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Methods for the Design and Analysis of Jet-Flapped Airfoils
N. D. Halsey*

Douglas Aircraft Company, Long Beach, Calif.

Methods for solving both the direct and inverse jet flap airfoil potential flow problems are de-
scribed. The direct airfoil analysis method is a completely nonlinear iterative method which is ap-
plicable to either thick or thin airfoils of arbitrary shape. The very general surface singularity for-
mulation has been extended to include multielement airfoils, ground effects, nonuniform free-
streams, inlet flows, jet entrainment effects, etc. Comparisons are given with the results of previous
linear and nonlinear methods as well as with experimental data. The inverse (design) method is a
more approximate method in which camber and thickness distributions are designed separately.
Section shapes are shown for several airfoils designed to have only very small regions of adverse
pressure gradient.

Nomenclature

c = length of airfoil chord
cp = coefficient of pressure
d = coefficient of lift
cu = coefficient of jet momentum
h = height of airfoil leading edge above ground plane
R = radius of curvature of the jet sheet
s = coordinate along the jet sheet
t = airfoil thickness
V = local flow speed
V = average flow speed across a vortex sheet
Vj - jet flow speed
Vn = component of velocity normal to a surface
V = freestream flow speed
x = coordinate parallel to the freestream

= coordinate perpendicular to the freestream
= jet deflection angle at the trailing edge relative to the airfoil

chord line
7 = strength of a vortex sheet
0 = local angle of inclination of the jet sheet relative to the free-

stream
0 = velocity potential

Introduction

THE possibility of integrating aircraft propulsive and
lift systems has been recognized for many years. As long
ago as 1938, Hagedorn and Ruden1 demonstrated that a
thin jet sheet deflected from an airfoil's trailing edge
could be used in place of a mechanical flap. The jet flap,
as the arrangement is called, offers a number of advan-
tages in both low and high-speed flight regimes, most of
them a consequence of the more nearly uniform loading
over the chord of the airfoil.

Balanced against the aerodynamic advantages of the jet
flap are serious practical disadvantages. The additional
weight, complexity, and expense of the internal ducting
system have stimulated the development of alternative
systems, such as the externally-blown flap and upper-sur-
face blown flap, which sacrifice some of the aerodynamic
efficiency for the sake of simplicity.

In conducting the tradeoff studies between system effi-
ciency and practicality, airfoil sections which take maxi-
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mum advantage of the aerodynamic advantages of jet
flaps should be used. To date, however, jet-flapped airfoils
have basically just been conventional airfoils to which jets
have been added. These sections have differed from the
optimum sections by unknown amounts.

This paper describes some methods developed over the
last couple of years for analyzing the flow over jet-flapped
airfoils of given shape and for designing section shapes to
obtain given velocity distributions. Using these methods,
it should be possible to select the optimum airfoil shape
for any particular condition. While these methods are cur-
rently only applicable to the internally-ducted jet, the
future development of similar methods for the other jet-
lift schemes should make possible a more rational basis
for choosing among the various systems.

Formulation of the Jet Flap Problem

The methods described below are basically potential
flow methods. However, boundary-layer effects on the air-
foil surfaces can be considered in the same manner as in
conventional airfoil cases, and the effects of entrainment
of the freestream into the jet (also a viscous effect) on the
flow outside the jet can also be determined. Cases with
substantial regions of separated flow are not considered.

Figure 1 briefly summarizes the mathematical formula-
tion of the jet flap problem. The basic field equation is
Laplace's (V20 = 0), where the velocity at any point is the
gradient of the potential </>. On all airfoil and jet surfaces
the normal component of the velocity is either zero or
some other previously specified value (Vn = specified).
This is referred to as the kinematic boundary condition in
the following discussion.

In addition, the jet satisfies a dynamic boundary condi-
tion relating the centrifugal and pressure forces at each
point on the jet. If the jet is relatively thin compared to
its radius of curvature, it can be shown (see Ref. 2, for ex-
ample) that in nondimensional terms, the dynamic
boundary condition is given by

Ac. = cJ(R/c] (D

The usual assumption is made that the jet thickness
approaches zero in such a way that the mass flow rate is
zero, but the jet momentum coefficient is finite. The jet
sheet is then represented by a continuous vortex sheet,
with its strength given by Eq. (2).

