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VISCOUS/POTENTIAL FLOW ABOUT MULTI-ELEMENT TO-DIMENSIONAL AND

INFINITE-SPAN SWEPT WINGS:

THEORY AND EXPERIMENT

L. C. Olson*
Ames Research Center, NASA, and U.S. Army Air Mobility R&D Laboratory
Moffett Field, California

and

F. A. Dvorak’
Analytic Methods, Bellevue, Washington

Abstract

The viscous subsonic flow past two-dimensional
and infinite-span swept multi-component airfoils is
studied theoretically and experimentally. The com-
puterized analysis is based on iteratively coupled
boundary-layer and potential-flow analysis. The
method, which is restricted to flows with only
slight separation, gives surface pressure distribu-
tion, chordwise and spanwise boundary-layer char-
acteristics, lift, drag, and pitching moment for
airfoil configurations with up to four elements.
Merging confluent boundary layers are treated.
Theoretical predictions are compared with an exact
theoretical potential flow solution and with experi-
mental measures made in the Ames 40- by 80-Foot Wind
Tunnel for both two-dimensional and infinite-span
swept wing configurations. Section 1ift character-
istics are accurately predicted for zero and moder-
ate sweep angles where flow separation effects are
negligible.

Notation

A = gerodynamic influence coefficient matrix

a = aerodynamic influence coefficient

b = wing span, m

Cq = section drag coefficient = section drag/
1,02
(30.U2C,)

Cd = wing induced drag coefficient = wing drag/

i

(3 9 UZCD)

Cf = local skin friction coefficient 1

C, = wing lift coefficient = wing lift/(i-o_ufcob)

Cl = section 1ift coefficient on wing centerline =

section lift/(% Q_Uscoszaco)

reference chord, m 1
= pressure coefficient = (p - p)/ (3 o U2cos?8)

= shape factor = 8"/6
= component of freestream velocity normal to
panels of kth component
= static pressure, kNnm-2
= source strength
= viscous/potential flow iteration relaxation
factor
R = Gauss-Seidel relaxation factor
Re = Reynolds number = UC /v
RO

= Reynolds number based on momentum thickness =
U,O/v

boundary-layer coordinate along surface in
chordwise direction, m

Co

Cp

D = minimum distance between adjacent elements
H

ik

P

q

r

u = chordwise velocity, ms~!
v = spanwise velocity, ms~!
X,y = chordwise and spanwise wing coordinates, m
z = boundary-layer coordinate normal to airfoil

surface, m

*Aerospace Engineer, Member AIAA
tPresident _ s 18

angle of attack
sweep angle
vorticity
panel angle relative to reference coordinate
system
chordwise displacement thickness, m
¢ = momentum thickness, m
= kinematic viscosity, m2s-!

nan nv

O =< R

(=]
»
[}

Subscripts

e = edge of viscous layer
exp = experimental value

f = flap

i,j = panel indices

k = component indice

te = trailing edge

vlt = vortex-lattice theory
w = wing

G = wing centerline

= = freestream value

Superscripts

I = index of viscous/potential flow iteration
v = index of Jacobi and Gauss-Seidel iteration

I. Introduction

The multi-component wing is an essential element
of the high-1ift system of nearly all general avia-
tion, commercial, and military aircraft. Due to the
high-1lift requirement, the influence of viscosity
becomes a dominant factor in determining aerodynamic
performsnce. As a result, inviscid theory is not
sufficient and viscous effects must be considered if
accurate predictions are to be made.

Design of these systems has generally becn
dependent on experimental verification of predicted
aerodynamic performance. A prime example is con-
figuration optimization where optimum slat and flap
positions and deflections for best aerodynamic per-
formance are generally determined through expensive
and time consuming wind tunnel testing. Improved
understanding of the aerodynamic phenomena and
improved predictive capability would significantly
reduce this wind tunnel effort and permit optimiza-
tion in the early design stages.

