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Numerical Solution of the Downwash Associated
with a Blown-Flap System
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and
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For blown-flap aircraft, large downwashes typically occur downstream of the wing due to the high downward
momentum of the lifting jet. To determine the velocities induced by the wing- and jet-flap circulation, a three-
dimensional, nonlinear, finite-element model that can predict downwash angles at any desired location has been
developed. Vortex lattices positioned on the wing, flap, and thin jet sheet provide vortex filaments and control
points to satisfy kinematic and dynamic boundary conditions. To simplify the mixed-boundary value problem
and to reduce computer run time, the rollup of the wake in the spanwise direction has been neglected. In addi-
tion, the spanwise distribution of circulation in the wake is assumed to be elliptic in form. A reasonably fast and
stable iterative method that allowed a self-consistent wake path to be found was used. Predicted downwash and
lift coefficients generally agree with experimental values for various test conditions; but further improvements,
such as fuselage modeling, might enhance the accuracy of the model.

Nomenclature
AH = wing aspect ratio
C = airfoil chord length
Cy/C=flap chord ratio
Cj = blowing coefficient
Cr = root chord length
CX = velocity induced in the x direction due to a unit

vorticity
Ff = turning force of jet in radial direction
nij =jet mass flow rate over blown flap
M = number of chord wise wing lattice divisions
S = total wing area
S' = equivalent blown wing area
V = freestream velocity
Vj - velocity of blown jet
Vt = average tangential velocity surrounding the blown jet
Vx = velocity in the x direction due to the wing lattice
Vxw = velocity in the x direction due to the wake lattice
Vz = velocity in the z direction due to the wing lattice
Vzw = velocity in the z direction due to the wake lattice
x = distance in the downstream direction parallel with the

freestream
y = distance along the wing span
yf = extent of blown flap along the wing span
z = distance in the vertical direction
a. = wing angle of attack
d - initial jet deflection angle
e = downwash angle
j = turning vorticity on wake lattice
70 = centerline magnitude of turning vorticity
F = horseshoe vortex on wing lattice
X = wing taper ratio
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p = air density
6 = angle of wake sheet

Subscripts
k = pertaining to control point k
p = pertaining to horseshoe vortex p
r = pertaining to radial component
t = pertaining to tangential component

Introduction

THERE has been a growing interest in aircraft that may
takeoff and land within short runway lengths. A jet-

flapped wing is one technique used to provide the high lift
coefficients necessary. The upper surface blown flap (USB) is
a derivative of the internally blown jet flap (IBF) and generally
utilizes the exhaust from engines mounted above the wing as
the source for the blowing. The USB configuration (presented
in Fig. 1) has emerged as a viable lift augmentation system that
may be applied in future aircraft.

Because of the importance of aircraft stability and control
at low flight speeds, a method is needed to describe the
downstream flow angles. The large downwash angles associ-
ated with jet flaps can cause loss of tail effectiveness, and
therefore are potentially dangerous. This paper presents a
reasonably efficient and accurate numerical method to predict
these angles based on simplifying, but plausible, assumptions.
Details of the analysis, program logic, and results are
presented in a thesis by the author.1

Previous Experimental Research
Past experimental work on the jet flap has focused primar-

ily on measuring pressure and velocity distributions near the
jet exit or on the wing surface. In comparison, the measure-
ment and prediction of downstream downwash angles have
received much less emphasis.

In general, a jet exits at some initial angle to a uniform
crossflow, and its momentum is deflected in the direction of
the freestream due to the impinging freestream momentum.
The deflecting force provides the "jet turning" vorticity
(depicted in Fig. 2) which is similar in direction and effect as
the bound vorticity of a wing. The turning vorticity of a jet-
flapped wing provides an additional induced lift known as
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super circulation. For finite jet widths, there is also trailing
vorticity due to the shedding of the jet turning vorticity. The
effect of this is similar to the trailing vortices of a finite wing.

One of the earlier experimental studies on jet-flapped finite
wings using a finite semi wing model equipped with an IBF flap
was conducted by Vogler.2 Lift coefficients and downwash
angles were obtained at various downstream distances and ver-
tical locations for a range of blowing coefficient values.