= c,/(R/c) (2)'

The equivalent of the airfoil Kutta condition is satisfied
by requiring the jet vortex strength to go to zero infinitely
far behind the airfoil.
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EXTERNAL FLOW FIELD: V20 = 0
AIRFOIL BOUNDARY CONDITION:

Vn = SPECIFIED

JET BOUNDARY CONDITIONS:
1. Vn=0
2. 27V/Vof = CM/<R/c)

-LEADING-EDGE DISTRIBUTION

TRIANGULAR DISTRIBUTION

Fig. 1 Mathematical model of the jet flap problem.

Solution of the Jet Flap Problem—Airfoil Analysis
Methods

The difficulty in solving jet flap potential flow problems
stems mainly from the unknown shape of the jet sheet.
The simplest way around this difficulty is to linearize the
problem and satisfy the boundary conditions along a
semi-infinite line. The results of linear methods obtained
by Spence2 and others are often surprisingly accurate, at
least for the overall airfoil force and moment coefficient
calculations. Three-dimensional jet-wing methods based
on the same assumptions have also been very successful.3

There are many cases, however, in which the small-
angle assumptions of the linear theories are clearly violat-
ed and others in which more detailed knowledge of the
flow about more complex configurations is desired. To an-
alyze these cases and also to assess the limits of applica-
bility of the linear jet flap theories, a nonlinear method
making no small-angle assumptions or approximations to
the jet shape is needed. Several investigators have at-
tempted to develop such a method, but, as will be dis-
cussed later, most are subject to serious criticism.

Of the various methods of solving potential flow prob-
lems without making small-angle assumptions, those
making use of conformal mapping are generally the most
accurate. However, the surface singularity approach can
be nearly as accurate in many cases and is much more
readily adapted to complicated configurations—like those
involving multielement airfoils, ground effects, flow
through the surface, etc.

The basic idea behind this approach is that the flow-
field produced by any distribution of singularities
(sources, vortices, etc.) automatically satisfies Laplace's
equation. Since the velocity at any point in the flowfield
depends only on the geometry and the singularity
strengths, the boundary conditions can be expressed as
equations in which the singularity strengths are the only
unknown terms. Representing the airfoil geometry and the
singularity distributions by a finite number of elements
and requiring the boundary conditions to hold at one
point in each element reduces the problem to the solution
of a set of simultaneous algebraic equations. The kine-
matic boundary conditions result in linear equations, but
the dynamic boundary conditions are nonlinear. Because
of this nonlinearity and the unknown jet shape, solution of
the jet-flapped airfoil analysis problem inevitably involves
an iterative process.

Since many of the calculations in a jet flap potential
flow theory are identical with those in a conventional po-
tential flow theory (such as calculation of forces from
pressures, solution of matrices, etc.) only the distinctive
features of the jet flap method will be discussed. These
include the general categories of the general form of the
singularity distributions, the jet iteration scheme, and the
representation of jet entrainment.

Singularity Distributions

Successful conventional airfoil potential flow methods
have been developed utilizing source distributions as the

x BOUNDARY POINT LOCATIONS

Fig. 2 Finite-element representation of a thin jet-flapped
airfoil.

primary singularities4; others5'6 use mainly vortices. For
the present application, the vortex approach is adopted,
since it has already been established that the thin jet
sheet behaves like a vortex sheet. In some cases, sources
or sinks are also needed, for example, when the normal
component of the velocity at the airfoil surface is nonzero
or when there is entrainment into the jet. But in the pres-
ent formulation the strengths of the source/sink distribu-
tions are specified, so that the vortex strengths remain the
only unknown terms.

Of the many possible types of vortex distributions, the
discrete vortex seems to be the most common in previous
nonlinear jet flap methods. The methods developed by
Davenport6 and Herold,7 which consider only infinitely
thin airfoils, use discrete vortices to represent both airfoil
and jet. The thick-airfoil method of Sato8 uses them for
the jet only. Although discrete vortex solutions of conven-
tional airfoil problems in some cases can be very success-
ful (most notably the flat plate and the airfoil with a par-
abolic camberline), in many other cases they are not. Un-
published work at Douglas indicates that the results of
cases having discontinuities in the camber angle (jet or
flap hinges) are strongly dependent on the number and
distribution of vortices used. Other work has shown that,
even for the flat plate case in which the correct lift and
moment coefficients are obtained, the chordwise loading
does not converge to the correct result as the number of
vortices is increased. For jet flap problems, where large
discontinuities in flow angles are often encountered, it is
thus desirable to use more sophisticated vortex distribu-
tions. Higher-order formulations also have the further ad-
vantage of eliminating the necessity of truncating the jet a
finite distance from the trailing edge.

