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Multipoint Inverse Airfoil Design Method
for Slot-Suction Airfoils

Farooq Saeed* and Michael S. Seligt
University of Illinois at Urbana-Champaign, Urbana, Illinois 61801

Owing to a renewed interest in advanced-concept transport aircraft with active boundary-layer control
(suction and/or blowing), a generalized multipoint method for the inverse design of airfoils with slot
suction in incompressible potential flow is presented. The results predicted by theory show good agree-
ment with experiment. Such a design tool could be used interactively to perform rapid trade studies to
examine the potential payoff for boundary-layer control as applied to the advanced-concept wings. The
method, which is based on conformal mapping, draws on the theory first published by Eppler (Airfoil
Design and Data, Springer-Verlag, New York, 1990) and extended by Selig and Maughmer ("A Multi-
point Inverse Airfoil Design Method Based on Conformal Mapping," AIAA Journal, Vol. 30, No. 5,1992,
pp. 1162-1170). The theory predicts an increased lift coefficient and a nonzero value for the inviscid
drag coefficient as a result of the slot suction, a price to be paid for the increased lift. The theory also
shows that this nonzero value of the inviscid drag coefficient is exactly equal to twice the suction coeffi-
cient. Two examples are discussed to illustrate the method and the corresponding change in the aero-
dynamic characteristics of the airfoils as a result of slot suction.

Nomenclature
am> bm = Fourier series coefficients
b = location of the suction slot, £ = etft

Cd = airfoil drag coefficient
Ci = airfoil lift coefficient
CQ = suction coefficient
c = airfoil chord
D = airfoil drag
d = location of the stagnation point downstream

of the suction slot, £ = eis

Fx, Fy = x and y components of force
F(z), F(£) = complex potential functions
/ = front stagnation point, £ = eiy

g(<f>), h(<f>) = positive, nonzero functions
K, K = main recovery parameters
KH9 KH = closure recovery parameters
L = airfoil lift
M0 = airfoil pitching moment
P(<t>), Q(<f>) = harmonic functions on unit circle
Qs = suction strength
Q?(<t>) = multipoint design suction strength distribution
tic = airfoil thickness-to-chord ratio
Ko = freestream velocity
v, = design velocity level for segment /
v,(<2>») = relative design velocity distribution for

segment i
v*(</>) = multipoint design velocity distribution

= total recovery function
£, 0 = suction distribution function
/>» 0 = main suction function for segment i
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Subscripts
+

= airfoil coordinates
= airfoil -plane complex coordinate, x + iy
= angle of attack from zero-lift angle
= angle of attack from zero- lift angle for

segment /
= angle of attack for zero lift
= multipoint design angle-of-attack distribution
= design location of the suction slot for

segment i
= multipoint design suction-slot location

distribution
= circulation strength
= multipoint design front stagnation point

distribution
= design location of the stagnation point

downstream of the suction slot for segment i
= multipoint design slot- suction stagnation point

distribution
= trailing-edge angle parameter
= circle -plane complex coordinate,

£ + ir] or el*
= design distribution of the flow direction about

airfoil
= main recovery parameters
= step function
= fluid density
= arc limit for segment denoting junction

between segments i and / + 1
= relative arc limit for segment i, cf> — (f>i-l
= closure recovery arc limits

= approach from positive side
= approach from negative side

Introduction

A LTHOUGH conventional configurations for the subsonic
commercial or transport aircraft are most widely ac-

cepted, there is growing interest among the aerospace engi-
neering community in some of the advanced concepts such as
the Goldschmied's thick-wing spanloader all-freighter1 shown
in Fig. 1. Goldschmied's conceptual design study was based
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Partition Suction Blower

Fig. 1 Layout of the modified GLAS II31.5%-thick laminar-flow
airfoil with a 10.3-m chord (adapted from Ref. 1).
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Fig. 2 Velocity distribution of a 35% -thick Glauert-type airfoil.