Finite wing IBF downwash angle data were also obtained in
wind tunnels by Alexander and Williams,3 as well as by Butler
et al.4 As with the Vogler measurements, downwash angles
were found by these investigators to be as high as 20 deg, even
at high tail positions. In addition, Stewart has recently
published experimental research on a wing/canard STOL con-
figuration model with a finite IBF wing, including downwash
angle measurements.5

Previous Theoretical and Numerical Studies
In 1956, Spence derived a linear, two-dimensional, incom-

pressible model for a wing with a pure jet flap.6 In this
analytical treatment, the wing and jet vorticity were placed
along the chord line. While nonlinear boundary conditions
were maintained, only perturbations of the velocity in the z
direction were allowed. Spence's solution for lift, moment,
and vorticity distribution has compared favorably with two-
dimensional experiments. Even for jet deflection angles as
large as 60 deg, where one would expect the linear theory to
break down, the prediction still produces reasonably good
results. Spence's model has become the classic two-
dimensional treatment of the jet flap.

Other linearized models that describe the three-dimensional
wing lift and moment characteristics for the jet flap have
followed with acceptable results. However, in their discussion
of the problem, Williams et al.7 point out that linearized
theory is inadequate to accurately predict downwash angle
behavior for large blown jet momentums.

Much analytical progress has been made within the last 15
years due to the availability of high-speed digital computers.
Many researchers have used numerical treatments to solve
STOL jet/wing problems with greater detail and accuracy.
Among other advantages, computational studies have allowed
researchers to let vorticity placement coincide with the
deflected jet path when simulating the flowfield. Using vortex
panel and lattice methods, many numerical models have suc-
cessfully predicted the effects of jet blowing on wing lift and
moment coefficients, as well as pressure, vorticity, and veloc-
ity distributions on and near the exiting surface.

For these cases, span wise deformation of the wake is fre-
quently neglected, jet curvature is based on the midspan wake
deflection, and only the induced velocities in the z direction
are examined. Many researchers have avoided the convergence
problems of jet path position by employing empirical
relations.

Wooler's numerical study for a delta wing with a lifting jet
uses a series of horseshoe vortices on the jet sheet and is
typical of computational setups.8 Wooler stated that the
agreement with experimental work "is quite good, except in
the wake downstream of the jet, where the results differ con-
siderably." The failure to accurately model the downstream
flow is representative of the numerical models reviewed and
indicates that a downwash model, such as that proposed
herein, must consider the wake boundary conditions carefully.

Computational Model Description
General Overview

Jet-flap models, which have successfully determined the
vorticity and pressure distributions on the wing, have focused
generally on the interaction mechanism between the exiting
surface and the jet. For the present investigation, however, the
emphasis is shifted to modeling both the proper position and
the strength of the downstream vorticity. However, by placing

the wake vorticity on a self-consistent jet path, the task of pro-
viding a purely analytic closed-form solution becomes
unreasonable.

A simple potential flow model that assumes an infinitely
thin jet sheet has been developed. A three-dimensional
distribution of vortex filaments defines the harmonic function
that satisfies the mixed-boundary value problem. The
numerical model allows the vorticity to be deflected along a
force-free jet path using velocity perturbations in both the x
and z directions, without small angle approximations. The
present code can also handle a range of aircraft speeds for the
cases of full or partial span jet flaps (either pure or hinged), as
well as describing aspect ratio, sweep, taper, camber, twist,
and ground effect.

One of the limitations of the model is that the jet sheet is flat
in the spanwise direction and is therefore described by bound-
ary conditions applied at the center line. These assumptions
greatly simplify the calculations needed: a free wake computa-
tional analysis would be highly time consuming. Silver stein et
al.9 concluded that it is usually sufficiently accurate to "take
into account the wake distortion simply by considering the en-
tire vortex sheet to be displaced vertically by an amount equal

Fig. 1 Sketch of upper surface blown airfoil (USB).