Stevens, Goradia, and Branden! present a theo-
retical analysis for two-dimensional flow about
multi-component airfoils where for the first time
the merging of a wing wake and the upper-surface
boundary layer of a downstream element is treated
analytically for configurations with up to four
elements. Bhateley and McWhirter? and Callaghan and
Beatty? aisu present analyses for two-dimensional
multi-component configurations althnugh neither of
these papers treats wake-boundary layer merging
effects. The work of Jacob and Steinbach“ considers
multi-el~ment airfoils with flow separation and
Ormsbee ind Chen® present a method for designing
multi-component airfoils for maximum lift.




The objective of the prescent work is to hegin the
extension of multi- component airfoil analysis into
three-dimensional tlows by considering the subsonic
flow about swept wings of infinite aspect ratio.

The basic analytic method is outlined in Section II.
The present analysis extends the theoretical method
of Dvorak and Woodward® and compares predicted
results with experiment. The theorctical c¢xtension
of the work of Ref. 6 includes: 1) introduction of
advanced potential-flow solution techniques;

2) modification of the viscous/potential flow coup-
ling when only slight separation is present; and,

3) use of under-relaxation of surface source Jistri-
butions in the iterative coupling of the viscous and
potential flow solutions. In the supporting cxperi-
mental program, tests of a two-element configuration
were conducted in the Ames 40- by 80-Foot Wind Tun-
nel. The basic objective of this testin, was to
obtain experimental data on two-dimensional and
infinite aspect ratio swept-wing configurations.

The experimental program is described in Section III
and the results are compared with the theoretical
predictions in Section IV.

I1. Theoretical Method .

General

The basic theoretical method is to couple iter-
atively potential-flow and boundary-layer analysis.
The analysis is limited to flows with negligible
upper-surface separation on any element. Provided
there is no strong viscous interaction, limited
lower surface separation closed bubbles, such as
often occur in the cove on the lower surface of a
wing with a slotted flap, are permitted. In the
case of the infinite-span swept wing it is assumed
that all spanwise gradients in the potential and
viscous flows are equal to zero. Thus, in planes
normal to the leading edge, the potential flow
equations reduce to the two-dimensional form. For
the infinite-span swept wing the chordwise boundary-
layer characteristics are of primary interest. For
the laminar case Jones’ shows that the chordwise
boundary layer is essentially independent of the
spanwise boundary layer. For the turbulent case
this uncoupling is not possible and the spanwise and
chordwise boundary-layer equations must be solved
simultaneously.

Geometry Definition

Up to four elements can be analyzed, with each
element represented by as many as 60 pairs of sur-
face coordinates. Each individual slat or flap seg-
ment location is related to the main wing or refer-
ence coordinate system by pivot point coordinates
prescribed in both the main element coordinate sys-
tem and the individual slat or flap segment coordi-
nate system. The selection of a rotation angle
measured relative to the main component completes
the specification of the element position. It is
generally convenient to pivot a leading-edge device
about its trailing edge and to pivot a flap about
its leading edge although the hinge point of a flap
could, for example, provide a ready reference point.
Also, as part of the geometry definition, the flap
upper-surface longitudinal radius of curvature is
determined using cubic splines for later use in the
finite-difference boundary-layer calculations.

Potential Flow Analysis

The potential flow analysis is performed in a
planc normal to the wing leading cdge. The analysis
is a method of singularities where cach clement is
represented by a closed polygon of plancr panels
connecting the input coordinate pairs. A linear
vorticity distribution is located along each panel
with the requircement that the vorticity distribu-
tion be continuous across the panel corner points.
Thus, if there are n panels there are n+ 1 unknowns
to be determined. The boundary condition of no flow
through the surface, applied at each of the pancl
centers, provides n equations. The additional equa-
tion required to close the system is supplied by
specifying that the upper- and lower-surface veclo-
cities have a common limit at the trailing edge
(i.e., the Kutta condition). This implics that the
upper- and lower-surface vorticities be equal and
opposite. For a unit freestream velocity the
resulting system of equations to be sclved for an
airfoil with n panels is then

rhll 812 ces Bgo Yl sin(a - 51)
a sin(a - &
a21 22 Yz (a 2)
. = 1)
[t ] s )
or in vector form
(Al[¥] = [n] (2)

where the nth column represents the combined influ-
ence coefficients for the upper- and lower-surface
trailing edge vorticity panels.

