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ABSTRACT

EXPERIMENTAL STUDY OF A TWO-DIMENSIONAL PROPULSIVE
WING IN A LOW SPEED WIND TUNNEL
Publication No.
Chang Soo Jeon, Ph. D.
The University of Texas at Arlington, 1990

Supervising Professor: Donald R. Wilson

The experimental study of a 2-dimensional propulsive wing in a low speed wind
tunnel has been performed to generate an experimental data bank which can help future
possible evolutions of STOL aircraft. A model employing a modified NACA 0025 airfoil
section, with three different height-to-chord ratio propulsive nozzles exhausting over the
upper surface of the airfoil at the 70 percent chord position was tested. Test data were
obtained for angles of attack of -5, 0, 5, 10, and 15 degrees, referenced to the coordinate
system of the symmetric NACA 0025 airfoil, and at wind tunnel dynamic pressures of 0, 1,
5, and 10 Ibf/ft2. The propulsive flow was simulated by a compressed air source with
nozzle pressure ratios ranging from 1 to 1.4 and measured jet momentum coefficients from
0to 18.

A significant entrainment of air proceeding the nozzle exhaust station was observed

that contributes directly to lift enhancement. The lift coefficient and entrainment velocity

increment were found to correlate directly with the propulsive velocity increment. Different

vi




nozzle area ratios showed little effect on entrainment velocity increment of the external flow
and thus on lift coefficient. Lift enhancement beyond the effect of boundary layer control
due to jet blowing was approximately predicted by the effective velocity ratio. Correlations
based on momentum pressure parameters employing a "neutral point" concept were also
found to provide an excellent correlation of the lift enhancement and entrainment velocity.
Jet-flap theory was compared with experimental results. Lift curve slopes of test results
were always higher than theoretical ones. Wake data showed negative profile drag
coefficients with power-on. Thrust recovery of the jet was independent of angle of attack
and jet deflection angle. Flow visualization was used in an attempt to improve

understanding of the fundamental flow structure of the propulsive wing.
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CHAPTER I
INTRODUCTION

1.1. Historical Background

In order to reduce the heavy air traffic loads in metroplex areas, which are
continuously increasing, and increase the mobility of air travel in East and West Corridor
areas, the effort to build subsonic transport aircraft which can take off and land within
460m to 610m field length has been continuously increased by commercial airlines and the
military. For an aircraft to achieve this basic performance, it must operate at slower take-
off and landing speeds than those of conventional take-off and landing aircraft(CTOL).

In a steady flight condition, lift has to balance the weight of the aircraft, that is,

L=W=Cp-5p V*-§ (L1)

or

2 W
V= 5

p-Cp

(1.2)

From Eq.(1.2), it is evident that one effective way to achieve slower speeds is to increase
the maximum lift coefficient of the wing. In the landing process, one way to reduce the
approach speed is to generate very high lift coefficients and the other is to remove the

danger of stall at high angles of aitack.




Many high-lift concepts to achieve vertical/short take-off and landing(V/STOL)
operations have been studied during the 1950s through 1960s. Due to the insufficient
overall development of critical technologies, such as advanced engine technology, fly-by-
wire control techniques, and efficient power transmission technology, there has been very
little progress in implementing V/STOL concepts. The evolution of achievements in
engineering and science during the last few decades has made several previous concepts
possible for application to V/STOL aircraft. Anderson[Ref. 1] published an extensive
bibliographical study of V/STOL history and also pointed out lessons learned either good
or bad. Recently, several selected concepts have received further attention and have
shown substantial success in demonstrating feasibility for V/STOL application[Refs.
2,3,4]. Recent progress in circulation control airfoil aecrodynamics was réported in Ref. 5.
Study of viscosity and turbulence of Coanda jets was discussed and computational fluid
dynamics(CFD) simulations of circulation control airfoil(CCA) have been done with
partial success. These investigations demonstrated the need for full Navier-Stokes
solutions with a suitable turbulence model for problems containing highly nonlinear jet
mixing phenomena.