Fig. 2 Sketch of jet turning vorticity; air blown from rectangular
opening into a crossflow.

Fig. 3 Horseshoe vortex lattice over a nonflapped wing; wing con-
tains NxM control points and 2xTVxM horseshoes (TV =3, M=3).
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to the displacement of the centerline of the actual distorted
sheet" for downwash calculations behind unblown wings.
This supports the choice to place the boundary conditions
along the symmetric wake centerline. Finally, no attempt has
been made to model viscous effects such as skin-friction drag
over the upper flap surface, flow separation, or vortex core
simulation.

Kinematic boundary conditions satisfied on the wing and jet
path assure that the normal velocity at the wing surface and
along the wake centerline is zero. The dynamic boundary con-
dition is satisfied along the wake centerline by relating the in-
cremental deflection of the jet momentum with local turning
vorticity. Simultaneously satisfying these boundary conditions
results in a self-consistent modeling of the wake shape. Once
the distribution of the vorticity in both strength and position is
known, the steady-state downwash may be calculated directly
at any point.

The Wing Lattice
A system of horseshoe vortices placed over the wing surface

is a common and accepted finite-element approach that pro-
vides an accurate vorticity distribution (see Fig. 3). The posi-
tioning of control points and vortex filaments is based on the
Weissinger approach for a finite wing. The chordwise and
span wise distribution (MxN) of vortex elements over un-
flapped and flapped portions of the wing is determined by the
user.

Hough discusses ways to optimize the use of a wing lat-
tice.10 The recommendations used in the present model in-
clude 1) one-quarter lattice insetting at the wing tips to ac-
celerate convergence as the number of span wise elements
increased; 2) horseshoe filaments that are twisted, tapered,
swept, and flapped according to the aircraft geometry to prop-
erly position the vortex distribution; 3) placing the bound
vortex filaments along discontinuities, such as the flap hinge
line and the trailing edge, for the blown-flap case; and 4) ar-
ranging the lattice such that resolution is highest on the flap
surface and near the trailing edge.

On the wing, each control point k is used to satisfy the
kinematic condition that the flow be parallel with the local
wing camber line angle. Using the Biot-Savart relation for a
vortex filament, the velocities Vx and Vz induced by the wing
in the x and z directions, and the corresponding velocities Vxw
and Vzw induced by the wake can be found at any point.
Therefore, the boundary conditions will be satisfied when

where

tan(o^) =- +V« ' yi
(1)

NxM

P=i
Tprxdwp

4<jr\r\3 (2)

Here, r is the vector from control point k to the filaments
which comprise the horseshoe vortex of strength Tp, and the
vector dwp is the differential length of the horseshoe vortex
filament. The wake velocities Vxw and Vzvv are similarly de-
fined based on the vortex filaments distributed in the wake
lattice.

The Biot-Savart rule for a differential vortex element in vec-
tor form was integrated to provide the capability of cal-
culating the induced velocity due to any system of finite and
semi-infinite vortex line segments. Ground effect was modeled
by including a mirror image of each vortex segment placed at
an equal distance below the ground plane.

In terms of the NxM system of equations, the array of
wing horseshoe strengths Tp can be expressed as functions of
the velocity components

[ C Z ] k , p x ( T ] p + [ V z w ] k = [ t a n a ] k ( ( C X ] k , p

(3)

where k=l,NxM and p=l,NxM and CXktp and CZktp are
the x and z components of velocity induced at control point k

TURNING
VORTICITY

TRAILING
VORTICITY

Fig. 5 Sketch of computational model for a wing and jet lattice;
turning vorticity has an elliptic distribution.

Fig. 4 Sketch of turning vorticity for an incremental jet element.

Fig. 6 Downwash profile for U.S. 45 tapered wing; downwash
measured 1.15 semispans behind quarter-chord for £=46 ft, & = 6,
CL = 1.35, and X = 0.5.
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Fig. 7 Vogler lift coefficient for rectangular wing;
C//C=0.125, and 6 = 55 deg.

due to wing horseshoe vortex p with a unit strength of vortic-
ity. The summation of the trailing velocities at the trailing
edge determines the initial trailing vorticity of the wake sheet.
Using matrix inversion instead of Gaussian elimination
significantly reduces computer time.

