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Flight Measurements of Downwash on the Ball-Bartoe Jetwing
Powered Lift Aircraft

U. P. Solies*
University of Tennessee Space Institute, Tullahoma, Tennessee 37388

Flight tests were conducted with the "Ball-Bartoe Jetwing" powered lift technology demonstration aircraft
to visualize flow angles on the fuselage surface and at selected points in the flowfield near the horizontal tail.
Simple data acquisition techniques were used. The results were used to calculate the downwash near the horizontal
tail and its variation with airspeed, jet deflection angle, and blowing coefficient over a range of level flight
conditions. Further research is needed to broaden the database and substantiate these findings.

Nomenclature
Cj = blowing coefficient
CL = aircraft lift coefficient
CLaT = horizontal tail lift curve slope
CLST

 = elevator effectiveness
c = mean aerodynamic chord
F = thrust
h = altitude
i = incidence angle of wing or tail; positive for leading

edge up
TV = engine rotor speed
q = freestream dynamic pressure
5 = wing reference area
V = volume
v = airspeed or flow velocity
W = weight of aircraft
a = geometric angle of attack of the wing
AP = duct dynamic pressure
8 = atmospheric pressure ratio or deflection angle of

flap
e = downwash angle; downwash positive
e = local upwash angle at the rake caused by the lift

generation of the horizontal tail; upwash positive
6 = atmospheric temperature ratio
IJL = tuft angle, i.e., flow angle relative to the stabilizer

chord line

Subscripts
c
e
F
f
G
i
m
P
rem
T
t
W
00

1

= corrected
= elevator
= flaps
= fuel
= gross
= indicated
= measured
= pressure
= remaining
= tail
= test
= wing
= freestream
= primary

Presented as Paper 90-1284 at the AIAA/SFTE/DGLR/SETP 5th
Biannual Flight Test Conference, Ontario, CA, May 21-24, 1990;
received Jan. 30, 1991; revision received Oct. 15, 1991; accepted for
publication Oct. 29, 1991. Copyright © 1992 by Uwe Peter Solies.
Published by the American Institute of Aeronautics and Astronautics,
Inc. with permission.

* Assistant Professor, Departments of Aviation Systems and Aer-
ospace Engineering, MS-01. Member AIAA.

I. Introduction

T HE underlying principle of "powered-lift" technology is
the basic jet-flap as first proposed by Schubauer1 and

Hagedorn and Ruden.2 This technology's aerodynamic ad-
vantage is the induced circulation lift (Fig. 1) offering much
higher lift coefficients than mechanical high-lift devices. Pow-
ered lift aircraft can therefore be designed to combine short
takeoff and landing (STOL) operation, steep approaches and
departures, and high maneuverability, with small and light
wings for high speed and efficient cruise.

One of the problem areas encountered with jet-flapped
wings is the high downwash in the flowfield behind it and the
corresponding impact on stability and control of powered-lift
vehicles. While several theoretical methods have been de-
veloped,3"5 few experimental data of downwash measure-
ments in the presence of a jet sheet are available.6"8 The aim
of this research effort was the establishment of a small da-
tabase of measured flow angles to serve as reference for the-
oretical investigations.

II. Description of Test Vehicle
In 1976, the Ball Aircraft Company of Colorado developed

an experimental jet aircraft as a technology demonstration
vehicle for powered lift.9"11 The Ball-Bartoe Jetwing repre-
sents a low-cost, single-engine, small flight-test bed with a
low aspect ratio and uniform blowing over major portions of
the wing. This is the first and only single-engine upper surface
blown (USB) aircraft built to date (Fig. 2). The Jetwing achieves
upper surface blowing from a single Pratt and Whitney JT15D1
turbofan engine by ducting all air through the front portion
of the wing and ejecting it over the upper wing surface through
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Fig. 1 Lift components of a jet-flapped wing.
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Fig. 2 Ball-Bartoe Jetwing upper surface blown experimental aircraft
and location of reference point P (x, y, z = -5.0, -0.6, -0.972 m).

Fig. 3 Two-dimensional view of Jetwing concept.

a slot nozzle. The nozzle is located at 33% of the wing chord
and extends along 70% of the wing span, approximately. By-
pass air is ducted to the outboard portion of the wing while
the core exhaust is ducted to the inboard portion. A remov-
able small wing surface is located above the slot nozzle and
acts as an ejector or thrust augmentor. A Coanda-type, single-
element flap is located at the trailing edge of the wing along
the blown portion of the wing span. Figure 3 shows a two-
dimensional sketch of the Jetwing concept. The top of the
bypass air nozzle can be rotated to act as a thrust reverser.