on a synthesis of proven technologies. Some of these were the
1946 Northrop XB-35 Flying Wing, the 1951 31.5%-thick
modified GLAS II laminar-flow airfoil with slot-suction
boundary-layer control, and the Goldschmied high-efficiency
centrifugal blower. The results of the study revealed that the
thick-wing spanloader had an aerodynamic transport effi-
ciency1 of 25 as compared with a maximum value of 10 for
the conventional cargo aircraft. The results were based on the
use of suction slots to remove the boundary layer at the points
on the airfoil where the flow has a tendency to separate.
Thus, very thick airfoils could be designed to exhibit laminar
flow characteristics over a greater part of the surface through-
out a Ct range that is large enough to completely cover the
normal flight range, and which are also thick enough to pro-
vide ample room for the stowage of engines, passengers, and
other loads. The fact that very large lift coefficients can be
obtained from thick airfoils with active boundary-layer con-
trol (suction and/or blowing) without separation has not only
been predicted through analytical models such as those of
Glauert,2"4 but has also been confirmed through numerous ex-
perimental studies.5"10 Recently, these studies have generated
a renewed interest11"13 in such advanced concepts.

Glauert's method2"4 for the design of slot-suction airfoils is
well known. It is interesting, however, that Glauert's method
does not actually account for suction at the slot location. It
can be shown that for slot suction on an airfoil, a stagnation
point must exist on the airfoil surface just downstream of the
slot. Glauert's airfoils do not exhibit this characteristic feature.

Moreover, there is no specified parameter related to the amount
of suction. Instead, the velocity distributions of Glauert-type
airfoils (see Fig. 2) show a step drop in the velocity at the
location of the slot. Lighthill14 has also suggested the same
strategy for designing airfoils with slot suction. This type of
velocity distribution can be obtained by making the pressure
recovery infinitely steep at the slot location. The point of the
infinitely steep pressure recovery is represented on the airfoil
surface by an infinite spiral (shown in exaggerated view in
Figs. 2 and 3). On the surface as the flow enters the spiral, the
velocity approaches the value before the drop. On the way out
of the spiral (on the other side of the spiral inlet), the velocity
is equal to the value past the drop.

Although clear from the theory, it is possible to verify com-
putationally that Glauert's well-known GLAS II airfoil shown
in Fig. 3a was designed by prescribing a step drop (step func-
tion) in the velocity distribution at the slot location. The panel
method of the Eppler code15'16 was used to produce the velocity
distribution shown in Fig. 3a. The resulting velocity distribu-
tion exhibits minor oscillations on either side of the step drop
similar to the Gibbs phenomenon observed when a step func-
tion is approximated by a regular or smooth function. The
computer program described in Selig and Maughmer17 was
used to design an airfoil that nearly matched the GLAS II
airfoil shape. The airfoil shown in Fig. 3b was designed to
have a very steep drop in the velocity distribution at the slot
location to simulate a step function. No suction was used in
the design. The resulting airfoil is almost identical in every
respect to the GLAS II airfoil, which verifies that Glauert's
airfoil did not employ suction, but a step drop in the velocity
as expected.

A design method for slot-suction airfoils should include the
effects of true suction at the slot location; that is, the flow
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Fig. 3 a) Glauert \s well-known GLAS II airfoil analyzed by the
panel method of Eppler code15'16 and b) airfoil designed by the
method of Selig and Maughmer17 using GLAS IPs velocity distri-
bution.
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model should first include a sink on the airfoil surface at the
slot-suction location. Second, since the primary purpose of
suction is to improve the airfoil performance by removing the
boundary layer, which would otherwise separate owing to a
sharp pressure rise in the pressure recovery region, it makes it
necessary to integrate the development of the associated vis-
cous boundary layer into the multipoint inverse design method
so that it can lead to the design of practical airfoils. With such
a design method in hand, several practical issues could be ad-
dressed and interesting tradeoffs could be explored. For ex-
ample, for a desired net pressure recovery, how much suction
is required? Alternatively, for a set amount of suction, how
much pressure recovery can be achieved? Is it advantageous
to vary the amount of suction depending on the flight condi-
tions? Also, how much power is required for the suction sys-
tem based on mass flow requirements? Although these inter-
esting and important design-related questions are not currently
addressed, the inviscid inverse design method presented here
could in the future be extended to include viscous effect and
thereby pave the way toward furthering our understanding of
the myriad of tradeoffs involved in the design of advanced-
concept aircraft that take advantage of the slot suction.

