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FOREWORD

During the symposium reported i these Proceedings the themes of STOL and
VTOL Aerodynamics were studied under headings of High-Lift Systems (Powered and
Mechanical), Jet Lift, Ground Effect, and Aerodynamic Prediction Methods and
Simulation Requirements., The symposium concluded with a general Round Table

Discussion.
E The symposium was held at the Technische Hogeschool, Delft, at the invitation of
i the Netherlands National Delegates to AGARD.
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V/STOL AERODYNAMICS: A REVIEW OF THE TECHNOLOGY

David H. Hickey
Ames Research Center, NASA
Moffett Field, California 94035

SUMMARY

After 20 years of research, the western world has one operational V/STOL aircraft and that is a military
afrcraft. An examination of the technical reasons for this failure to convert research results to hardware
indicates that the penalties for V/STOL capability are still too large for most applications. This cost
may be reduced by improved efficiency of the propulsive 11ft components ard use of the newly emerging aug-
mentor technology. Payload-weight ratios of V/STOL aircraft are 10 to 20%; thus the productivity of the
aircraft 1s very sensitive to small deficiencies or improvements in the various component efficiencies. The
state of the art of some of these critical technological areas is reviewed. In particular, STOL augmentors,
ground effects, and prediction methods are reviewed briefly. For VTOL, induced aerodynamics, vectoring
devices, and modeling problems are reviewed. Research in these areas may significantly reduce the cost of
V/STOL performance.

NOMENCLATURE
A augmentation ratio S wing area, m? (ft2)
AL lifting element area, m2 (ft2) t time, sec
Ay wind-tunnel cross-sectional area, m? (ft2) T Thrust, N (1b)
R aspect ratio, b2/S u velocity in jet exhaust, m/sec (ft/sec)
b wing span, m (ft) v free-stream velocity, m/sec (ft/sec)
c wing chord, m (ft) vy inlet velocity, m/sec (ft/sec)
Cy Jet momentum ccefficient, T/qS Vi jet velocity, m/sec (fi/sec)
L 1ift coefficient, L/qS W gross weight, N (1b)
Cm pitching moment coefficient, M/gSc X distance in the horizontal direction,
Ch normal force coefficient, N/qS m (ft)
Cp pressure coefficient, aP/q a angle of attark with respect to the free
D diameter, m (ft) stream, deg
DOC direct operating cost By angle with respect to the fan axis, deg
Fx horizontal force, N (1b) 5f flap deflection, deg
h height from reference point to ground, 5t augmentor turning angle, deg
m (ft) ap pressure difference, N/m2 (1b/ft2)
L length from fan centerline to exhaust of nt turning efficiency, %
hooded deflector, m (ft) 8y hooded deflector turning,angle, deg
L 1ift, N (1b) A wing taper ratfo
mg augmentor secondary mass flow, ¢ augmentation ratio, T/TN
kg/sec (1b/sec) A wing sweep-back angle, deg
M pitching moment, m-N (ft-1b)
"DD drag divergence Mach number Subscripts
N force normal to the wing chord, R (1b) e effective
P pressure, N/m2 (1b/ft2) max  maximum
PNdB  perceived noise level in decibels N nozzle
q dynamic pressure, N/m2- (1b/ft2) s static
r distance from tne engine axis, m (ft) t total pressure
R radius of hooded exhaust deflector cen- TO takeoff
terline or jet exhaust, m (ft) 1 ejector throat
Ro radius of engine exhaust, m (ft) 2 ejector exit

1. INTRODUCTION

Research in V/STOL aerodynamics has spanned a period of at least 20 years, but only one production air-
craft, the Hawker Harrier, has resulted. This paper discusses technology-oriented reasins for this failure
to convert research into production hardware, and means to remedy that situation. While the discussion
focuses on problems with civil apnlications, many of the comments also apply for military applications.
First, the performance domain of V/STOL (powered 1ift) aircraft is defined by deriving the maximum field
performance that can be expected from conventional aircraft. Then the causes for the poor economics of
V/STOL aircraft based on present-day technology are reviewed and technological areas that may yfeld signif-
icant benefits are suggested. Finally, pertinent selected topics in STOL and VTOL aerodynamics are reviewed.
These topics include prediction techniques, augmentor technology, induced aerodynamics, and ground effect.