The Jetwing research aircraft and its conceptual patents are
now owned by The University of Tennessee. It has undergone
extensive full scale wind-tunnel tests at NASA Ames Re-
search Center and was flown approximately 70 h by Ball-
Bartoe prior to being donated to The University of Tennessee.
At UTSI the aircraft was subjected to 97 h of flight testing
under contract to the Naval Air Systems Command. The air-
craft's performance and handling characteristics were evalu-
ated with and without the upper wing.12'13

These test programs and analytical studies7'13 confirmed the
Jetwing concept's capabilities for STOL operation, low speeds,
steep approaches, tight maneuvers, and low noise levels. The
full potential of the concept could not be demonstrated in
flight test due to longitudinal instability of the research aircraft
and the loss of longitudinal control at low airspeeds. These
characteristics are the results of poor design of the test vehicle
rather than an inherent flaw in the concept.

III. Flight Tests
Since the funds for this research project were very limited,

the cost for all equipment had to be kept to a minimum. Data
acquisition had to rely on existing equipment and relatively
simple methods. The chosen procedure represents a compro-
mise between low cost and required accuracy.

Flow visualization was achieved through woolen tufts that
were taped at selected surfaces on the test vehicle and a rake
that was mounted to the leading-edge of the horizontal tail.
The tufts on the vehicle surface were photographed from a
camera in a chase aircraft in close formation flight, and the
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Fig. 4 Experimental setup for downwash angle measurements.

rake was photographed by a camera that was mounted on the
test vehicle as shown in Fig. 4. This camera had an automatic
film advance capability and a remote trigger that was operated
by the pilot of the test aircraft. In addition to the photographic
recording of flow angles, the pilot read data from panel in-
struments and transmitted them by means of a radio to a
ground station, where they were hand-recorded.

To facilitate the correlation between the photographic pic-
tures and the hand-recorded data from panel instruments, a
digital clock was installed in the view field of the tail-mounted
camera. Also, in order to have a reference line for the flow
angles indicated by the woolen tufts on the rake, a small boom
was mounted on the tip of the stabilizer, marking the exten-
sion of the chord centerline of the horizontal tail.

Flight tests were conducted for a matrix of different air-
speeds and flap settings. For each data point, the test aircraft
was stabilized in level flight and the pilot triggered the tail-
mounted camera. At the same time the following data were
recorded 1) 8e—elevator deflection, 2) z'7—tail incidence, 3)
a—angle-of-attack, 4) v,—indicated airspeed, 5) hpi—indi-
cated pressure altitude, 6) OAT—outside air temperature,
7) Nl—engine primary rotor speed, 8) APhot—hot duct dy-
namic pressure, 9) APcold—cold duct dynamic pressure, and
10) Vfrem—fuel remaining.

Items 4-7 were displayed on standard instruments; the other
data were also readily available from special instrumentation
that had been installed in the aircraft for previously conducted
flight test programs. A detailed description of the instrumen-
tation set up in the test vehicle can be found in Ref. 12.

IV. Data Evaluation
During the preliminary testing of the tail-mounted camera

equipment, some photographs were made with a rectangular
grid held in the field of vision. This allowed the checking of
pictures for distortions that may have been introduced by the
wide-angle lens and angularities in the camera mount. The
angular distortions proved to be negligible; therefore the flow
angles indicated on the photographs by the tufts were true
angles and could easily be measured with a protractor.

Most tufts on the rake showed flutter at some angle and
airspeed. Those tufts were not considered for the flow angle
determinations. Later in the program, all tufts were shortened
from 6 to 4 in.; that reduced the flutter tendency substantially.

Due to the closeness to the leading-edge of the stabilizer,
the flow angles indicated by the tufted rake were influenced
by the horizontal tail. The top end of the rake was least
influenced by the tail and was chosen for quantitative data
representation of downwash angles (point P in Fig. 2). Since
the main objective of this research was the measured air flow
angle change due to the lifting wing and jet sheet, em9 the
additional changes induced by the horizontal tail were esti-
mated by means of a lifting-line computer program and sub-
tracted from the data. This resulted in downwash angles smc,
corrected for the influence of the horizontal tail.

The data reduction sequence and the flow angle correction
method are outlined as follows. All panel data were corrected
for instrument errors; airspeed and altimeter readings were
also corrected for position errors. From the calibrated flight
test data the following quantities were calculated11: true air-
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speed, air density at test altitude, aircraft weight at test time
(the center of gravity position was typically at 0.35c and changed
very little during test flights), and lift coefficients for aircraft
and wing.