Jet flap theory was originally developed during the mid 1950s[Ref. 6]. The
underlying physical principle originated from the side effect of the results of investigation
into boundary layer control by blowing high momentum flows over the upper surface near
the knee of a trailing edge flap. In a study to investigate the effects of internally blown jet
flaps on the design of aircraft for better transonic maneuverability, a significant
performance gain for interdiction aircraft was obtained with improved maneuverabilityAand
decreased aircraft size[Ref. 7]. NASA's four-engine Quiet Short Haul Research
Aircraft(QSRA) has demonstrated excellent short take-off and landing(STOL) capabilities
by using upper surface blowing[Refs. 2,8]. The QSRA routinely flies landing approaches



at C] = 5.5(65 knots at a wing loading of 80.1b/ft2). Typically a conventional aircraft with
a wing loading of 80 1b/ft2 would fly landing approaches at 105 to 135 knots.
Winborn[Ref. 9] described the future feasibility of ADAM III, the evolution of a turbofan
propulsive wing V/STOL concept. Brief suggestions for concept formulation, potential
problefn areas, including controllability and power plant arrangement and future design
considerations were described. The first operational VTOL with thrust vectoring-the
Harrier[Ref. 10]-has entered into service. Recently, the V-22 Osprey tilt-rotor concept,
which is the military version of the XV-15, has been developed as a possible V/STOL
troop carrier by Bell/Boeing helicopters in the USA[Ref. 11].

1.2.  Previous Work at UTA

While various research activities on other candidates for STOL application are
being undertaken by various research organizations and government institutions, the
University of Texas at Arlington has emphasized the development of the propulsive wing
concept that originated from the Air Deflection And Modulation(ADAM) project[Ref. 12]
of Chance Vought Corporation, LTV Aerodynamics Division. Figures 1 and 2 depict a
semi-span model and schematic geometry of the wing section of the ADAM configuration.
In the ADAM project, the effort to predict the overall performance of this type of aircraft
resulted in an extensive effort to correlate the results with a suitable correlation parameter
that describes the distinct characteristics of this type of aircraft. The net thrust coefficient,
CpN was chosen as the primary parameter. Figure 3 is reproduced from the ADAM test
results and shows sufficient scatter so that it makes any logical interpretation impossible.
At a later time, the thought that upper surface blowing will contribute more to the increase
of the circulation around the wing was proposed and a separation of the effects due to

upper and lower surface blowing was attempted. As it turned out, the scatter of the data
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was greatly reduced, as shown in figure 4. Later implementation of this propulsive wing
concept at UTA followed this finding.

This propulsive wing concept has become an ongoing research activity in the
general area of aerodynamic/propulsive flow interaction research at the Aerodynamics
Research Center at the University of Texas at Arlington. In 1984, Roberts[Ref. 14]
initiated his experiments on a propulsive wing. At the initial implementation of this
research area at UTA, a thorough survey of the ADAM test results was completed, in
conjunction with Winborn, to identify the most likely critical feature of the propulsive
wing concept. As mentioned before, the separation of the contribution due to upper
surface blowing from the net thrust coefficient turned out to substantially reduce the scatter
of the data. Therefore, a two-dimensional test model was made based on the NACA 4412
airfoil section and modified to provide propulsive flow from a compressed air source
exhausting only over the upper surface. A pressure box for the compressed air was
accommodated inside of the forward part of the airfoil and a movable vane was inserted in
the exhaust nozzle to provide the capability to vary mass flow rate through the nozzle. So,
the actual nozzle was positioned between the 60 percent and the 64 percent chord station
on the upper surface. Pressure taps were embedded along the surface of the airfoil at mid-
span. The test model is reproduced in figure 5 from Ref. 14 for reference. The test
results showed that an increase in circulation was obtained through upper surface blowing.
Following the findings and recommendations from the extensive experimental studies on
the ADAM project and personal communications with Winborn, Roberts attempted to
correlate the data from his tests with the net thrust coefficient. Using thrust to augment
circulation has a positive effect on lift which increases in proportion to the amount of net
thrust. Reduction in upper surface adverse pressure gradients with increases in Cgy and a

delay in separation were noticed. Extensive data and details of the program are catalogued
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Figure 5. Section view of Roberts[Ref. 14] test model.
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Figure 6. Section view of Pernice[Ref. 15] test model.




in Ref. 14. Even though the effort to seek correlation parameters was not so encouraging,
this initial study gave the impetus to challenge this complex flow structure. Also further
studies can be organized more efficiently by using results from the previous experience
and set-up.