2. PROBLEMS IN THE APPLICATION OF V/STOL TECHNOLOGY

The concepts considered here are, in most cases, those which have aerodynamic 1ift augmented by the
propulsion system. However, before proceeding with a discussion of propulsive 1ift, it is advisable to
define the pcrformance requirements that lead to the utilization of powered 1ift.

2.1 Operational 1imits of conventional afrcraft

Figure 1 shows the historical trend of maximum 1ift. Plain wing, trailing-edge flaps, and trailing-
and leading-edge flap trends are shown. Progression in high 1ift capability was steady until the late
1960's. If the progression in this capability is to continue, either more complex conventional high 1ift
systems or 11ft augmentation with the propulsion system must occur. If the former course is taken, the
maximum 11ft coefficient capability in the near future could be about 3.5, and the 1ift coefficient in
approach would be 2.1. The 1ift capability as a function of afrspeed for these conditions and with a wing
loading of 3.83 kN/m2 (80 psf) is shown in Fig. 2. Also included in the figure is landing distance as a
function of approach speed. With no 1ift augmentation, the landing distance is about 1160 m (3800 ft).
For a field 610 m long (2000 ft), propulsive 1ift is required; including factors for engine out and thrust
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lapse, the thrust/weight ratio for an unaugmented system is approximately 0.7. In Fig. 3, typical takeoff
aerodynamics are assumed. For a wing loading of 3.83 kN/m? (80 psf), a thrust/weight ratio of 0.36 is
required to equal the landing field length capability of 1160 m (3800 ft). For a takeoff fieid 610 m iong
(2000 ft), the required thrust/weight ratio for an unaugmented system is C 6. Figure 4 compares an air-
plane planform for a 610 and 1220 m long (2060 and 4000 ft) field. The nacelles were sized to approximate
the dimensions of a Tow noise engine. The 610 m (2000-ft) field length airplane may suffer in both low-
speed and high-speed performance because of the large nacelle size. This, coupled with the high thrust/
weight ratios required, makes this approach to short field lengths aquestiorable. However, for field
Tengths in the 1220 m (4000 ft) category, this approach seems appropriate. [t is realized, of course, that
wing loading can be bartered for field length at the expense of complicated gust alleviatinn systems. This
approach, however, complicetes the aircraft and compromises cruise efficiency.

It 1s apparent that unpowered T11ft systems can provide a field length capability as low as 1200 m
(400C ft) »ith a reasonable wing loading, but for field lengths less than that, powered 1ift systems are
required. This shorter field length capability offers a considerable advantage to a transportation system
and deserves serious consideration. The remainder of this section deals with the penalties associated with
the use of powered 11ft systems for VIOL or STOL performance.

2.2 Economic penalties of propulsive 1ift

e g

Figure 5 (ref. 1) shows the direct operating cost associated with fields shorter than 1220 m (4000 ft). P
Designing an aircraft to operate with a 610 m long field (2070 ft) rather than 1220 m (4000 ft) increases |
the direct operating cost 20%. Figure 6 also shows the penzlty to direct operating cost of noise yeduction
treatment as a function of field length. st all field lengths, the penalty for 95 PNdB at 152 m (500 ft)
is large, and the penalty for a field length of 610 m (2000 ft) compared to 1220 m (4000 ft) is 20% higher.
This would indicate that the increase in DOC as field length is shortened is caused by the additional noise
treatment required by the larger powerplants. Removal of this effect would produce agreement with earlier
studies, in which acoustics were ignored (ref. 2), which show DOC is not highly sensitive to field lengths
above 610 m (2000 ft). Nevertheless, noise restrictions may become more severe rather than less severe.
Therefore, propulsive 1ift technology must be examined to 1solate areas where improvements can be made so
that shorter field aircraft are more attractive in comparison with conventional aircraft.

W

Saay

The arguments thus far have been for STOL aircraft. For VTOL aircraft, the problem is much more
severe. Figure 7 (ref. 3) shows the direct operating cost (in dollars) per aircraft mile as a function of
stage length. Data from conventional two-, three-, and four-engine transport aircraft are shown along with
the estimated operating cost of a 485-kN (109,000 1b), 100-passenger 11ft fan V/STOL transport aircraft.
The operating cost of the V/STOL transport is comparable to the four-engine large aircraft and 1s approxi-
mately 60% higher than the two-engine aircraft with similar payload-range characteristics. Clearly, if
V/STOL transport aircraft are to be made economically competitive, the number of engines must be reduced,
the systems must be simplified, and the components must operate at top efficiency.