One previous higher-order formulation is described in
Ref. 9. This method uses a series expansion for the vortex
distribution, which assumes the correct asymptotic be-
havior at the leading edge and infinitely far downstream
on the jet. Unfortunately, however, the series contains far
too few terms (only three on the airfoil) to adequately de-
scribe the vorticity of arbitrarily shaped airfoils and is
probably inadequate for the simple flatplate case as well.

Figure 2 illustrates many of the features of the present
approach. Like some earlier linearized jet flap methods3

and conventional airfoil potential flow methods,4~6 the ge-
ometry is represented by a large number of straight line
segments and the vorticity variation over each segment is
assumed to be linear (represented by overlapping triangu-
lar distributions). At the leading edge of infinitely thin
airfoils a square-root singularity is assumed. The jet ele-
ment farthest downstream is infinitely long and over its
length the vorticity decays to zero in the simplest manner
having a finite amount of total vorticity and having zero
influence at infinity. Airfoils having nonzero thickness are
represented in a similar manner, except that the overlap-
ping triangular distributions extend around the entire pe-
rimeter of the airfoil.

In addition to the three basic vortex distributions, cases
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ANALYTIC SOLUTION (KEUNE) Cj=3.25
NONLINEAR THIN JET-FLAP AIRFOIL METHOD (DOUGLAS) c; =3.246

Fig. 3 Accuracy of the present method for a thin airfoil case.

FLAT PLATE AIRFOIL IN GROUND EFFECT
a = 5.71° h/c = 1.0 (LEADING EDGE)

C» = 2.0

INITIAL ITERATION SCHEME
DAMPING FACTOR - 035

IMPROVED ITERATION SCHEME
INITIAL JET SHAPE -

ITERATION 2-

GROUND PLANE

Fig. 5 Comparison of jet iteration schemes.

in which flow is allowed through some surfaces require the
use of source distributions. For these cases, the source
strength is assumed to be constant over each panel, with
the value proportional to the normal component of the ve-
locity over that panel.

Both tangential and normal components of the velocity
at each airfoil and jet control point are easily expressed as
summations of completely known terms (influences of
freestream and source distributions) and terms known ex-
cept for a constant factor (influences of vortex distribu-
tions). These summations are substituted into the equa-
tions for the boundary conditions to produce a set of si-
multaneous algebraic equations for the unknown vortex
strengths.

For purposes of verifying the suitability of the singular-
ity representations and the accuracy of some of the nu-
merical procedures, some conventional airfoil cases with-
out jets have been solved. In these cases, the algebraic
equations are all linear and extra provision for the trail-
ing-edge Kutta condition has been made. Figures 3 and 4
show typical examples of the good agreement which has
been obtained between the numerical and exact solutions
for both thin and thick airfoil cases. Note particularly the
good agreement near the flap hinge in Fig. 2, even though
no special hinge singularity has been provided.

Jet Iteration Schemes

Perhaps the most obvious iteration scheme (and the one
which is simplest to adapt from conventional potential
flow computer programs) is the one used by Davenport,6
Herold,7 and initially by the present author. In this
scheme, an initial jet shape is estimated (usually from the
results of linear methods), the flow about the airfoil-jet

—6

-5

—— ANALYTIC SOLUTION c* =4253
o DOUGLAS JET-FLAP POTENTIAL

FLOW METHOD (51 POINTS) c, =4.213

0.40 v/r 0.60 0.80 1.00

Fig. 4 Accuracy of the present method for a thick airfoil
case.

combination is solved for (i.e., the kinematic boundary
condition is satisfied), the resulting jet loading is used in
conjunction with the dynamic boundary condition [Eq.
(1)] to determine a new jet shape, and the process is re-
peated until convergence is obtained. Although in some
cases this iterative scheme works quite well, strong damp-
ing of the changes in jet shape is almost always necessary
and in many cases the iterations quickly diverge, as shown
in Fig. 5.