The Jet Turning Vorticity
In addition to the wing trailing vorticity, the turning vortic-

ity associated with jet curvature must be found for the wake
lattice. The deflected wake is represented by a lattice of con-
nected finite length segments beginning at the flap trailing
edge and eventually extending infinitely downstream. The
elements are placed parallel to the local velocity vector
calculated at the symmetric centerline for each path junction.

By isolating a small span wise element of curved jet with a
control surface, as shown in Fig. 4, the integral form of the jet
momentum equations can be found using the momentum
theory. Using the Kutta-Joukowski relation, the induced force
Fl, due to a vortex filament placed at the deflection junction,
is equated with the force required to turn the jet momentum
through the deflection angle A0,

F/=-— Get momentum),^ (nijVj)2Ader

+

-S +yf

yf

(4)

(5)

where yf is the semispan extent of the blown flap.
It is assumed that the flow velocity surrounding the jet sheet

is constant in the spanwise direction and is incompressible.
Next, the vorticity across the span of the jet sheet is assumed
to be elliptically loaded. This is the distribution used in slender
wing theory. Many researchers, such as Maskell and Spence,11

as well as Thomas and Ross,12 have also successfully applied
such an elliptic distribution for the jet vorticity to predict wing
aerodynamic characteristics. An arbitrary spanwise distribu-
tion, as used on the wing, should be more accurate; however,
the elliptic assumption significantly reduces computer run
time and model complexity.

The expression for the turning vorticity 7 as a function of
spanwise distance y then becomes

y = 70 sin/3 where 0 = cos ~ * (- y/yf) (6)

where y0 is the center line magnitude of vorticity. Note that the
vorticity will be a maximum at the centerline and go to zero on
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Fig. 8 Vogler downwash profiles for various blowing coefficients;
downwash at 50% semispan station and three chord lengths
downstream for & = 7.6, Cf/C=0.125, and 6 = 55 deg.

either edge of the sheet. Using the prescribed vorticity
distribution, y0 becomes a local function of the junction
velocity Vt and the defection angle A0

where
= (2CjS'M)/(Cr<KyfVt) (la)

(7b)

S' is the wing span based on the flown portion, and Cr is the
root chord length.

(8)

Jet and Wing Combination
The wake and wing are combined to form a three-

dimensional lattice composed of vortex filaments and control
points, where symmetry is assumed along the midspan. The
vortex sheet begins at an initial jet deflection angle and then
continues along the midspan streamline of the wake for
MEND number of finite length segments.

At each of the wake junctions, the turning vorticity is
distributed elliptically over the jet span, as shown in Fig. 5.
The boundary conditions imposed at the centerline of the sym-
metric wake lattice mandate a zero normal velocity component
and a net turning vorticity distribution that agrees with the
wake junction angle. The element of the wake in the x direc-
tion is set up once and remains fixed; whereas the deflection in
the z direction varies iteratively. In order to provide proper
resolution, the length of the x increments in the jet lattice vary
and are smallest near the wing trailing edge.

Combining the trailing vortices of the wing and the wake
vortices along the jet lattice by the Helmholtz theorem, the en-
tire flowfield can be described. The downwash angle e can
then be calculated at any point by summing the induced
velocities due to all vortex filaments in the wing and wake
lattice

€

The general logic of the program is to solve the system of
equations for the zero-blowing case, increment the blowing
coefficient, and iterate to find a self-consistent solution for
this new blowing coefficient. This process is repeated until the
desired blowing coefficient is reached. For each of the con-
verged flowfields, the lift coefficient and downwash are
calculated.