The next contribution to the propulsive wing research activity at UTA was by
Pernice[Ref. 15]. Using the results of Roberts' study led to several modifications and
improvements in an attempt to achieve more desirable results. A symmetric NACA 0025
airfoil, rather than a cambered one, was selected as the base airfoil on the account that this
airfoil has good aerodynamic performance and the relatively large thickness needed to
install a propulsion simulator unit inside the airfoil. A fixed-geometry nozzle was
provided at 70 percent of the chord. A schematic drawing of the model is reproduced in
figure 6. Lift was increased drastically, with Cy's up to 4.6 for .= 15° and maximum
power setting, which in this case was about 70 psi. From the literature survey, the jet
momentum coefficient, although widely used, was not expected to be a proper parameter
in the performance correlation. A fundamental dimensional analysis identified the effective
velocity ratio as a suitable correlation parameter, and correlation of the lift coefficient
showed a linear relationship(Fig 7). Also, for a given (ct, Qo) set, (Uge - Ug) was plotted
against (Ugp - Ug) and linearity was excellent as observed in figure 8. Further
investigations have been continuously pursued by Winborn using his neutral point concept
approach[Ref. 16]. The neutral point(NP) is defined as the point where the propulsive
momentum flux is equal to the external momentum flux at the nozzle exit station. Figure 9
shows the same slope for different dynamic pressures as the power setting is increased
beyond its NP value, but no collapsing of the influence of dynamic pressure occurs. The
increase in YV po-(Usge - Up), which is an induced effect, is directly proportional to the

increase in {‘/ p8p-Usp - v po-Up}. For a given «, the constant of proportionality n is
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Figure 7. Section lift coefficient as a function of effective velocity ratio
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independent of Qg and increases with oe. The exponent n might be considered as a
function of model configuration, nozzle location, nozzle area, and turbulence in the flow
In 1987, Wilson, et al[Ref. 17] published results from recent efforts to develop
suitable correlation pa: ameters for lift enhancement and entrainment effect due to jet
blowing over the upper surface. In that study, the nondimensionalized square root of
“referred" momentum pressures was found to exhibit a linear relationship, with collapsing
of the effect of different wind tunnel dynamic pressures. Also, the data was compared
with conventional two-dimensional jet-flap theory. This comparison points out the fact
that the basic mathematical model of jet-flap theory is not sufficient to represent the
physical model of the propulsive wing. In fact, jet-flap theory was developed from the
assumption of irrotational, incompressible, and inviscid flow past a wing. No mixing
between the jet and external flow was allowed in the theoretical model. Also a very thin
jet, and blowing at the trailing edge with small incidence angles were assumed. This
comparison suggested the need for extensive data over a larger range of nozzle pressure
ratios, and a continuation of the effort to find a better correlation parameter, which will be

applicable to a practical high nozzle pressure ratio configuration.

1.3. Motivation and QObjective

Due to limitations of the compressed air supply, the maximum obtainable nozzle
pressure ratios(NPR) were limited to 1.09 in the earlier studies. A fundamental question
arises as to whether the correlation parameters developed in Refs. 15, 16 and 17 will be
applicable for higher values of NPR and to what extent these parameters show linearity.
Also, there is still a lack of complete understanding of the basic physical phenomena
involved, as well as a need to survey additional test variables in order to develop adequate

design guides. The recent acquisition of a high pressure compressed air facility gave an
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additional impetus to continuation of this program into the area of higher NPR value.

A new model design was developed with a goal of improving the nozzle
performance, as well as providing the capability of varying the model geometry. A more
extensive data bank will be collected, which should be of value to future STOL aircraft
development. The range of applicability of the various correlation parameters is to be

demonstrated.