Theory
The theory behind the design of airfoils with slot suction is

similar to that presented by Selig and Maughmer17; the differ-
ence derives principally from the presence of a sink on the
airfoil surface. Although the presence of the sink in the flow
introduces a singularity into the flowfield, it is a good repre-
sentation or model of the suction effect on the velocity distri-
bution, i.e., the velocity increases in front of the suction slot
and decreases behind it.18 A conceptual illustration of the flow
around a circle and an airfoil with slot (point) suction is shown
in Fig. 4.

The flow in the £ plane is modeled by the presence of a
uniform flow of unit velocity at an angle of attack a, a vortex
of strength T at the origin, and a point sink of strength QS(QS
< 0). The sink is placed at £ = b in the flowfield so that when
a unit circle centered at the origin is added to the flow, using
the Milne-Thomson circle theorem,19 it falls on the boundary
of the circle at £ = b = elf*. The complex potential for the
flowfield with the circle added is given by

- b)

and where

- 5]

F = 47T sin a - Qs cot(/3/2)

(1)

(2)

is the circulation strength required to satisfy the Kutta condi-
tion by fixing the rear stagnation point at £ = 1.

Since a stagnation point must exist downstream of the suc-
tion slot, say, at £ = d - ei8 on the circle, imposing this con-
dition requires that

fi, = -Sir sin(j8/2)sin[(j8 - 6)/2]cos[a - (6/2)] (3)

The front stagnation point is then located at £ =/= eiy> where
y = 7 r + 2 o : + /3 — 8. And the complex velocity is given by

f\ .-*, (4)

which on the circle £ = e1* becomes

dF = 4 sin 11
v-*

.sm - s
CSC

X COS
-8+8

— a ] e (5)

Fig. 4 Conceptual illustration of the flow around a circle and an
airfoil with slot suction. The symbol 0 indicates a doublet and a
source, © a sink pair, and O a stagnation point.

The complex velocity about the circle in the £ plane is al-
ternatively written as

dF
= 4 sin f sm 1 [> - g*(<fr)1J esc [ —— ——— J

X

where

(6)

£*(<£)

(7)

27T

is a step function introduced to account for the jumps in the
flow direction at the two stagnation points and at the suction
slot. The asterisk mark refers to the desired design conditions.

The flow about the circle in the £ plane is mapped to the
flow about an arbitrary airfoil in the z plane via z = z(£) (see
Fig. 5). The derivative of the mapping function on the unit
circle is assumed to be of the form

dz exp

which must satisfy three conditions: 1) the airfoil trailing-edge
angle must be finite, 2) the flow at infinity must be unaltered,
and 3) the airfoil contour must close. These conditions on the
mapping lead to the integral constraints17 that must be satisfied
for multipoint inverse airfoil design.

The complex velocity in the z plane on the boundary of the
unit circle is expressed as

dF
dz (9)
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Fig. 5 Mapping from the circle to airfoil plane (slot suction omit-
ted for clarity).

To reflect the jumps in the flow direction, the previous equa-
tion is rewritten as

dF
dz

(10)

where |v(<£) | = v*(<£) and 0(<£) is replaced by 0*(<£). To relate
v*(<£) and 0*(<fc) to the series coefficient of the mapping de-
rivative, the complex velocity is written alternatively as

dF
dz •*•}

Wt

(11)

Substituting Eqs. (6) and (8) into Eq. (11) and taking the nat-
ural logarithm of the resulting equation yields the following
result:

X esc

X sec

e[(7r/2) -

(12)

(13)

where 0 < </> ^ 27T.
Thus, the specification of velocity v*(<£), the angle of attack

«*(<£), the location of the suction slot j3*(<£), and the location
of the stagnation point downstream of the suction slot 8*(<f))
uniquely determines P(<j>). Alternatively, specifying the airfoil
flow direction 0*(<£), «*(<£), j3*(</>), and 6*(#) uniquely de-
termines Q(ff>). Since P(<j>) and g(<£) are conjugate harmonic
functions, then from either one the corresponding harmonic
function is determined through the Poisson's integral formula
exterior to the circle. Once P(<£) and Q(<f>) are known, the
airfoil coordinates *(</>) and v(</>) are then obtained through
quadrature.