If the trailing edge closes the vorticity must go
to zero because the trailing edge then becomes a
stagnation point. Although this solution is auto-
matically given by Eq. (1) the geometry is often
such that the influence coefficients in the nth
column are quite small with the result that the
matrix is poorly conditioned. In this case an
alternate Kutta condition is used which specifies
that the upper and lower trailing-edge vorticity
strengths are equal to zero at the trailing edge.
An additional unknown is supplied by introducing a
constant strength source distribution on the surface
of the airfoil. The resulting system of equations
is the same as Eq. (1) except for the nth column of
vorticity influence coefficients. That column is
replaced by the constant source-distribution influ-
ence coefficients and y_ is the unknown source
distribution strength.

For a multi-element configuration with j compo-
nents Eq. (2) can be written

= 1R - -
AvAL ALY n,
A A Y n,
21 22 2
: T (3)
12 AJL L"j_/ L_nj_




i =j self-influence coefficient matrix
of component i

Al'
j i #j influence coefficient matrix of
. jth component on the ith com-
ponent

;k = vorticity strength vector for kth component

Lquation (3) is solved by direct triangular
decomposition (see, for example, Isaacson and
Keller®) for single component airfoils. At the
users option, trianguiar decomposition can also be
used on multi-component configurations with a total
of less than 100 panels. For multi-component con-
figurations two iterative methods were investigated:
block-Jacobi iteration, and block-Guauss-Seidel
iteration with relaxation. The solution is found
by starting with some assumed initial solution
vector,

- . ~0)

. (@)

—

The vth iteration is then expressed in one of the
following ways:

1. Block Jacobi iteration:
j

() -x[- R (v-n] .
Y = n, - ALY k = 1,200
k" A™ El Y2 Jof-o
(5)

2. Block-Gauss-Seidel iteration with relaxation:

k-1
=(v) -1 >(v) >(v-1)
%" Ak [“k - z_:l Ay - lé’l AgkY ]

‘;{V) = R;{v) + (1 -R) -;k(V'l) ‘k' : i»gt--"j

(6)

Equations (5) and (6) are solved using triangular
decomposition on the first itcration; the decom-
posed matrices are -saved for use on subsequent
iterations. The iteration process is assumed to be
converged when

lely: - Yr'll <€
i=]l=-n

where ¢ is generally taken to be 0.01.

For configurations with two or three lifting
elements, the Gauss-Seidel without relaxation
(R=1) converges in approximately one-half the num-
ber of iterations required for the Jacobi method.
Since the number of arithmetic operations per
iteration are nearly equal for the two methods, the
Gauss-Seide]l method was selected as the best itera-
tive technique.
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As one might expect the optimum rclaxation ™  ..r
for the Gauss-Seidel method is dependent on hry
closely the various lifting elements are couried.
For example, consider an airfoil with a sing:c
slotted flap. |If the flap is moved off to infinit
the two elements are essentially uncoupled. The
off-diagonal block matrices of Eq. (3), which mode!
the component interactions, are zero and two itera
tions of Eq. (6) give convergence (first iteration
gets the solution and the second is required only tr
check the first). As |R-1| increases, the number
of iterations required also increases.

If the elements are located in close proximity,
as is typically the case, the interaction hctween
components become important. Again, consider the
single slotted flap. Assuming the initial soluticn
(;{o). k = 1,2) is a null vector, the final coupled
solution is obtained from Eq. (6) for R=1as follows®
1) V}l) is the solution vector for the main com-
ponent in free air (because the upwash field from
the flap is not present, the l1ift level for this
component will be less than that for the coupled

system); 2) ;gl) is the solution for the flap in the

downwash field of a wing that is carrying reduced
lift, relative to the coupled system (this reduced
dowrwash field causes the flap to carry excess lift);
and 3) on the next iteration the wind lift will be
too high because of the excess upwash from the flap.
Similarly the flap lift on the second iteration will
be below that for the correctly coupled system.

