should not be applied.
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The complexity of the performance program made numerous assumptions and capa-
bility restrictions desirable. For example, the equations of motion were reduced
to two dimensions (i.e., no pitch dynamics), and several terms, such as pitch
rates, wing tilt angular rates and pilot braking response time, were used as pre-
determined inputs. These assumptions were made to expedite the development of
the system; however, the accuracy of the methods employed is sufficient to reflect
the impact of high-lift devices on V/STOL aircraft. The program is a viable tool
for performance estimation,

The problems associated with predicting the aerodynamic forces acting on a wing
immersed in a slipstream should be investigated further. To improve the basic
procedures, it is necessary that (1) additional correlations of pitching moments be
made with experimental data to develop improved empirical factors for large chord
ratio flaps, (2) methods be developed to incorporate the pronounced nonlinear char-
acteristics of leading edge devices at low angles of attack, (3) the downwash esti-
mating procedure be programmed for digital computer application and correlations
be made with experimental data, and (4) tilt-prop configuration methodology be
developed and incorporated into the aerodynamic and performance programs.

Jet flap and boundary layer control devices should be investigated so that methods
could be developed to describe the effects of these devices on a wing immersed in

a slipstream.

A study should be performed to define a wind tunnel/flight test program to corre-
late V/STOL vehicle aerodynamic characteristics.

iv




FORE WORD

This report presents the results of an investigation of the effects of high-lift de-
vices on V/STOL aircraft performance and stability and control.

The work was performed by the Convair Division of General Dynamics for the U.S.
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1969 to 31 May 1970.
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angle from nose of vortex element to point P, deg
circulation

vortex element strength
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trailing edge flap deflection angle, deg

leading edge flap deflection angle, deg
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1.0 INTRODUCTION

Interest in V/STOL aircraft has einphasized the need to improve the methods of
predicting the aerodynamic characteristics of these vehicles at very low forward
flight velocities. A general understanding of the high-lift characteristics of cer-
tain configurations exists because of the amount of available experimental data.
However, reliable analytical methods of predicting the high-lift characteristics
over a full range of variables, i.e., angle of attack, flap angle, thrust coefficient,
etc., are not available.

A comprehensive literature search on V/STOL high-lift devices was conducted
and is documented in Volume II of this report. The availible two-dimensional
experimental data were reviewed, and selected NACA test data and data developed
by General Dynamics were used in developing a procedure to predict the two-
dimensional characteristics of the following passive high-lift devices:

Trailing Edge Flaps Leading Edge Devices
Plain Flaps Nose Flaps
Single-Slotted Flaps Slats
Double-Slotted Flaps Kruegers

These characteristics, along with experimental clean airfoil data from Reference
1, are used in a span load program to predict the three-dimensional characteris-
tics of an arbitrary configuration.

The limitations imposed by the available semiempirical methods for estimating

the forces on a wing immersed in a propeller slipstream indicated the require-
ment for a more basic approach to the problem. The approach developed at
Convair depends entirely on the availability of two-dimensional data and was first
conceived by Canad~ir Limited in the early 1960's, Thrust, fres-stream, and slip-
stream effects on the unpowered lift, drag, and pitching moment are predicted by
the theory discussed in this report.

These data are then trimmed and used in the performance program to integrate
two-degree-of-freedom equations of motion to predict vertical or rolling takeoff,
landing, and transition maneuvers,

This report describes the study effort and the development of a methodology to
evaluate the effects of high-lift devices on V/STOL aircraft performance.
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2,0 TWO-DIMENSIONAL AERODYNAMIC CHARACTERISTICS
OF HIGH-LIFT DEVICES

The design of V/STOL aircraft requires procedures that adequately predict the
aerodynamic characteristics of high-lift devices. These devices are usually
movable portions of the leading or trailing edge of the wing that are deflected to
increase the maximum lift coefficient.

Considerable data are available from NACA sources on two-dimensional tests
that were conducted during the 1930's. Unfortunately, these tests were not
planned te investigate systematic parameters on high-lift airfoils, Several
attempts have been made, such as References 2, 3, and 4, to organize the avail-
able data in a useable form, The above references ¢ither treated the increment
in lift below stall or attempted to handle the complete lift curve.