A much more reliable iterative procedure is to solve the
equations for the airfoil kinematic boundary condition and
for the jet dynamic boundary condition, change the jet
shape to lie along a streamline of the resulting flowfield,
and repeat the process until convergence is obtained. Al-
though the dynamic boundary condition equation is non-
linear, it can be approximated by linear equations in such
a way that the errors become vanishingly small as the so-
lution converges.

The dynamic boundary condition is expressed in terms
of changes in flow angles rather than radii of curvature by
integrating Eq. (2) along the jet.

2 / (y/VooX^/Vao) ds = c^A0 (3)

where both the integral and the difference are taken be-
tween successive jet control points, except for the first jet
equation in which case they are taken between the trailing
edge and the first jet control point, and also the last equa-
.tion in which case they are taken between the last jet con-
trol point and infinity.

Equation (3) is nonlinear_for two reasons. The left-hand
side is nonlinear because V, the local flow velocity, is a
function of the vortex distribution; the right-hand side be-
comes nonlinear when the flow angles are represented in
terms of components of the velocity.

To make the left-hand side linear, V is assumed to be
known each iteration, with its value given from the results
of the previous iteration. It has been found that V almost
always varies very slowly from one iteration to the next
and, of course, as the iterations cojiverge it stops changing
at all. To simplify the integral, V is assumed to be con-
stant over each straight line segment representing the jet.
This is justified by noting that the results of solutions
using the initial iterative scheme showed V to vary along
the jet length at least one order more slowly than the vor-
ticity, which is linear over each panel. If the airfoil and jet
vortex sheets were completely planar, V would be exactly
constant over the entire vortex sheet.

The right-hand side is made linear by approximating
the flow angles on the jet by the sum of the angle of the
assumed jet shape and the tangent of the angle of flow
relative to it.

(4)
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FLAT PLATE AIRFOIL
a = 0°

5j = 31.4°

/-—— LINEAR THEORY (DOUGLAS)
——— NONLINEAR THIN JET-FLAP AIRFOIL METHOD (DOUGLAS
——— NONLINEAR THIN JET-FLAP AIRFOIL METHOD (HEROLD)

Fig. 6 Comparison of the present method with Herold's non-
linear thin jet-flapped airfoil method.

FLAT PLATE AIRFOIL
a=0°

CM=4.0

——— LINEAR THEORY (DOUGLAS)
——— NONLINEAR THIN JET-FLAP AIRFOIL

METHOD (DOUGLAS)
——— NONLINEAR THIN JET-FLAP AIRFOIL

METHOD (LEAMON & PLOTKIN)

30 60
5j (DEGREES)

90

Fig. 7 Comparison of the present method with Leamon and
Plotkin's nonlinear thin jet-flapped airfoil method.

where Vn is linear with respect to the vorticity and again
V is known from the previous iteration. The difference in
angle between successive jet control points is also linear
with respect to the vorticity so Eq. (3) becomes complete-
ly linear.

/ y/V. ds = c,[A0a (5)

As the iterations proceed, Vn reduces to zero and the dy-
namic boundary condition approximations disappear.

Effects of Jet Entrainment

An approximate treatment of entrainment effects is in-
cluded in the present method. A sink distribution is su-
perimposed on the jet vortex sheet. The local sink
strength is proportional to the local flow into the jet,
which is assumed to be symmetrical above and below the
jet. The local flow into the jet is determined, as suggested
by Stratford,11 by assuming it to be a constant factor of
the difference between the jet speed and the external flow
speed, both of which vary along the jet. The jet speed at
the jet exit must be specified. The local jet speed is deter-
mined by requiring the axial increase in momentum of the
jet to equal the loss of the tangential component of the
momentum of the freestream. The local external flow
speed is determined from the previous jet iteration. All
other calculations and iterative procedures are unchanged.

Comparison with Other Methods

In general, there is not good agreement among the vari-
ous nonlinear potential flow theories that are applicable to
thin jet-flapped airfoils. The results of the two iterative
schemes developed by the present author (which could be
considered different methods) agree well with each other
and with the results of Davenport's method,6 for the lim-
ited amount of data available. However, Herold's method7

and Leamon and Plotkin's method9 apparently produce
completely different results.