This oscillatory behavior indicates that under-
relaxation should accelerate the rate of convergence
and the amount of under-relaxition required should
increase as the elements are moved closer together.
An "optimum" relaxation factor given by
R=1-exp -10 Min(Dy) was determined by numerical

i=1-k-1
experiments with two and three element configura-
tions. Dj is the minimum distance in fraction of
chord between the trailing edge of the ith component
and the upper surface of the following component.
With this relaxation factor the number of iterations
required for convergence was generally reduced by a
factor of 3 below that required with R=1.

Computational times required for the direct
method of solution have been compared to the compu-
tational times required for block-Gauss-Siedel
iteration with relaxation method. The test cases
were closely coupled two-component configurations.
The total number of panels used for these compasi-
sons was approximately 100. The iterative method
obtained the converged solution in approximately
one-half the time reguired by the direct method.
Increasing the number of elements, and thus the
total number of equations to be solved, had no
significant impact on the number of iterations
required by the iterative method. Thus the advan-
tage of the iterative metiiod over the direct will
increase as the number of elements is increased.

The pressure coefficient at the center of each
panel is calculated from the surface velocity at
that point. The 1lift and pitching-moment coeffi-
cients are obtained by integrating tne pressures
around the airfoil.

A comparison of the present method with the
exact conforma, mapping solution of Williams® for




a two element case is shown in Fig. 1. The angle of
incidence is 0° and the flap deflection is 30°;
agreement with the exact solution is excellent.

—— GNACT SOLUTION - WILLIANS
- ° nuunw:ruwuuo

2 4 8 8101214

xco

Fig. 1 Comparison of numerical and exact
potential flow solutions: a=0°, Gf-‘.’»o'.

Boundary-Layer Analysis

As outlined in Fig. 2, a combination of integral
and finite difference techniques are used. Integral
methods are used for conventional boundary layers
because of their computational efficiency whereas a
finite-difference method is used for the more com-
plex confluent boundary-layer analysis. The stagna-
tion line, conventional boundary-layer, and conflu-
ent boundary-layer methods are discussed in the
following sections.

POTENTIAL FLOWCALCILATED  SLOTTED PLAP LAMINAR AND

BY METHOD OF SNGULARITIES  TURBUL ENT BOUNDARY
LAYER CALCULATED BY FinTe

SOUNDARY LAYER .'

NPT GREPY W

TEGAAL BOUMDARY LAVER
SOLUTION FOA LEADINS 0L BMENT

AND ALL LOWER SURPACS CALCULATIONS

Fig. 2 Flow about swept, infinite-span,
multi-element wing.

Stagnation Line Flow

Cumpsty and Head!? experimentally investigated
the stagnation-line flow characteristics of infinite-
span swept wings. They found that the stagnation
line boundary-layer integral parameters (H, 8, and
Cf) and the state (laminar or turbulent) correlate

u
with the parameter C* = v:/ (v—d-;’;). The stagnation
line boundary-layer characteristics on each element
are determined using these correlations.

Conventional Boundary-Layer Methods

Integral boundary-layer methods are used for all
conventional boundary layers, such as the upper-
and lower-surface boundary layers of all elements,
and the upper-surface boundary layers of following
elements up to the slot exists.

The two-dimensional equations of Curle!! are
solved along external streamlines to determine the
laminar boundary-layer churacteristic. It is
assumed that laminar cross-flow effects have a

negligible influence on the overall calculation, at
least for moderate sweep angles. Once the boundary-
layer characteristic along the potential flow strcam-
lines have been determined, the spanwisc and chord-
wise parameters are determined.

Thesc chordwise boundary-layer characteristics
are used with the correlations of Smith!2 to deter-
mine the point of laminar instability. These cor-
relations relate R, to a pressure gradient parameter.
Knowing the point 8f instability, Rg, and the pres-
sure gradient; thc location at which full transi-
tion has occurred is determined by using the corre-
lations of Granville.}3 The integral method of
Cumsty and Head!“ for boundary layers on infinite-
span swept wings is used for the turbulent calcu-
lation.

Should laminar separation occur prior to trans-
ition, the correlations of Gaster!S are used to
determine whether turbulent reattachment occurs.