This section summarizes a procedure (based on thin airfoil theory where possible)
from Reference 5 that predicts the two-dimensional aerodynamic characteristics
of the following high-lift devices: '

Trailing Edge Flaps Leading Edge Devices
Plain Flaps Nose Flaps
Single-Slotted Flaps Kruegers
Double-Slotted Flaps Slats

Selected NACA test data, mainlv ‘he 23 series flapped airfoils, and data devel-
oped by General Dynamics were utilized in developing the procedure to predict
incremental effects of high-lift devices. The predicted increments are added to
the clean airfoil characteristics determined either from the experimental data in
Reference 1 or predicted with the method of Reference 2.

2.1 TRAILING EDGE FLAPS
2.1.1 Theory

Descriptions of the basic theoretical treatment of the effects of flaps on the char-
acteristics of airfoils, using an extension to thin airfoil theory, are given in
References 6, 7, and 8. These analyses lead to expressions by which lift and
pitching moment could be calculated. A further refinement of the theory, in
References 9 and 10, shows equations relating maximum lift increment to lift
increment at ¢ = 0. These equations are hased on the assuinption that leading
edge separation is dependent only on the additional "angle of attack' loading.




Only a cursory description of thin airfoil theory is included since it is adequately
covered in a number of references, Consider the flapped airfoil shown below:
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Flapped Airfoil Geometry

The angle of attack of the chord line with the flap deflected is

°F
“ppp - @* O ('c‘) @
From thin airfoil theory, the lift coefficient is
c, = 2mA +mA )
where
A0 et ” 6f
2%, ®
Al = -"— sin ef
and

x
- cos} f )
6 = cos (1 oz
The equation for the lift coefficient of a flapped airfoil may be written as

n-ef

c = 2q (a + af) + 25f sinef (4)
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or

c, = 2oy + 2 (rr-ef+sin 6p) bf ()

The two-dimensional lift coefficient can then be written as

c, = 2Mo +ch66f = 21 (« -oz6 Gf) (6)
where
c, =2(n-ef+sin6f) (M)
6
c!,
- .0
aa 21 (%)

The theoretical lift effectiveness, c,_, is given in Figure 1. The rate of change
of zero-lift angle with flap deflection, 05, May readily be obtained from ¢ L5°

In thin airfoil theory the ideal angle of attack, 4, can be defined as the angle of
attack where lift is obtained frem camber alone with no suction peak at the nose.
This definition results by considering the aerodynamic loading over a thin cam-
bered airfoil in two parts, One part, the basic load distribution, is characteristic
of the camber-line shape. The otker part, the additional load distribution, is due
only to angle of attack.

The suction peak then depends on angle of attack, and for the symmetrical air-
foil, 0jc = 0. The symmetrical airfoil stalls at 0, and the cambered airfoil
would stall at 0o where

g T Qg Ty

It follows that for the flapped airfoil, an ideal angle of attack may be defined such
that

as - 0lsf-mif

The ideal angle of attack for the flapped airfoil must be such that the A0 in Equa-
tion (3) goes to zero. It follows that for the flapped airfoil,
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The increment of maximum lift can then be expressed as

Ac = [cyg +¢ 6 (10)
)
b nax < 6 51f> :

where

Substituting the cy_ term in Equation (10) results in the following equation:

Acz = <cz -27 + 29f> 8 (11)
max 6

An expression can then be written in terms of the lift increment at o« = 0 which is
useful in correlating data:

ACL CL -217+29f

= (12)

a=0 )

The theoretical values for Ac P /Ac 4 are plotted in Figure 2.
max oa=0

The pitching moment increment about the quarter chord according to thin airfoil
theory (References 1, 5, and 6) for a flapped airfoil is given by the following
expression:

Ac_ = - -;1 (A, -A,) (13)
where
A = -ib-f- sin 8
1 m f
3 (14)
A2 = 7— sin 29f
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Substituting in Equation (13), we may write