The first wing solution assumes no wake deflection in solv-
ing for the initial horseshoe strengths. Based on this, a wake
path is created by marching down the centerline of the sheet
(element by element) and by satisfying the kinematic boundary
condition. At each control point located at the segment junc-
tions, the induced velocity due to the wing and wake is com-
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puted and added to the freestream velocity. Using the locally
predicted velocity slopes found at two successive control
points, the deflected coordinate Z of each new segment can be
determined. Due to the path's high sensitivity to small changes
in turning vorticity, instability of the wake path was avoided
by damping out the turning vorticity (using the previous itera-
tion values).

Convergence is reached if the maximum change between
path iterations for all wake sections does not exceed some
specified percentage, typically 1%. If the path is not con-
verged, the system is iterated by placing the wing trailing vor-
tices along the new wake shape. Using this updated vorticity
placement, the wake induced velocity is found for each of the
wing control points; the wing lattice is resolved from this. The
scheme is similarly repeated until the shape converges.

Jet and Wing Code Results and Comparisons
No Blowing Results

Predictions by jet and wing (JAW) lattice code for lift coef-
ficient and downwash angles for arbitrary wing configurations
compared well with experimental results. Generally, a wing
lattice of eight span wise elements and seven chord wise
elements (for the case with flaps) provided a sufficient vortic-
ity resolution.

The input parameters of twist, taper, sweep, and aspect
ratio were all varied with favorable correlation for lift coeffi-
cients from linearized theory. The predicted downstream
downwash profile of a tapered wing with a U.S. 45 airfoil
showed good agreement with tested values by Silverstein et al.
(see Fig. 6), as did other comparisons with unflapped wing
measurements. The predicted position of the wake path was
found to lie at an approximate average spanwise deflection of
an actual finite wing wake rollup. However, lift and
downwash measurements for high flap angle studies were
overpredicted by the JAW code due to the neglect of flow
separation.

Blown Flap Results
Once confidence in the zero-blowing case had been

achieved, the code was modified to include jet momentum ef-
fects. Using the variable step size along the wake path, about a
dozen elements in the x direction are required to define the jet
shape. Computer run times on DEC VAX 11/780 were
generally less than 10 min for cases of C7 = 2, using a blowing
coefficient of 0.5. For a typical increment of the blowing coef-
ficient, four to seven path iterations are required for con-
vergence, based on a maximum path change criteria of 1%.
Converged net jet turning vorticity strengths were verified by
integrating the lift force due to this vorticity and comparing it
with the force due to the overall jet momentum deflection.

The JAW code shows good agreement for lift coefficients
with Spence's linear relations, modified to include finite wing
effects. The close comparison suggests that the linearized rela-
tions used at even moderately high angles are a good approx-
imation for lift values.

Vogler's2 wind-tunnel tests were one of the four experimen-
tal downwash studies used for comparison with the numerical
code. The aircraft test model used was a semibody with an
untwisted rectangular wing of aspect ratio 7.6. The lift curves
for the jet blown flap that were deflected 60 deg compared
favorably to values predicted by the present code (see Fig. 7).
Downstream downwash values obtained for various blowing
coefficients (Fig. 8) and vertical locations (Fig. 9) by Vogler
were compared to JAW predicted values, with good correla-
tion even at the wing tip spanwise station. All measurements
were taken with a flow angle probe placed three chord lengths
downstream of the quarter chord line.

Williams and Alexander3 tested a half-body with a rec-
tangular wing of aspect ratio 6 and full span blown flaps. The
wing-tunnel measurements for lift agree reasonably well with
predicted values for flap deflection angles of 30 and 60 deg, as
seen in Fig. 10. The experimental downwash data obtained at

0 10 20 30

0 10 20

c, DOWNWARD (DEGREES)

Fig. 9 Vogler downwash profile for various spanwise stations;
downwash at three chord lengths downstream of quarter chord line
for yR = 7.6, C//C= 0.125, C, = 1.7, and 6 = 55 deg.

EXPERIMENT

Fig. 10 Lift coefficients for Williams rectangular wing for M = 6 and
C7/C=0.1, with 12% thick RAE 104 airfoil.

three chord lengths downstream for three vertical stations
were accurately predicted by the JAW code (see Fig. 11).
Downwash comparisons as a function of blowing coefficient
also showed good agreement (see Fig. 12). As expected, for the
small Cj value of 0.1, the neglect of separation effects results
in overprediction of lift coefficients and downwash angles by
the JAW code.