If reattachment is predicted, the calculation con-
tinues as a turbulent flow; if catastrophic separa-
tion is predicted, the calculation is terminated.

Confluent Boundary-Layer Method

The finite-difference method used to solve the
infinite-span swept-wing, confluent boundary-layer
equations is described by Crank and Nicholson!® and
by Dvorak and Head.!? The eddy viscosity model
used here is 8 modification of the two-dimensional
method for wall jets and turbulent boundary-layers
developed by Dvorak.!® These calculations include
the effects of longitudinal surface curvature. The
static pressure field, p(s,z), which is required
for the solution of the boundary-layer equations, is
determined directly from the potential flow solution.

The initial conditions required to start the
finite-difference calculation at the slot exit are
constructed from: 1) the integral boundary-layer
solution at the slot exit on the upper surface of
the corponent in question; 2) the laminar potential
core as determined from the potential-flow solution;
and 3) the upper- and lower-surface boundary-layer
solutions at the trailing edge of the upstream
element. If cove separation is present the boundary
layer at the slot exit from the lower surface of the
upstream element is assumed to follow the one-seventh
power law with a thickness equal to one-third the
slot-exit width. This assumed profile is repre-
sentative of what is observed experimentally. With
these initial conditions and with the static pres-
sure field known, the boundary-layer equations are
solved in a forward marching fashion to the trailing
edge of the component.

The profile drag for a streamwise section is
determined by use of the method of Squire and

Young!9: I\ Heg 5
R VG
te\ =/te

III. Viscous/Inviscid Coupling

The effect of boundary-layer displacement and
mass entrainment on the potential flow is simulated
by distributed sources on the panels used to des-
cribe the airfoil contour. The strengths of these
source panels as determined direct]ly from the
boundary-layer solutions are q = Bé

~ (ueé') where




ug is the chordwise potential-flow velocity at the
edge of the boundarv layer and 5* is the boundary-
layer dispiacement thickness given by

e
8 -f a- Gu-)dz (8)
° e

A modified Kutta condition, which requires that the
flow be tangential to the trailing edge p .el at
the trailing edge on the upper and lower surfaces,
together with the boundary condition that the velo-
city normal to the surface be equal to the known
source distribution, determines the potential flow.
The resulting potential-flow pressure distribution
is then used in subsequent boundary-layer calcula-
tions.

It has been observed (e.g., Brune, Rubbert, and
Nark?9) that conventional cyclic boundary-layer/
inviscia flow matching usually results in a diver-
gent or, at best, a slowly convergent iteration
process, especially if the viscous interaction is
relatively strong (as is often the case for high-
1lift configurations). In the present method the
boundary-layer source distribution is under-relaxed
according to the formula

Q™' aql v rgf 4 gD ®
where q] is the source distribution strength used in
the ith potential flow solution and ET is equal to

i% (ues') obtained from the ith boundary-layer

solution. A relaxation factor of 0.5 has been found
to be sufficient for a large variety of configura-
tions.

For the unswept case, separation is defined as
the location where the skin friction goes to zero.
For the swept case, separation is defined as the
point where the wall skin-friction vector forms a
90° angle with the local potential-flow velocity
vector. The manner in which the viscous interaction
is handled depends on what type of separation is
being %Psidered. If separation occurs at some
point.(zs) , on the upper surface of a component,
sep
the boundary layer calculation 1s necessarily ter-
minated at that point. Based on the experimental
observation that the static pressure is nearly con-
stant in the separated flow, up is assumed constant
and ¢qual to its value at the separation point.

The displacement thickness in the separated zone
is obtained by linear extrapolation from the point
of separation, Thus, in the separated zone the

dé*
(ue ds Jsep’
The method is not intended to model extensive flow
separation; rather, the intent is to permit the
calculation to continue if separation occurs, such
as is often encountered after the first potential
flow solution. Separation on the lower surface of
the last element, which seldom occurs, is handled
similarly. Lower-surface flow separation, such as
might be encountered in a flap cove, is handled
differently. Experimental observation indicates
that even if cove separation occurs the boundary
layer at the slot exit is generally thin and its
displacement effect on the potential flow is
expected to be minimal. Therefore, the source
distribution in the cove-separation zone is assumed

ORIGINAL PAGE 15
UF POOR QUL ry

blown boundary condition becomes q =

to be a linear interpolation made between its value
at separation and zero at the trailing edge.