Acm = -1/2 (sin Of - 1/2 sin 26f) 6f
@5)
= ~1/2 (sin ef - sin efcos ef) 6f
where
N n
cos ef = = p
The increment of moment due to flap deflection can now be expressed as
%t
= - |1 -—<)sinB
Acm p sin ¢ Gf
(16)
= xf sin @ = o}
= T on o = e O
)
where ¢ = the moment effectiveness parameter,

m
6

For convenience in analysis, the pitching moment increment caused by flap deflec-

tion can be expressed as the following ratio:

= (17)

The theoretical values for cyy, 6/c L are given in Figure 3.

2.1.2 Lift Increment at ¢ = 0 Degrees

The lift effectiveness of simple trailing edge flaps can be defined from thin airfoil
theory. The rate of change of lift with flap deflection at constant angle of attack as
given by Equation (7) is

L

ac

c, =2(m-6 +sine)=<—>
L f f
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The lift of the flapped airfoil is related directly to the effective airfoil angle of attack
! for the linear lift range.

The theoretical lift effectiveness (cy ) i8 primarily a function of flap chord and air-
foil thickness ratio. Any increase ir? airfoil thickness should increase the theoreti-
cal lift effectiveness term. However, it has been shown experimentally that the

I boundary layers on thick airfoils have a larger effect than on thin airfoils and cause
a reduction in lift effectiveness. This reduction in lift effectiveness due to viscous
effects is greater than the theoretical increases due to thickness.

Since the major effects are from the boundary layer, an empirical correlation
parameter has been developed which relates the lifting characteristics of various

trailing edge flaps to the theoretical lifting values for a flat plate.

This parameter, the effective turning angle, is defined by the following equation:

= + 1
o ﬁf OTE (18)
{ where
Y -Y
-1 90 100)
= TAN —_——
@rE ( 0.10 /
ﬂ:
l CHO'D PLANE _ | _ = 1!rl()[!-
x/c __ I ’
|
al 1,00

Airfoil Trailing Edge

The effective turning angle is used to relate the lifting efficiency of the flap to the
theoretical thin airfoil lift values. The lifting efficiency is determined for plain,
single- and double-slotted flaps shown in Figure 4,

The procedure assumes no compressibility or Reynolds number effects, The Rey-
nolds number effect is accounted for in predicting the chacacteristics of the clean
airfoil, Reference 11 indicates that the lift increment due to flaps is essentially
constant with Reynolds number. The data used in developing the procedvre was
generally taken from two-dimensional tests conducted at Reynolds numbers of the
order of 3,0 x 105,
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Figure 4, Trailing Edge Flap Geometry.
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The lift increment at o = 0 can then be calculated for plain flaps by using the fol-
lowing expression:

(19)
a=0 P 6

where Mp is the lifting efficiency of the plain flap developed from data in Refer-
ences 12 through 17 (from Figure 5).

c 2615 the theoretical lifting effectiveness (from Figure 1),
5f is the flap deflection angle.

Comparisons of low-speed test data with predicted Aczaz show that the corre-
lations generally were within plus or minus 10 percent of (%he experiment values, *

The introduction of a slot to the plain flap creates slot flow that energizes the bound-
ary layer over the flap. This flow at the slot lip decreases the viscous effects
present on the plain flap and therefore increases the lifting efficiency of the single-
slotted flap for deflections greater than 15 degrees. The lift increment at o, =0 due
to flap deflection for the single-slotted flap is given by the following expression:

(20)

Since most slotted flaps extend the airfoil chiord, the equation is further modified
as follows:

Ac =N c 6, \— (21)
L 1 1,6 fl c

where n is the lifting efficiency of the single-slotted flap developed frrom data in
References 18 through 27 (from Figure 5).

¢y is the theoretical lifting effectiveness based on flap chord (from
1
Figure 1).
o¢ istr: single-slotted flap deflection.
1

c
<—c—1-> is the ratio of extended chord to airfoil chord (from geometry in
Figure 4).