Butler et al.4 used a complete airplane model with a
moderately tapered and swept wing of aspect ratio 9. For the
jet angle of 52 deg, good correlation with the JAW predicted
results is found for the experimental lift coefficients and
downwash angles.

The fourth and most recent study was conducted with a
canard VSTOL configuration model by Stewart5 at NASA
Langley Research Center. The highly tapered and swept wing
of aspect ratio 2.12, combined with a fuselage section that
covered one-fifth of the total wing span and a ground board
height of less than two root chords, represents an extreme case
to test the applicable range of the analytical mode. Predicted
lift coefficients exhibited adequate (but not accurate) com-
parison with the measured values. However, the downwash
angles predicted by the JAW code were significantly less than
the experimental values; at high injection angles and blowing
coefficients, the predictions were as little as half of the ex-
perimental downwash angles.

There may be several reasons for this poor downwash cor-
relation. The neglect fuselage interference effects may be



MARCH 1987 BLOWN-FLAP SYSTEM 175

5-

X

0.08 8.25 8.58 8.75 1.88

Z, VERTICAL STATION (CHORDS)

1.25 1.58

Fig. 11 Williams downwash at various vertical stations for
Cf/C=0.1, and 6 = 60 deg.
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Fig. 12 Williams downwash for various blowing coefficients for

significant due to the large relative size of the fuselage as com-
pared to the wing. In the wind-tunnel testing, the low ground
clearance of the test model may have caused large standing
vortices not predicted by the JAW code. And finally, the high
sweep angle of the aircraft model may be too large to
reasonably apply such a lattice model. Additional experimen-
tal testing for this wing/canard model, which may include a
rake study of the downwash angles, is anticipated; this might
help pinpoint the problem of predicting the downwash for this
configuration.

As expected, the lift coefficient was found to slightly in-
crease, and the downwash angles were found to slightly
decrease, near the ground. Butler noted that, in the presence
of ground heights less than five chord lengths, the downwash
began to be measurably affected by ground effect; this trend
was also found with the JAW code. When the ground effect
was taken into account, the computer run time was increased
by as much as a factor of two, and sometimes wake in-
stabilities required relaxation of the path deflection coordi-
nates.

Lift coefficients, jet trajectories, and downwash angles are
not predicted with acceptable accuracy for initial jet angles of
80 deg or more. This is because the viscous effects begin to
dominate, and the potential model is not expected to accu-
rately apply to such flows. The same is true for the case of

high wing or flap angles with no blowing, where neglect of
separation leads to an overestimation of experimental lift
downwash values. Obviously, care must be taken to insure
that the inviscid features are dominant when employing the
present code.

Conclusions
A nonlinear, self-consistent jet wake model has been for-

mulated using a vortex lattice on the wing and jet sheet. The
purpose of this model is to calculate induced velocities in the
surrounding flowfield. Although this steady-state wake model
neglects wake roll up and is thus not applicable close to the
wing, it is believed to be relatively accurate in calculating
downwash angles at points removed from the jet wake. Con-
vergence was found to be reasonably fast and stable for a
proper increment of the blowing coefficient.

The numerical results for the various design configuration
compared favorably with experimental results and linear
analytic models. As expected, for unblown flaps, the neglect
of separation resulted in an overprediction of lift and
downwash by the model. Other differences can be attributed
to 1) the effect of wing thickness, 2) the experimental uncer-
tainty of the initial jet angle, and 3) the fuselage interference
effects.

The downwash correlation was good, even for three
separate experiments that used moderately high blowing and
initial jet angles. However, the code did not show good agree-
ment when compared with Stewart's data; this discrepancy
may be due to high sweep, fuselage interference, or ground
effects.

Although accuracy is lost for flowfields where viscous ef-
fects begin to dominate, the code is believed to be well suited
for preliminary design use to calculate downwash angles, as
well as to provide approximate wing lift distributions.
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