Multipoint Design Capability of the Theory
The function P(<f>) depends only on <f> and is defined by

specifying v* (</>), «*(<£), j3* (<£), and 6* (</>), now called the
design velocity distribution and the corresponding distributions

of the design angle of attack, location of the suction slot, and
the stagnation point downstream of the suction slot, respec-
tively. Since it is only necessary that P(<f>) be continuous, a
discontinuity in any one or a combination of the design vari-
ables, i.e., v*(<£), «*(<£), j3*(<£), and 6*(</>), must be compen-
sated by a corresponding discontinuity in any one or a com-
bination of the remaining design variables. This is the most
important point of the theory, and it is on this basis that the
multipoint design is accomplished. Thus, the airfoil can be
divided into a number of segments along which the design
velocity distribution along with the design values for «*(</>),
j3*(<£), and 6*(<£) are specified. It is helpful for design pur-
poses to let «*(</>), j3*(<£), and 6*(<£) be constant over any
given segment; whereas v*(<£) should be allowed to vary to
obtain some desired velocity distribution. Then, to ensure con-
tinuity between segments, the following condition must be sat-
isfied:

(14)

or from Eq. (12)

cos + S $(</>,)
- - «?(<*>,)

cos r^L (15)

where <& is the arc limit between segments / and i + 1. Thus,
different design parameters [e.g., slot-suction location /3*(<£)]
or operating conditions may be specified with respect to dif-
ferent segments on the circle yielding a multipoint design.

Airfoil Lift, Drag, and Moment
The forces and the pitching moment acting on the airfoil are

determined from the Blasius relations, which are

(16)

(17)

where Cz is any closed curve that encircles the airfoil. The
resulting airfoil lift and drag components of the forces are

L = pT (18a)
D=-pQs (18b)

which in coefficient form are

C/ = 2r/c (19a)

Cd=-2Qs/c (19b)

Substituting Eqs. (2) and (3) into the previous equation yields

d = (87r/c)sin a - (2&/c)cot(/3/2) (20)

Q = (167T/c)sin(j3/2)sin[03 - 6)/2]cos[a - (5/2)] (21)

It is interesting that the lift-curve slope is still nominally 27r,
with suction Qs providing an offset to the lift coefficient. More-
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over, an expression for the angle of attack for zero-lift aOL can
be obtained from Eq. (20) by setting C, equal to zero. It is
given by

= sin~1[(fi,/4ir)cot0^2)] (2-2)

It shows that the angle of attack for zero-lift OQL not only
depends on the amount of suction Qs, but also on the location
of the suction slot, i.e., /3.

If we now define CQ as

C = Qjy^c (23)

comparing Eq. (19b) and Eq. (23) yields an important result
of the analysis that

Cd=-2C0 (24)

Note that for Qs < 0, which corresponds to suction, a positive
value for the inviscid drag coefficient results. Thus, the intro-
duction of slot suction on the airfoil not only results in an
increased lift because of increased circulation around the air-
foil, but also in a nonzero value for the inviscid drag, which
is purely because of suction. The magnitude of the inviscid
drag coefficient is found to be exactly twice that of the slot-
suction coefficient. This result that suction produces drag is in
contrast to the speculations of Goldschmied1 that slot suction
results in a thrust.

The expression for the pitching moment about the origin of
the z plane (positive clockwise) is given by

27rp(b2 cos 2a - [a2

2pQs sin(a - 0) -

2a)

where

#2
'"'Jo

b^1- in 2<j> d<f>

(25)

(26a)

(26b)

Solution Formulation
Like in any inverse design method, the specification of ve-

locity is not completely arbitrary. To satisfy the three integral
constraints on P(<t>), the specification of P(<f>) through v*(<£),
«*($), /3*(</>), and 6*(</>) must contain at least three free pa-
rameters to be determined by solution. Selig and Maughmer17

introduce these three parameters in a way that facilitates the
numerical solution, allows for implementation into a multidi-
mensional Newton iteration, and makes it possible to design
practical airfoils. The same approach is used here for the in-
verse design of airfoils with slot suction.