CHAPTER I
EXPERIMENTAL APPARATUS

2.1. Model Description
A two-dimensional propulsive wing model was fabricated and installed in the UTA

low speed wind tunnel for exploratory testing. The details of the model are shown in
figure 10. Tables 1 to 4 list the locations of pressure taps and the geometry of three
different nozzle configurations. The model is based on a modification of a NACA 0025
symmetric airfoil section, with a chord length of 0.25m., referenced to the base airfoil
coordinates, and a span of 0.16m. The exit plane of the nozzle is located at the 70 percent
chord station. The nozzle location was fixed at the 70 percent chord station for simplifica-
tion of test model design, since earlier studies indicated that variation of the nozzle from 60
percent to 70 percent chord location does not appear to offer any substantial performance
gain over the 70 percent location. Nozzle locations ahead of the 60 percent chord location
do not offer sufficient space for the pressure box and the mixing chamber, and locations
beyond the 70 percent chord position result in a shorter length for the mixing process
between the external and the propulsive flows on the wing. The upper surface of the
airfoil downstream of the nozzle station is modified so that the propulsive flow exits
parallel to the local external aerodynamic flow to improve the Coanda effect[Ref. 18].
Three different interchangeable lower and trailing edge sections(identified as part number
A and B in figure 10) were fabricated. These allow variations in nozzle height to chord
ratios of 0.025, 0.050, and 0.066 to simulate the effect of propulsive mass flow rate

variations as well as propulsive to external velocity ratios. In order to keep the chord

13
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Table 1. The locations of pressure taps on the outside surface of the wing,

(Nozzle case 1).
Port No. Channel No. x/c Position y/c Position

1 49 0. 0.

2 48 0.005 0.02

3 47 0.01 0.034

4 46 0.02 0.0472
5 45 0.034 0.0604
6 44 0.074 0.0864
7 43 0.15 0.1104
8 1 0.25 0.124

9 2 0.3 0.1252
10 3 0.4 0.1192
11 4 0.5 0.1108
12 5 0.55 0.104

13 6 0.6 0.0952
14 7 0.68 0.0772
15 8 0.702 0.038

16 9 0.752 0.0276
17 10 0.804 0.0156
18 11 0.8524 0.0032
19 12 0.907 -0.0108
20 13 0.954 -0.0228
21 14 0.99 -0.0328
22 15 0.982 -0.0444
23 16 0.9528 -0.0514
24 17 0.905 -0.0616
25 18 0.804 -0.082

26 19 0.701 -0.0984
27 20 0.601 -0.1112
28 21 0.503 -0.1184
29 22 0.398 -0.1228
30 23 0.3 -0.124

31 56 0.2 -0.1184
32 55 0.1 -0.0984
33 54 0.074 -0.0868
34 53 0.034 -0.0604
35 52 0.018 -0.0456
36 51 0.01 -0.0332
37 50 0.004 -0.0184

15



Table 2. The locations of pressure taps on the outside surface of the wing,,

(Nozzle case 2).
Port No. Channel No. x/c Position y/c Position

1 48 0. 0.

2 47 0.005 0.02

3 46 0.01 0.034
4 45 0.02 0.0472
5 44 0.034 0.0604
6 43 0.074 0.0864
7 37 0.15 0.1104
8 1 0.25 0.124
9 2 0.3 0.1252
10 3 0.4 0.1192
11 4 0.5 0.1108
12 5 0.55 0.104
13 6 0.6 0.0952
14 7 0.68 0.0772
15 8 0.7 0.0152
16 9 0.75 0.0064
17 10 0.8 -0.006
18 11 0.85 -0.0172
19 12 0.9 -0.03
20 13 0.95 -0.0428
21 14 0.99 -0.0552
22 15 0.982 -0.0672
23 16 0.95 -0.0684
24 17 0.9 -0.0792
25 18 0.8 -0.0928
26 19 0.7 -0.1048
27 20 0.6 -0.1124
28 21 0.5 -0.1188
29 22 0.4 -0.1232
30 23 0.3 -0.1252
31 55 0.2 -0.1184
32 54 0.1 -0.0984
33 53 0.074 -0.0868
34 52 0.034 -0.0604
35 51 0.018 -0.0456
36 50 0.01 -0.0332
37 49 0.004 -0.0184

16
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Table 3. The locations of pressure taps on the outside surface of the wing.

(Nozzle case 3).
Port No. Channel No. x/c Position y/c Position

1 31 0. 0.