The aircraft lift coefficient is

CL = (WJqS) (1)

Assuming qT = q, the wing-lift coefficient becomes

CLw = CL - (ST/S)CLT (2)

where the tail-lift coefficient could be determined as

CLT = CLaTaT + CLdT8e (3)

with

aT = (4)

the measured flow angle at the tail, corrected for the lift-
induced flow disturbance by the tail itself, as shown below.
The tail-lift curve slope CLaT and the elevator effectiveness
CLsT could be obtained from diagrams in Ref. 14.

The blowing coefficient is

C, = (FJqS) (5)

where the gross thrust FG is a function of 5, 0,15'16 and the
engine rotor speed Nl, and could be determined from a cal-
ibration diagram that was established in Ref. 17. The duct
pressure data were used to verify the gross thrust.18

The angle of attack is

« = f(CL, C,) (6)

This angle between the freestream direction and the wing
chord line is difficult to measure in flight. The Jetwing angle-
of-attack sensors, mounted on the side of the forward fuselage
and on a wingtip boom, are both subject to angular distortions
of the flowfield about the airplane and its lifting surfaces.
Therefore, the angle-of-attack was determined by entering
the CL and C7 values into the proper wind-tunnel data dia-
grams.7

Since the wing has no incidence, the wing angle-of-attack
is identical to the angle-of-attack of the fuselage axis or water-
line. With the tail incidence iT from flight test data and the
tuft angle JJL measured from the photograph, the measured
downwash angle could be determined according to Figs. 5
and 6:

(7)

Fig. 5 Flow angles at the horizontal tail.

To correct the measured flow angles at the rake for dis-
tortions from the horizontal tail, the following procedure was
used:

1) With the horizontal tail geometry, and elevator deflec-
tion from flight test data, the computer program set up a
vortex-lattice system that was allowed to compute the flow-
field around it.

2) With air density and velocity data from the flight tests,
and the measured tuft angle ^ from photographs as a first
approximation for the tail angle-of-attack ar, the program
computed the flow angle distortion s at the top of the rake.
This angle represented the upwash caused by the lifting tail
at the top tuft location.

3) A new tail angle-of-attack was computed as

aT = fju - e (8)

and was used as an input value for a new s computation.
The procedure was repeated and converged rapidly toward a
final value of E.

4) The corrected downwash angle emc for each data point
was determined as

(9)

V. Results and Discussion

Fig. 6 Flow angles at the tufted rake.

The measured downwash angles em at the top of the tail
mounted rake, as well as the downwash angles emc, that are
corrected for the influence of the horizontal tail, are shown
as a function of jet-flap deflection, airspeed, wing-lift coef-
ficient, blowing coefficient, and wing or fuselage angle-of at-
tack in Figs. 7-10.

All diagrams imply steady, unaccelerated flight conditions;
the flights with 45 deg flap deflections resulted in descents
(approximately 200 ft/min), while all others were level flights.

In Fig. 8 the wing-lift coefficient was chosen over the air-
craft-lift coefficient, because for each airspeed, the shape of
the trailing jet sheet and the flowfield around it are mainly
influenced by the wing angle of the attack, flap deflection,
and the amount of blowing. These parameters relate to the
wing-lift coefficient, whereas the aircraft-lift coefficient varies
with the tail-load, which is required to trim the aircraft and
varies with airspeed and center of gravity position. The wing-
lift coefficient is therefore a more meaningful parameter for
flow angle presentation.

The figures reveal the following observations:
First, the measured downwash angles are quite substantial,

varying between 5.6 deg for a flaps-up, high-speed condition
to 25.3 deg for a flaps-down, low-speed condition (immedi-
ately after transmitting the data for this point, the pilot re-
ported a tail stall with subsequent pitch-down of the vehicle)
(Fig. 7). As expected, the downwash increases with increasing
angle of attack (Fig. 10) and blowing coefficient (Fig. 9),
which corresponds to increasing wing-lift coefficient (Fig. 8),
and reducing airspeed (Fig. 7).

The downwash also increases generally with flap deflection,
except for the zero flap condition, where it becomes exceed-
ingly high at low airspeeds and corresponding high values of
CLw, Cj, and a.

The largest measured downwash angle of sm = 25.3 deg
occurred at the 60 kt, 45 deg flaps condition. For this, the
tail-induced downwash was estimated theoretically to be \e\
-5.7 deg, leaving a wing-induced downwash angle of emc =
19.6 deg. This is close to the tail-stall condition of the present
vehicle configuration.