Velocity Laws
The prescribed velocity distribution must satisfy not only the

integral constraints and the continuity conditions, but in the vi-
cinity of the singular points of the flow, it must follow a special
law. This condition is apparent from Eq. (12), which gives

X CSC

(27)

In addition to the leading- and trailing-edge stagnation point
velocity laws dictated by the last cosine term and the term (2

sin </>/2)e, respectively, the velocity in the vicinity of
must conform to the following laws:

lim

lim

CSC

CSC
U - /3*(<fr)1

(28a)

(28b)

and at £*(<£) it must follow that

lim

lim v*(</>)

sin (29a)

(29b)

where the functions g(<f>) and h((f>) are positive nonzero func-
tions.

Specification of the Velocity Distribution
The form used for the specification of the velocity distri-

bution is similar to that given by Selig and Maughmer,17 except
that now we introduce a new function WG(</>, /), called the
suction function for segment i, into the velocity distribution so
that it conforms to the additional velocity laws given by Eqs.
(28) and (29). The new forms for the specification of the de-
sign velocity distribution for the recovery and intermediate
segments, respectively, are then given by

, 0

(30a)

(30b)

where </>/_! < </> < </>,. These are accompanied by the speci-
fication of the design values for a*(<£) = ah j3*(<£) = ft, and
S*(</>) = st for that segment. Since it is more convenient (for
design purposes) to specify the suction strength distribution
Q?(<f)) instead of 5*(</>), the latter is found numerically from
Eq. (3) for a given set of design conditions.

Suction Function
With this method, airfoils may be designed with the suction

slot present on a segment at its design condition. For such a
segment (one designed with slot suction on the segment), now
termed an on-suction segment, the velocity distribution must
satisfy the velocity laws given by Eqs. (28) and (29). However,
on any segment outside of the on-suction segment, now termed
as the off-suction segment, it is not necessary for the velocity
distribution to conform to the velocity laws. To implement
these ideas, the suction function, for the j'th segment when
suction is present, is given by

- 6/2)3
(31)

for on-suction segments, i.e., fa-i < & < </>,, otherwise for off-
suction segments it is set equal to 1. The function WD(^, i) is
any distribution/interpolating function, which as a matter of
convenience satisfies the conditions

(32)
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Table 1 Initial values of the design variables

Fig. 6 Comparison of theoretical and experimental results for
CQ = -0.0106 and a = 6 deg.

A convenient choice for WD(</>, /) is that of a linear function
given by

0 =

sin

<t> - <h \-> - tJ

- A

sin
(33)

Validation of Theoretical Results
A five-segment airfoil was designed to match the Glauert

GLAS II airfoil, which has a suction slot at 0.69c and f/cmax =
0.315. The resulting airfoil shape and velocity distributions are
shown in Fig. 6 in comparison with the experiment.20 Both
the experimental and theoretical results correspond to CQ =
-0.0106 and a = 6 deg and show good agreement. The the-
oretical results yield a C/ of 0.86 and a Cd of 0.0212 as com-
pared with a C/ of 0.92 and a Cd of 0.004 from experiment.
The difference in the values of Cd is because the experimental
results were obtained from a wake survey and therefore do not
account for the drag component because of suction; whereas,
the theoretical results account for inviscid drag caused by suc-
tion alone.

Design Examples
Two examples are presented in this section merely to dem-

onstrate the design procedure and to illustrate the capabilities
of the method. In the discussion that follows, only those as-
pects that are unique to the integration of the slot suction into
the method are discussed in detail, since the other more general
issues can be found in Ref. 17.