2 32 0.005 0.02

3 33 0.01 0.034
4 34 0.02 0.0472
5 35 0.034 0.0604
6 36 0.074 0.0864
7 37 0.15 0.1104
8 1 0.25 0.124
9 2 0.3 0.1252
10 3 0.4 0.1192
11 4 0.5 0.1108
12 5 0.55 0.104
13 6 0.6 0.0952
14 7 0.68 0.0772
15 8 0.7 -0.0052
16 9 0.748 -0.014
17 10 0.8012 -0.0252
18 11 0.8516 -0.0336
19 12 0.902 -0.0496
20 13 0.9496 -0.0632
21 14 0.988 -0.074
22 15 0.98 -0.084
23 16 0.9524 -0.0876
24 17 0.904 -0.0924
25 18 0.7968 -0.1032
26 19 0.696 -0.112
27 20 0.596 -0.1168
28 21 0.5 -0.1216
29 22 0.3954 -0.1242
30 23 0.2944 -0.1242
31 24 0.2 -0.1184
32 25 0.1 -0.0984
33 26 0.074 -0.0868
34 27 0.034 -0.0604
35 28 0.018 -0.0456
36 29 0.01 -0.0332
37 30 0.004 -0.0184




Table 4. Propulsive Wing geometries for various nozzle shapes.
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Nozzle TE Nozzle Wing Wing Camber
Case | x/c y/c Height Span Chord Angle
1 1 -0.04 | 0.63cm 0.16m 0.250m 2.433°
2 1 -0.06 | 1.27cm 0.16m 0.250m 3.433°
3 1 -0.08 | 1.65cm 0.16m 0.251m 4.574°
NOTES:
1) x/c,y/c positions are referenced to the base NACA 0025 coordinates and chord

3)

4)

3)

6)

length of 0.25m.

Other channel numbers which are not listed in the previous tables are
designated for the inner surface of the mixing chamber and pressure
measurements along the end plates.

In order to get the actual positions of pressure ports with respect to the
coordinates of the propulsive wing, coordinate transformation must be carried
out and normalized with the chord of the propulsive wing.

From test no. 170 in nozzle case 2, the order of channel numbers is the same
as that of nozzle case 3.

Due to the leakage in one of the scanivalve systems, the pressures on the end
plates and some inside the mixing chamber were not monitored from test no.
171

Because one of the transducers is limited to +1 psid in the pressure

measurement, the systematic channel designations were not enforced.
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length invariant for the different nozzle configurations, it is inevitable to change something
on the base airfoil. Slight changes in lower surface profile of the base airfoil seem to
provide no significant change in lift characteristics from those of the base configuration.
In figure 11, lift curve slopes are seen to slightly increase in accordance with the increased
thickness distribution of the aft part of the test model. In figure 12, a slight Reynolds
number effect on lift is noticed when Reynolds number is increased from about 1.5x105 to
3.1x103, but no further variation is observed as Reynolds number increased to 4.4x107.
Figures 11 and 12 indicate that there are little appreciable deviations in performance due to
the model geometry variation.

The models were made of mahogany wood and the pressure box of aluminium.
The propulsive flow enters the model pressure box through a 1.9cm diameter perforated
supply pipe, and from there into the nozzle plenum chamber through a choke plate with
fifty-eight(58) 0.317cm diameter orifice holes. The flow is further smoothed by a
combination of 0.635cm hardware cloth,window screens, and 0.317cm hexagonal
honeycomb, 0.95c¢m thick. The upper lip of the nozzle exit plane was curved downward
to prevent likely early separation of the external aerodynamic flow. The locations for
pressure taps were grooved up to the midspan on the airfoil surface to accommodate
0.16cm copper tubes. After applying wood sealer the airfoil surface was smoothed using
600-grain sand paper and painted with black color for better contrast in flow visualization
A modification of the test section in the wind tunnel designed to generate a two-
dimensional flow field around the test model by using two end plates was incorporated.
They had been used for previous studies. Additional pressure taps were provided on the
end plates and on the inside surfaces of the mixing chamber, which can be utilized for
comparison with theoretical predictions when they become available. Figures 13 and 14

show schematic diagrams of the installation of the experimental set-up in the wind tunnel.
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Figure 11. Comparison of lift coefficients with the previous model[Ref. 15]
and NACA 0025[Ref. 19] for power-off test, Nozzle case 3.
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Figure 12. Reynolds number effect on lift coefficient and comparison with
NACA 0025[Ref. 19] for power-off test, Nozzle case 1.
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Figure 13. The installation of the test model




1. Venturi Tube
2. Pressure Gauge, P2
3. Pressure Gauge, P1
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4. Thermocouple, T2 From Transonic
5. Regulator Control Room
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7. Power Supply |  (Compressed Air)
8. Scanivalve 1
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Figure 14. Layout of supporting equipment for test.