Figure 6 compares the results obtained by the present
author and Herold7 for a flat-plate airfoil with a jet de-
flection of 31.4°. This is a case where the linear theories
agree well with experimental data (when corrected for
thickness) and nonlinear effects ought to be fairly small.
As expected the results of the present method are close to
those of a linear method, but Herold's results are com-
pletely different. The trend he shows, nonlinear effects in-
creasing with decreasing jet momentum, is completely un-
reasonable, since weaker jets lie more closely in one plane
and perturb the flow velocities less than stronger jets.

Figure 7 shows the effect of jet deflection angle on the
lift of a flat plate airfoil as calculated by linear theory, the
present method, and Leamon and Plotkin's method.9 As
expected, all the results are the same at low jet deflection
angles but, at larger angles, Leamon and Plotkin9 show
much larger nonlinear effects than the present method.

For these cases, their method might be expected to be less
accurate than for lower jet angles, because all parameters
are given as functions of x (the stream wise coordinate) in-
stead of s (the arc-length along the jet). As jet angles ap-
proach 90°, a small increment in x corresponds to a large
increment in s, making definition of the parameters very
difficult in the area near the trailing edge, where most of
the jet curvature and vorticity are concentrated. The re-
sulting jet curvature values given in Ref. 9, for the case
with a jet deflection angle of 75°, are very irregular, indi-
cating that perhaps their "improved" values are less accu-
rate than the purely linear values.

It is not immediately apparent why the linear and non-
linear methods should agree so closely under conditions
which clearly violate the assumptions of the linear theory,
but this is consistent with the fact that Spence's method2

has been used successfully for such cases before. The
method of Ref. 6 apparently also agrees very closely with
linear theory at large jet deflection angles, but very rew
results are given. For a flat plate with a jet deflection
angle of 90° and a momentum coefficient of 1.0 the results
of the present method and Davenport's method6 agree
within about 1% and are both within about 5% of the lin-
ear result.

It should not be concluded from the above that linear
theory is always adequate for analyzing jet-flapped air-
foils. Many other cases show much larger discrepancies
between linear and nonlinear theories, particularly cases
with large mechanical flap deflections and cases in ground
effect where the differences in lift can easily exceed 50%.
For cases with no flaps, moderate camber, and out-of-
ground effect, however, linear theory is remarkably accu-
rate.

The only nonlinear thick-airfoil jet flap method avail-
able for comparison is the one developed by Sato.8 Figure
8 compares the results of Sato's method and the present
method for a NACA 0012 airfoil with jet and shows very
good agreement except on the lower surface near the trail-
ing edge. The differences in this region are probably due
to the fact that the Kutta condition is satisfied at the

NACA 0012 AIRFOIL
a = 0°

—©—JET-FLAP AIRFOIL POTENTIAL FLOW METHOD (DOUGLAS)

——-JET-FLAP AIRFOIL POTENTIAL FLOW METHOD (SATO)

0.20 0 4 0 ~ 0 6 0 080

Fig. 8 Comparison of the present method with Sato's jet-
flapped airfoil potential flow method.
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Fig. 9 Comparison of the present method with experimental
data (neglecting jet entrainment effects).
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CM=0.02
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CM=4.00

Fig. 11 Effect of jet momentum on the camber required for
constant vorticity (7/Vco = 0.5).

trailing edge in Sato's method, rather than at infinity, so
that the dividing streamline leaves the airfoil along the
bisector of the trailing edge angle, rather than at the jet
deflection angle.

Comparison with Experimental Data

The present method has been used to analyze the ellip-
tical airfoil tested by Dimmock.12 Figure 9, showing the
pressure distributions for three different values of the jet
momentum coefficient, indicates large discrepancies be-
tween the experimental and theoretical pressure, especial-
ly on the lower surface and near the trailing edge on the
upper surface. Figure 10 shows that these discrepancies
disappear when entrainment effects are included in the
calculations.

Solution of the Jet Flap Problem—Airfoil Design
Methods

The design of an airfoil to produce a specified velocity
distribution is considerably more difficult than the analy-
sis of an airfoil of given shape. Consequently, there are
many more airfoil analysis methods than design methods
in existence. The only jet-flapped airfoil design method
known to the present author is the one described below.