*Note: All data correlations are shown in Reference 5.
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All of the flaps analyzed incorporated chord extension which varied from 0 to ap-
proximately 10 percent. The procedure described above showed very good results
for the single-slotted flaps at any arbitary deflection and chord extension, In addi-
tion, single-slotted flaps with 100 percent flap chord extension (chord extensio:
equal to flap chord) were analyzed.

Because of the lack of systematic NACA experimental data for the various geometric

and aerodynamic variables involved, it is very difficult to arrive at a more accurate
data correlation basis, The data correlation for single-slotted flaps relied heavily
on systematic comparisons of data from References 18 through 27, The correla-
tions were generally within plus or minus 10 percent of the experimental values,

The introduction of a secondary slot to the flaps is handled by adding a term to

Equation (21). The lift increment at o =0 due to flap deflection for double-slotted
flaps is then given by the following expression:

<) ]
Ac, = mec b <T>+"2 © O <1+ s > %)
=0 6, 1 b, 2

where subscripts 1 and 2 refer to the primary and secondary flap, respectively.

c
<Tl> is the ratio of extended chord to airfoil chord resulting from deflec-
tion of the primary flap.

c_-C
1+

is the ratio of extended chord to airfoil chord resulting from

deflection of the secondary flap.
The flap geometry is from Figure 4,

The secondary slot caused by deflecting the aft flap is not as effective in creating
lift as the primary slot, As a consequence, an additional empirical correlation
parameter 1,g Was developed. Values of 7, versus aft flap deflection are shown
in Figure 6, As the forward flap deflection is increased to approximately 20 de-
grees, the efficiency of the aft flap decreases for aft flap deflection greater than
15 degrees. The lifting effectiveness for the aft flap, nz, is defined as

where uM is determined from the aft flap deflection and chord (from Figure 5).

Mg accounts for reduced effectiveness of the aft flap (from Figure 6),
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A similar procedure was also developed to analyze the double-slotted flap that has
a vane and aft flap. The vane is contoured to produce slot flow at the forward slot
lip and at a forward secondary slot. This type of double-slotted flap is shown in
Figure 4. The available data indicated that the aft flap for this configuration does
operate at full efficiency. The lift increment at o =0 due to flap deflection for a
vane and aft flap combination is given below:

c+cv 02-cv
Acl’ = 1;1 cz 6v = +n1cz 5f2 <1+ = > (24)

o=0 6V 62

where subscripts v and 2 refer to the vane and secondary flap, respectively,

nl is the turning efficiency presented in Figure 5.

c+cC
< = V> is the ratio of extended chord to airfoil chord resulting from

deflection of the vane.

c_~-c
<1 + 2c V> is the ratio of extended chord to airfoil chord resulting from

deflection of the secondary flap.
The comparisons of experimental data from References 18, 24, and 27 through 33
with predicted values for the double-slotted flaps indicated correlations within plus

or minus 10 percent of the experimental values,

2.1.3 Lift Curve Slope Increment

The theories for thin airfoils indicate that the lift curve slopes of a flat or cambered
airfeil are the same, ¢, =2m. The camber term simply chifts the lift curve upward
by a constant increment, The experimental lift curve slopes for the unflapped and
flapped airfoils without chord extension generally verify the theory. This assump-
tion is valid up to the point where the flow separates from the airfoil or flap, After
the flow separates, the lift curve slope of the flapped airfoil decreases to a value
below that of the basic airfoil.

The effect of flap extension is determined by simply considering the change in effec-

tive chord., For a flapped airfoil with chord extension, the lift curve slope is then
directly related to the airfoil chord increase,

16
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(o]

EXT
c, = cz ( > > (25)
CpxT % A IRFOIL

This procedure assumes that (1) the lift curve slope for plain flaps is that of the
unflapped airfouil, and (2) the change in lilt curve slope for flaps that extend the air-

foil chord is given by
(¢ -c
Ac =c <———EXT ) (26)

L L c
ExT %A IRFOIL

where ¢, is the lift curve slope of the unflapped airfoil (from Reference 1),
o

CcgxT is the extended chord and is defined as ¢ for the single-slotted flap
and c, for the double-slotted flap (from Figure 4).