1V. Wind Tunnel Test Program

Model

The rectangular planform finite wing, used in the
experimental part of this study, is shown as it was
mounted in the Ames 40- by 80-Foot Wind Tunnel in
Fig. 3. This wing is equipped with a full-span, 40%
chord, sinnle slotted flap. The wing and flap were
basically steel frameworks covered with wood; the
wood in turn was coated with a glass reinforced
plastic skin to give the desired contour. The wing
span was 16 m with a reference chord of 1.7 m and a
nominal extended chord of 2.1 m. The relatively
high aspect ratio of 7.6 (based on the extended
chord), combined with the uniform section is designed
to provide a nearly constant span loading over the
wing center section. In addition, the finite wing
avoids the interference effects, caused by wind-
tunnel side-wall junctions, that are usually encoun-
tered with models that span the test section. These

interference effects become especially troublesome
at high lift and when separation plays a significant
role.

Fig. 3 Model mounted in 40- by B80-Foot Wind Tunnel

The flap brackets, which remain parallel to the
chordwise direction when the wing is yawed, peimit
horizontal and vertical flap movement. The range
of movement in the chordwise and normal-to-chord
direction was 5% and 4% of C, respectively.

The basic airfoil section from which the wing-
flap combinations were derived is an RAE 2815  The
wing-flap combinations tested are shown in Fig. 4.
A complete table of coordinates is listed by
Foster et al.?! The 10° flap configuration had a
faired cove whereas the 30° flap configuration had
no cove fairing; the leading edge of the 30° flap
configuration was drooped 10° with the pivot nuint




on the lower surface at an  Xy/Cy of 0.15. The
test Reynolds number, R,, was 3.8x10%.

PLAIN LEADING EDOE - SINGLE SLOTTED FLAP ' 0
- PLAP GAP

LEADING EDGE DROOPED *D  SINGLE SLOTTED '\R
Fig. 4 Airfoil configurations tested

Wing Forces and Moments

Overall wing forces and moments were obtained
fron the wind tunnel scale svstem and corrected for
tunnel wall-interference effects. The total lift
was used in conjunction with the vortex lattice
theory of Hough?? to determine a section angle of
attack at the center section of the wing according
to the formula

a=a - Aa;i (10)

where Aa, is the induced angle of attack at the
center séction due to t ~-ite wing effects. The
induced angle of attack, or mean downwash at the
wing center line, as given by the vortex lattice

theory is
Aa, = [.1_ (C_d.L) ] (c,) an
i C, \C L'exp
L . q‘vzt

where it is assumed that the induced angle of attack
scales with the measured total 1lift of the wing.

Pressure Measurement:

The center section of the wing was instrumented
with three chordwise rows of static pressure ori-
fices. One row was located on the model centerline,
a second row at y = 0.44 C,, and a third row at
y = -0.22 C5. No flap brackets were located between
y = -0.22 Co and y = 0.44 Cy. At each of these
three spanwise stations there were 64 orifices on
the main element and 30 orifices on the flap. The
method of measuring pressures was with scanivalves
and transducers with ranges of 217kN m-2(#2.51b/in?);
the scanivalves were automatically sequenced. The
transducer output was digitized and punched onto
data cards for subsequent data reduction on a digi-
tal computer.

Preliminary tests at sweep angles of 0° and 25°
showed no significan* spanwise gradients in the
center section of the wing. All data presented in
this paper were obtained on the model centerline.

Hot-Wire Boundary-lLayer Surveys

Velocity profiles near the main element trailing
edge anu above the flap upper surface were obtained
using a translating hot-wire probe. The drive motor
was located inside the flap, thus minimizing the
aerodynamic interference due to the survey device.
Anemometer output was linearized to give 8 linear
relationship between voltage and velocity and then
recorded on a X-Y plotter as a function of probe
position.