In contrast to the author's analysis method, which is
applicable to numerous airfoil configurations and flow
conditions and which is believed to be very nearly exact,
the design method is applicable only to mono-element jet-
flapped airfoils and the numerical procedures are more
approximate. It is very similar in several respects to the
early conventional airfoil design methods described in Ref.
13 and elsewhere, in which camber and thickness distri-
butions are designed separately.

More specifically, the following steps are taken:
1) Specify the desired velocity distribution and jet mo-

mentum coefficient.
2) Divide the velocity distribution into symmetric and

antisymmetric portions.

ELLIPTICAL AIRFOIL

c.
1.5
1.0
0.5

EXPERIMENTAL
DATA (DIMMOCK)

o
D
0

POTENTIAL FLOW
THEORY (DOUGLAS)

——— . ———

Fig. 10 Comparison of the present method with experimental
data (including jet entrainment effects).

3) Design the camber distribution needed to produce
the antisymmetric portion of the velocity distribution
(vorticity).

4) Design the thickness distribution needed to produce
the symmetrical portion of the velocity distribution.

5) Combine camber and thickness distributions.
6) Using the nonlinear analysis method described ear-

lier, determine how large the discrepancies are between
the specified and resulting velocity distributions and, if
necessary, modify the shape.

Camber Design

Linear assumptions are made in the present method for
designing the camberline needed to produce a specified
airfoil vorticity distribution. The mathematical problem is
to determine the jet vorticity needed to satisfy the jet
boundary conditions in the presence of the downwash field
induced by the known airfoil vorticity. Once the jet vorti-
city is known, the up wash field on the wing (and hence
camber distribution) due to the airfoil and jet vorticity is
easily determined.

As in the airfoil analysis method, the jet boundary con-
ditions are given by Eq_. (5). However, since linearized as-
sumptions are made, V/Va* is equal to unity, A0assumed
is zero, and Vn is simply the downwash on the jet. The
downwash consists of the known contribution of the airfoil
vorticity and the unknown contribution of the jet vorti-
city! The resulting equations are all linear with respect to
the jet vorticity and can be solved without iterating.

In order to avoid over-specifying the problem, either the
initial jet deflection angle or the value of the airfoil vorti-
city at the trailing edge must be considered to be un-
known.

The first option has been used to design a family of
camberlines having constant vorticity distributions on the
airfoil, for several different values of the jet momentum
coefficient. All the resulting camberlines of this family
have the jet issuing tangentially to the trailing edge. This
is a result of requiring a finite vorticity at the trailing
edge; there can be no corner there. In the limit as the jet
momentum approaches zero, these camberlines should be-
come indistinguishable from the NACA a = 1 camberline,
except that, in the present case, the vorticity is required
to be zero at the leading edge and is only constant aft of
about the first half percent of the chord. This removes the
logarithmic singularity in the camber distribution at the
leading edge. The effect of the jet momentum is to reduce
the amount of camber required to obtain a constant vorti-
city distribution, especially near the trailing edge (Fig.
11). Since the NACA a = 1 camberline has very large
camber near the trailing edge, nonlinear effects and vis-
cous effects might be expected to prevent the desired flow
from actually being obtained. The camberlines designed
to be used in conjunction with jet flaps have more modest
aft-camber and, therefore, the linearized design procedure
might be expected to be more realistic. Figure 12 shows
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Fig. 12 Accuracy of the linear solution for a camberline de-
signed for constant vorticity (c^ = 0.5).

that at least the nonlinear effects are very small for a typ-
ical case.

In designing a camberline to be combined with a partic-
ular thickness distribution, it may be more useful to em-
ploy the other camber design option (specifying the jet
deflection angle relative to the chordline and leaving the
trailing-edge vorticity free). In this way an unwanted cor-
ner in the flow can sometimes be avoided.

Thickness Design

Under the thin-jet assumptions made throughout this
paper, the design of a jet-flapped airfoil's thickness distri-
bution is no different than the design of an unpowered
symmetrical airfoil. Therefore, any conventional airfoil
method can be used for this portion of the design proce-
dure.

Jet Entrainment Effects

The approximate influence of jet entrainment is consid-
ered by determining the influence of a sink distribution,
lying along the semi-infinite line representing the jet, on
the velocity distribution at the (linearized) camberline,
and subtracting this velocity from that which the thick-
ness distribution is required to contribute. The sink
strength is determined under the assumption that the
local flow velocity is equal to the freestream value.