As a first example, the design of a five-segment Glauert-
type airfoil with a cusped trailing edge e = 0 is presented.
Table 1 lists the initial values of some of the design variables.
For simplicity, the design distributions of the suction-slot lo-

<!>„ deg «/, deg
1
2
3
4
5

40.00
54.00

192.58
290.51
360.00

15.52
15.52
15.52
00.22
00.22

v, =0.63, K= 1, <
V2

v3

V4

v5, £=! ,& =

fe = 18 deg

348 deg

Table 2 Converged solution

i
1
2
3
4
5

<£,, deg
40.00
61.42

194.52
292.09
360.00

<xh deg
15.73
15.73
15.73
00.01
00.01

ft, deg
49.16
49.16
49.16
48.96
48.96

v,
0.712
0.712
2.012
1.253
1.253

C,
2.39
2.39
2.39
0.28
0.28

cd
0.136
0.136
0.136
0.136
0.136

cation and the corresponding suction strength are specified as
constants over all segments, i.e., /3*(</>) = 51.5 deg and
Q*(<t>) = —0.22, respectively, which can be different for each
segment based on the multipoint design requirements. More-
over, for segment 2, the relative design velocity distribution
function v2(</>2) is prescribed as a linear function of $2 by the
following relation:

dVj\
(34)

where the slope (dv2/d$2), is set equal to 1.3.
After having defined all of the independent variables in the

design, as the next step, the eight unknowns, v2, v3, v4, v5, JJL,
£,, KH9 and KH are determined. First of all, the continuity con-
dition, Eq. (15), is used to determine the velocity levels v2, v3,
v4, and v5. The values of ILL, ju,, KH, and KH are then determined
from the solution of a system of equations. The complete de-
sign velocity distribution v*(<£) is then obtained and used to
form P(<£) along with the other design variables. The conjugate
harmonic function Q((f>) is then determined through the Pois-
son's integral. Finally, the airfoil coordinates are computed
from P(<£) and g(<£).

To obtain an airfoil with an uncrossed trailing edge, a trail-
ing-edge velocity ratio of less than unity is required. The trail-
ing-edge velocity ratio of less than unity can usually be ob-
tained when the sum KH + KH is in the range 0-0.8. Since
the initial values for the design may not yield a sum within
this range, a multidimensional Newton iteration is employed
in the design to accomplish this task. In this process, a desired
value for the dependent variable is obtained by iterating on
the value of an independent design variable. During each it-
eration, the process outlined in the previous paragraph is re-
peated until the calculated values are within a given tolerance
of the desired values. This procedure is usually performed in
stages.

For example, for the airfoil under discussion, initially a two-
dimensional Newton iteration is performed to obtain KH =
—0.35 and KH - 0.30. This is accomplished by iterating on the
leading-edge arc limit </>3 and the velocity level Vj, respectively.
After obtaining a converged solution, a third variable is added
to the Newton iteration by requiring that (//c)max = 0.315, which
is equal to that of the GLAS II airfoil. This desired thickness
is achieved by increasing the upper-surface a*((f>) by a given
amount and decreasing the lower-surf ace values by the same
amount. After obtaining a converged solution, two more var-
iables are introduced into the Newton iteration to complete the
design of a Glauert-type airfoil. These require that the x/c lo-
cation corresponding to <f>2 and <£4 be at 0.68c and 0.62c, re-
spectively. Table 2 lists the values of some of the design vari-
ables after the final converged solution and the respective lift
and drag coefficients for each of the design conditions.
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Fig. 7 Distribution of design variables for a five-segment airfoil.
The values of «*(</>), /3*(<£), and 6*(</>) are in degrees.

Figure 7 shows the final design distributions of a*(</>),
£*(<£), Qf(<£), 6*(<£), w^ 0, v, + v,(&), and v*(<£), from
top-to-bottom, respectively, as a function of the angle <f>. In
Fig. 7, the junction between any two segments is shown by a
white circle to indicate the values of the design variables for
each of the segments. Although the multipoint design capabil-
ity of the method allows for the specification of different val-
ues for the design variables for different segments based on
the design requirements, the previous example does not fully

0 n 2n
Fig. 8 Harmonic functions P(</>) and

12.0-
V/Voo '

1.6-

1.2-

J
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,.'"''
""/ a = 0.01 deg %%y
/ -̂*^

0.8 J; ^^^

0.0 0.2 0.4 0.6 0.8 1.0

Fig. 9 Airfoil and velocity distribution at a = 15.73 and 0.01 deg.

exploit this capability for the sake of simplicity. In the previous
example, /3*(<£) and Q?(</>) were specified as constants,
whereas «*(<£) was specified as one value for the first three
segments and as another value for the last two segments. In
addition to it, a linear relative design velocity distribution
Vt(<j>i) was also specified for segment 2.