Hot-wire calibrations were made using a free jet
powered by a variable speed blower. The anemometer

bridge was temperature compensated to minimize the
influence of wind-tunnel static-temperaturc varia-
tion on ancmometer output.

V. Comparison of Theoretical and-
Experimental Results

Section Lift

Figures 5-7 show comparisons of the measured
section lift characteristics, as functions of scc-
tion angle of attack, with those determined theo-
retically. Figure 5 is for the 10° flap configu-
ration without sweep; Fig. 6 is for the 30° flap
configuration with 0° sweep; and Fig. 7 is for the
30° flap configuration with 25° sweep. The theo-
retical calculations have been terminated at the
angle of attack where upper-surface separation
first occurred. This type of separation greatly
inhibited or prevented convergence of the viscous-
potential flow iteration process, and resulted in
generally unreliable results. The fact that in all
cases separation occurred at 1lift levels below, but
within 10% of, C2 indicates that the existence of

max
separation on either the main component or flap
provides a reasonably accurate and conservative
estimate of maximum lift.
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Fig. 5 Section lift characteristics for
plain leading edge: 8 = 0°, 8¢ = 10°.
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Fig. 6 Section lift characteristics for
drooped leading edge: 8 = 0°, &, = 30°,

The general character of the results for the
three configurations shown in Figs. 5-7 are similar.
Comparison of the experimental measurements and the
potential-flow solutions show strong viscous inter-
actions resulting in observed lift coefficients well
below those predicted by pure potential-flow theory.
The addition of viscous interaction effects brings
the theoretical predictions into much better agree-
ment with the experimental results with the largest
difference occurring, somewhat surprisingly, at
lower angles of attack, The reason why the lift is
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Fig. 7 Section lift characteristics for
drooped lcading edge: B = 25°, 8¢ = 30°.

over-predicted at the lower angles of attack is
shown by the section pressure distributions pre-
sented in Figs. 8 and 9.
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Fig. 8 Section pressure distribution for
dropped leading edge: o = 0°,
g=0°, be = 30°.
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Fig. 9 Section pressure distribution for
drooped leading edge: o = 7.5°,
g8 =0° 8e = 30°.

The flap pressure distribution for the unswept
30° flap configurdtion of Fig. 8 is predicted quite
accurately, whereas the load level for the main
element is over-predicted. This discrepancy is
attributed to extensive flow separation in the cove
on the lower surface of the main component. This
separation, although predicted by the boundary-
layer analysis, results in a strong viscous inter-
action which is not modeled accurately in the theo-
retical analysis.

As a result, the contribution to lift of the

pressure distribution in the cove is over-predicted.

In addition, the cove separation appears to have
reduced the net circulation on the main element,
thereby influencing the upper surface pressure
distribution as well. At higher angles of attack,
such as the 7.5° shown in Fig. 9, the orientation
of the cove relative to the freestream is such that
the influence of cove separation (although still

present) is suppressed; the result is a much
improved agreement between theory and experiment.
Increasing the sweep angle to 25° did not 5ignifi
cantly alter this bchavior for cither the 10" or
30° flap configurations. :

Figure 10 compares the effcct of anglc of attack
on computed integral boundary-layer characteristics
with its effect on cxperimentally mecasured charac-
teristics for the unswept 10° flap configuration.
The comparisons are made for a point located at the
trailing edge of the main component upper surface.
The shape factor, H = %T , is predicted accurately
throughout the angle of attack range. The tendency
to slightly over-predict the displacement thickness
is caused, at least in part, bv the increased wing
loading due to the previously mentioned cove sepa-
ration effects.
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Fig. 10 Shape factor and displacement
thickness at wing upper surface
trailing edge: 8 = 0°, bg = 30°,