Results

The initial tests of this design procedure were made
using velocity distributions which were chosen in such a
way that the symmetrical portion corresponded to the
flow about known symmetrical airfoil sections. Figure 13
shows an airfoil having a NACA 65-010 thickness distribu-
tion and a camberline designed for constant loading with
a momentum coefficient of 0.5. Figure 14 shows three air-
foils, each having a NACA 63A-010 thickness distribution
and a camberline designed to produce nearly constant
upper-surface velocities.

0 0 ©•

- SPECIFIED VELOCITY DISTRIBUTION
FINAL DESIGN c - 1.240

0.40 0.60
x/c

c., = 0.5, a = -1389°

Fig. 13 Airfoil designed using a constant-vorticity
camberline.

0.51
—— SPECIFIED VELOCITY DISTRIBUTION

O FINAL DESIGN, AIRFOIL 1 Cj=2.427
o FINAL DESIGN. AIRFOIL 2 crl,635
0 FINAL DESIGN. AIRFOIL 3 ^=1320

x/c
0,60

Fig. 14 Airfoils designed to have nearly constant upper-sur-
face velocities.

Using the jet-flapped airfoil design method and includ-
ing the effects of jet entrainment, it is possible to design
airfoils having no adverse velocity gradients on either
upper or lower surfaces. One such airfoil is shown in Fig.
15. This airfoil should have exceptionally good boundary-
layer characteristics and very low drag. However, it is not
necessarily the airfoil having the maximum lift-to-drag
ratio for the same values of jet velocity, jet momentum
coefficient and lift coefficient, because of the effect of jet
entrainment on the airfoil drag. The optimum velocity
distribution including this effect has not yet been deter-
mined.

In most of the cases shown in Figs. 13-15, the agree-
ment between the specified velocity distributions and the
values calculated using the nonlinear analysis method is
very good. Under conditions of very high lift, the small-
perturbation assumptions on which the method is based
break down. In these cases, simple nonlinear corrections
can be applied to improve the results. The main nonlinear
correction accounts for the effect of the camber and jet on
the symmetrical portion of the velocity distribution. To do
this, the camber distribution is analyzed using the nonlin-
ear analysis method and the resulting symmetrical portion
of the velocity distribution is subtracted from the velocity
which the thickness distribution must contribute. Note
that this is very similar to the method of treating jet en-
trainment effects.

Other smaller improvements are made by slight modifi-
cations to the jet deflection angle and by assuming the jet
momentum coefficient to be nondimensionalized using the
total length of the camberline, rather than the straightline
distance from leading to trailing edges.

0.5

—— SPECIFIED VELOCITY DISTRIBUTION

o FINAL DESIGN

0.20

CM=0.5 Vj/ Voo = 13.4 a =-1.51°

Fig. 15 Airfoil designed to have nearly constant upper- and
lower-surface velocities (including jet entrainment effects).
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Fig. 16 High-lift airfoil designed to have nearly constant
upper- and lower-surface velocities (including jet entrainment

effects).

A high-lift airfoil having only very small regions of ad-
verse velocity gradient is shown in Fig. 16. With the above
modifications, the specified and final velocity distribu-
tions agree nearly as well as in the low-lift cases.

Conclusions

Methods have been developed for analyzing the flow
about jet-flapped airfoils of given shape and for determin-
ing the shape required to produce a given velocity distri-
bution. The analysis method is capable of treating a wide
variety of flow problems involving jet-flapped airfoils.
Comparisons with available solutions and experimental
data indicate that the results of the analysis method are
very good. The airfoil design method is more approximate,
but analysis of the resulting airfoils indicates that good
accuracy can be obtained for many cases.

The analysis method is essentially complete, insofar as
it is applied to internally-ducted jet-flapped airfoils in in-
compressible flow. Recent projects at Douglas have in-
volved the consideration of compressibility effects and ex-
tension of the method to cases for which jet thickness is
important, such as the externally blown flap systems.

The design method, as described above, is still in an

early stage of development. Work has begun on a second-
order nonlinear method and a fully nonlinear method may
soon be developed.

Much scope remains for two-dimensional jet flap exper-
imental work to provide further verification of the accura-
cy of the analysis method and also to determine whether
the airfoils resulting from the design method can retain
their favorable characteristics when the practical prob-
lems of ducting, structure, and manufacturing are consid-
ered.
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