After the specification of these design variables, £*(<£) is
determined numerically from Eq. (3), we(<£, i) is determined
with the help of Eq. (31), and the velocity levels v/ are obtained
from the continuity equation, i.e., Eq. (15). The velocity dis-
tributions are then drawn with the help of Eq. (30) at the de-
sign a*(</>). The thick lines indicate the complete design ve-
locity distribution v*(<£) that is used to form P(<f>) along with
the other design variables. Then Q(<j>) is determined from the
Poisson's integral formula, and finally, both P(<f>) and Q(<f>) are
used to obtain the airfoil shape. The harmonic functions P(<f>)
and Q(<f>) are shown in Fig. 8 and the resulting airfoil shape
is shown in Fig. 9 along with the velocity distributions at a =
15.73 and 0.01 deg.

As a second example, a 13-segment high-lift suction airfoil
was designed such that /3*(<£) = 45.5 deg, Q*(<£) = -0.12, KH
= 0.45, KH = -0.40, and (f/c)max = 0.12. The resulting airfoil
shape and velocity distributions are shown in Fig. 10. It has a
C/ of 3.2 and a Cd of 0.0683 at a = 25 deg. This example
illustrates that quite high lift coefficients can be achieved by
employing suction on the airfoil.

Two important observations can be gleaned from example
airfoils presented. First, a comparison of the Glauert-like air-
foil shown in Fig. 9 with the GLAS II airfoil shown in Fig. 2
indicates that the Glauert airfoil was designed by specifying a
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Fig. 10 High-lift suction airfoil and the velocity distributions for
a = 20.5 and 15 deg.

step drop in the velocity distribution rather than by actually
employing suction at the slot location. The introduction of the
step drop in the velocity results in a spiral at the slot location,
which interestingly is absent if the effects of suction are in-
cluded in the specification of the velocity distribution as evi-
dent from Fig. 9. Second, both examples confirm that a sig-
nificant amount of pressure recovery can be achieved by
employing suction in the vicinity of the trailing edge.

Conclusions and Recommendations
Several important conclusions can be drawn from this study.
1) It is evident that a discontinuous change in the velocity

distribution is not a satisfactory model to represent the behav-
ior of flow in the vicinity of the suction slot, and as a result,
it leads to a surface discontinuity in the form of a spiral at the
slot location.

2) To accurately model the flow near a suction slot, the
velocity must undergo a sink effect, i.e., it must increase in
front of the slot and decrease behind it. A good representation
of the sink effect can be achieved through the use of a sink at
the slot location.

3) A new and versatile method for the multipoint design of
suction airfoils in incompressible flow is now available.

4) The method readily generalizes to multiple suction slots.
5) The theory predicts an increased lift coefficient and a

nonzero value for the inviscid drag coefficient as a result of
employing slot suction on airfoils. The increase in lift coeffi-
cient is as a result of an offset provided by suction since the
lift-curve slope remains unchanged by suction. Most impor-
tant of all, the theory predicts that the value of the inviscid
drag coefficient is exactly equal to twice the magnitude of the
suction coefficient.

6) As evident from the design examples, a significant
amount of pressure recovery can be achieved by employing
suction.

The fact that a significant amount of pressure recovery can
be achieved by employing suction alone is useful in many of
the applications related to the advanced-concept wings. For
example, suction could be employed over very thick wings to
prevent separation of the boundary-layer, which would other-
wise result in a huge drag penalty. As another example, thin
airfoils could be made to operate at very high angles of attack
without flow separation. A natural extension of the present
method is, therefore, the integration of the viscous boundary-

layer analysis into the design of suction airfoils to enhance its
versatility. Lastly, the increased airfoil performance is not
without a cost and opens a door to a range of issues that must
be addressed and explored to recognize the true merits of slot-
suction airfoils.
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