Velocity profiles on the flap upper surface for
the 30° flap configuration are shown in Figs. 11
and 12 for an angle of attack of 9°. The mean
velocity profile in Fig. 11 is for a station 0.5%
downstream of the main component trailing edge.
The dominate feature is the wake from the main
component. The hot-wire probe in this case did not
get close enough to the flap upper surface to et
into the very thin flap upper-surface boundary
layer. Agreement between theory and experiment 1
reasonably good. Inspection of the mean velocity
profile indicates, as assumed in the theorctical
analysis, that a laminar core exits in the slot
efflux. Also shown in Fig. Il is the turbulence

level.%u"/ue, which provides a qualitative measure

of the potential for turbulent transport. The
turbulence level, significant throughout the slot
efflux, indicates that a true laminar core is not
present. This turbulence is undoubtedly comprisecd
of remnants of the turbulent mixing process associ-
ated with the cove separation. The predicted and
measured velocity profiles at the flap trailing
edge are compared in Fig. 11. Although the total
boundary- layer thickness and the point of minimum
velocity associated with the wing wake are pre-
dicted accurately, the experimental measurements
show that the wing wake and flap boundary layer
have merged to a greater extent than that predict: '
theoretically implying that the turbulence in the
so-called laminar core has a significant influence
on the confluent boundary-layer development.
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Fig. 11 Boundary-layer velocity and
turbulence profiles downstream of
wing trailing edge: a = 9°,
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N O PPERMENTAL
- THORE TICAL

Fig. 12 Boundary-layer velocity profiles
at flap trailing edge: a = 9°, 8 = 0°,
6f = 10°, xf/Co = 0.39.

Figure 13 shows a comparison of the computed
drag for the 30° flap configuration with the drag
measurements obtained from Ref. 21 for the two-
dimensional case. Although the shape of the lift-
drag curve is correct, the theoretical method con-
sistently over-predicts the drag; this suggests
that the method of Squire and Young!® is not
directly applicable to multi-component airfoils.
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Fig. 13 Lift versus drag for drooped
leading edge: B8 = 0°, B¢ = 30°.
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Figure 14 illustrates the application of the
theoretical method to a configuration optimization
problem. In this figure the effect of flap gap on
1ift at a fixed angle of attack is compared with
the theoretical prediction for the 30° flap con-
figuration. The optimum flap gap of 2% of chord is
predicted quite accurately.
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Fip. 14 Effect of flap gap on :ection
iift for drooped lcading edgc:
a = 6., B = 0..

Concluding Remarks

A thcoretical method for analyzing the viscous/
potential flow around two-dimensional and infinite-
span multi-component airfoils has been described.
The analysis is basnd on iteratively coupled
boundary-layer and potential-flow calculations.
The viscous-flow analysis considers the conflueny
boundary layer, where appropriate, und computes
both spanwise and chordwisc boundary-layer charac-
teristics. In support of the theoretical program
an experimental study was conducted in the Ames
40- by 80-Foot Wind Tunnel. Comparisons of the
present theorctical method with other exact solu-
tions and with the experimental data resulted in
the following conclusions:

1. The present theoretical method accurately
predicts section lift characteristics of multi-
component configurations through modcrate sweep
angles where flow separation effects are negligible.

2. For the configurations tested, the angle of
attack for the first occurrence of upper surface
separation defines a reasonably accurate and con-
servative estimate of C at sweep angles of 0°

and 25°. tmax

3. The present method accurately predicts the
optimum flap gap for maximum lift at a fixed anple
of attack.

4. In addition to the study of two-dimensional
and infinite-span swept multi-component airfoils,
this method will be useful in the analysi: ... tl.
high-1ift characteristics of relatively higl aspc.t
ratio, moderately swept, finite wings.

5. The influence of cove separation o .«
state (laminar or turbulent) of the slot citlux can
have a strong influence on the development of the
confluent boundary layer over the flap upper sur-
face.

6. The method of Squire and Young for computir:
drag does not (in its original form) accuratel)
predict the drag of multi-component configurati s,

7. Potential-flow matrix computer solution
times for multi-component configurations are sig-
nificantly reduced, from those required for direct
trian‘yllr decomposition solution, by using block-
Gauss-3iedel iteration with relaxation.

8. The present potential-flow mecthud, whi b
utilizes linear vorticity, gives excellent agree-
ment with exact solutions for the inviscid flow
around multi-component configurations.
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