Figure 8b is of particular interest, since in this diagram of
corrected downwash angles vs wing-lift coefficient, the curves
for the higher flap settings practically collapse to a single
curve. This is in agreement with the theoretical finding,3"5

that the downwash at a sufficiently large distance from the
lifting wing is predominately a function of circulation and
therefore, lift coefficient, regardless of whether the circulation
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60 70 80 90 100 V (kts)

a) 0 deg flap setting

60 70 80 90 100 V (kts)

b) 15 deg flap setting

60 70 80 90 100 \

c) 30 deg flap setting

60 70 80 90 100 V (kts)

d) 45 deg flap setting

Fig. 7 Measured and corrected downwash angles vs true airspeed.

is generated by angle-of-attack, flap deflection, powered lift,
or a combination of these.

The somewhat odd behavior of the downwash at dF = 0
can be explained by two conflicting effects which influence
the flow angles at the tail:

1) Flap deflection increases the wing circulation and, there-
fore, the downwash in the flowfield behind it.4

2) Flap deflection increases the distance between the tail
and the trailing jet sheet. This reduces the downwash at the
tail, since downwash increases with proximity to the trailing
vortex sheet.5

Obviously the first effect dominates the downwash behavior
for the higher flap deflections, while the second one dominates
it at flight conditions with zero flap settings. In addition, the
downwash at a specified point is sensitive to the particular
geometry of the jet sheet and trailing vortices.7

Second, the diagrams reveal some information about the
flow distortion by the tail itself. The angle £ is directly related
to the tail load Lr, that balances the pitching moments of the
aircraft for each flight condition.

A tail download (Lr < 0) causes an additional downwash
(e < 0) at the rake, that results in a required reduction of
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Fig. 8 a) Measured and b) corrected downwash angle vs wing-lift
coefficient at various flap settings.
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Fig. 9 a) Measured and b) corrected downwash angle vs blowing
coefficient at various flap settings.
the measured wing downwash angle em, so that emc < sm. On
the other hand, an upload on the tail leads to smc > em.

The maximum tail-induced flow distortion e = -5.7 deg
occurs for the largest flap deflection, 5F = 45 deg. This was
expected, since for this condition the wing generates a strong
nose-down pitching moment that has to be balanced by a
significant tail download. For 8F — 30°, the distortion averages
e = -2.5 deg, and practically vanishes for 8F — 15 deg. For
dF = 0 deg the distortion becomes positive and increases with
airspeed, indicating an upload on the tail, and a positive pitch-
ing moment of the wing-fuselage combination. This is contrary
to most conventional aircraft with negative pitching moments
and increasing tail downloads at higher airspeeds, but it agrees
with the Jetwing's airfoil characteristics (modified NACA 23020/
15), the aft e.g. position, and the fact that the thrust line is
below the e.g. for this flap position.

Third, the slopes of the e vs a curves give some indication
about the change of downwash with wing angle-of-attack;
however, these de/da values imply thrust and airspeed changes
and differ therefore from the pitch stability parameter de/da:

de _ ae j?£_££/ ^£^1
da da dCj da dv da (10)

The partial derivative de/da implies a-disturbances at constant
airspeed and thrust and must be de/da < 1, for the tail to be
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Fig. 10 a) Measured and b) corrected downwash angle vs wing angle-
of-attack at various flap settings.

stabilizing.14 The de/da term, therefore, relates to trim changes
in steady-level flight conditions rather than directly to pitch
stability. For the Jetwing, the slope is maximum, de/da = 2,
for dF = 0 deg. The pilot also reports the poorest longitudinal
stability of the aircraft at this configuration.

VI. Conclusions and Recommendations
The downwash angle at the selected point near the hori-

zontal tail of the Ball-Bartoe Jetwing generally increases with
wing angle-of-attack and blowing coefficient. Lowering the
USB flap also increases the downwash, except that for zero
deflection and high angles-of-attack the downwash exceeds
that of higher flap settings. This can be contributed to the
closeness of the trailing jet sheet to the downwash reference
point for this condition. For most cases, the downwash can
be expressed as a function of wing-lift coefficient only.

More data points are needed to isolate the influence of
scatter. Additional measurements at conditions other than
level flight are recommended to allow the extraction of pitch
stability parameters, e.g., de/da. Also, different locations along
the tail span as well as near the top of the vertical tail should
be investigated, to point toward the benefits of a T-tail and
other tail modifications.
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