2,1.4 Maximum Lift Increment

The rmaximum lift increments obtained from thin airfoil theory for flapped airfoils
are strongly dependent on the flow characteristics of the unflapped airfoil at maxi-
mum lift. The phenomena for conventional airfoils are directly related to the air-
foil leading edge radius and trailing edge angle. These parameters are determined
by the airfoil family and thickness distribution (see References 1 and 2),

Basically, the deflection of the trailing edge introduces camber to the airfoil and
results in a lift increase. Thin airfoil theory indicates a basic load distribution
from angle of attack and an incremental load distribution due to camber or flap
deflection, as shown in the following sketch,

-

x/c x/c \

Basic Load Distribution Load Distribution Due to Flap Deflection
17




The loading caused by flap deflection has a peak at the flap hinge line that diminishes
to zerc near the flap trailing edge and reduces to a much lower v=lue at the leadin
edge. Nominally, the forward pressure gradient is relieved and .ne gradient over
the flap is increased, causing separation even at low flap deflection. This trend is
noticeable in Figure 5, which indicates the turning efficiency of plain flaps at o= 0.
The efficiency i’ reduced by separation and begins to fall off at flap deflections above
15 degrees. The flow separation is confined aft of the hinge line and does not spread
forward until the flap deflection becomes increasingly large or the flapped airfoil
reaches a maximum angle of attack and stalls, Maximum lift can then be defined as
the lift limited by either flow separation that progresses forward of the flap or flow
separation from the leading edge.

The theoretical relationship from thin airfoil theory was applied to the available
maximum lift data on trailing edge flaps. The theoretical ratio of the maximum
lift increment to the lift increment developed at ¢ = 0 is based on a criterion of
leading edge separation on thin airfoils., As a conscquence, empirical factors
were required to correlate the experimental data on airfoils with finite thickness.,
The correlation parameters account for leading edge radius, thickness, flap chord,
and flap deflection.

The resulting expression rc» maximum lift increment for plain, single- and double-
slotted flups uses the lift increment at oy =0¢ from Section 2,1,2 and is given by the
following expression:

Ac
fa
Ac = Ac —=) K K @7
) L Ac T. '8
max o=0 L o_ 0
= rH
where Ac)e is the predicted lift increment (from Section 2.1.2).
o=0

Ac

—— max\) is the theoretical relationship accounting for flap chord

2
“zo[rH

(from Figure 2),

KT is the empirical factor developed from experimental data for a flap at

an optimum deflection angle (from Figures 7 and 8).

K6 is the factor accountirg for changes in flap deflection from the optimum
deflection (from Figure 9).
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The factor K., was developed to account for flow separation from either the leading
or trailing edge on airfoils with finite thickness.

The parameter, leading edge radius/thicknessratio, shown in Figures 7 and 8is based
on leading edge radius and thickness ratio of the basic airfoil. These terms corre-
late the data and give an adequate description of maximum lift increment for the
trailing edge flaps considered. The data trends from recent General Dynamics two-
dimensional tests are also shown in Figures 7 and 9. These tests were conducted

in a facility that uses blowing slots on the walls to reduce separation effects.

Prediction of the maximum lift of single-slotted flaps with full chord extension re-
quires an additional factor. This t2rm, }%, is shown in Figure 9.

2.1,5 Pitching Moment Increment

The equations developed from thin airfoil theory, Section 2.1,1, show that the pitch-
ing moment increment due to flap deflection is

The moment was then directly related to the lift increment at ¢ = 0 by the following
expression:

Ac cm
m )
Ac c
La -0 zd

The resulting values for the theoretical term are given in Figure 3. These values
are used in conjunction with the predicted lift increment at o =0 to develop empiri-
cat factors and correlate experimental data. The expression for the pitching
moment increment becornes

c
"5
Ac. = Ac K (28)
m L L m
a=0\ 4 5
TH
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