While the preceding arguments have concentrated on commercial applications of V/STOL technology,
similar arguments hold for military applications. There maintenancc costs, low payload to weight ratio,
and restricted range and endurance have combined to handicap the ut 11ty of V/STOL aircraft for military
missions. “he result, of course, has been that only one military aircraft is in production.

2.3 Impact of a fuel shortage

The intuitive reaction to a shortage of afrcraft fuel 1s that V/STOL atircraft would have a severe
disadvantage because of the relatively large amount of propulsion required which increases aircraft weight
and may produce lower propulsive efficiency in cruise. These factors, however, may be mitigated by other
factors inherent in ¥/STOL operations. Reference 4 contains preliminary design information on several
V/STOL aircraft and a conventional aircraft designed for a range of 556 km (300 n.m.) and a 120-passenger
payload. These studies differ from more recent studies in that no effort was made to evaluate the
penalties due to design for low noise.

The fuel load from some of these aircraft are tabulated below.

Alrcraft Fuel load, kN
Conventional 33
STOL 28.5
VTOL jet 1ift 28.8
VTOL ti1t wing 29.9

A11 V/STOL aircraft in the study required less fuel than conventional aircraft. These surprising results
stem from at least three factors. First, the short design range minimizes the effect of reduced cruise
propulsive efficiency. Second, the calculations assume different maneuver times for the different aircraft
(6 min for CTOL, 2.5 min for STOL, and 2 min for VTOL). Lastly, no penalty was included for quieting
techniques. The first two {tems are valid for aircraft specifically designed for a mass short-haul trans-
portation system, and the effect of the second item could be considerably larger because reduction of air
congestion around airports could yield even larger differences in maneuver time and reductions in fuel for
V/STOL aircraft. On the other hand, the study did not include penalties in operating efficiency from
noise reduction hardware. As already pointed out, this penalty could reverse the trend.

The importance of minimizing fuel requirements further emphasizes the need to improve the 1ifting
efficiency of V/STOL aircraft to improve the competitive position with all forms of transportation.

2.4 Advantages of propuisive 1ift

In spite of the economic penalties associated with powered 11ft aircraft, the ability to land and
take off in field lengths under 1220 m (4000 ft) is very important in that it offers relief from air and
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ground congestior 1t minimizes the impact of aircraft and ground equipment on the environment, it improves

the ssrvice to thc passenger, and it provides maximum flexibility in route structure. Bec.use of these
and cther factors, V/STOL aircraft may require less fuel than other forms of transportation. For military
applicaticns, V/STOL aircraft offer dispersal of forces to minimize the effect of surprise attack, more
direct supply and support of field forces, and freedom from large prepared airfields. With all these
important advantages, every effort should be made to improve V/STOL technology so that practical and eco-
nomical afrcraft can fulfill these commercial and military needs.

3. POTENTIAL IMPROVEMENTS IN V/STOL AIRCRAFT

This section deals with V/STOL t«rodynamic areas that appear to offer an opportunity for significant
improvement and thus can enhance the -yssibflity of the application of V/STOL technology to transportation
system needs.

Figure 3 {ref. 1) shows the instalied thrust/weight ratio required for 610 m (2000 ft) field length
performance. Even the augmentor wing, the most efficient concept, requires substantially more thrust than
a con-entional alccrafc; for VTOL aircraft, approximately four times more thrust {is required. One obvious
way to make tne aircrafl wore .lable economically is to increase the efficiency of the 1ifting system.

3.0 s

Static turning efficiency is one inaicator of propulsive 11ft system efficiency. Figure 9 shows
static turning effictency in terms of 1ift vs. thrust referenced to the no.zle thrust for the externally
blown flap (EBF), augmentor wing, and over-the-wing blowing concepts. For the externally blown flap (EBF)
concept, the efficiency between deflections of 30° and 70° is about 80% (ref. 5). In view of the exhaus-
tive research conducted on this concept, it is unlikely that this efficiency will be improved signifi-
cantly. It may be that the concept is limited by the orientation of the flap with respect to the wing.
Data from reference 6, with a canted variable camber exit louver cascade, are included to show what can be
dore by reorienting the flaps in cascade fashion. With this relatively efficient turning device, the
efficiency was above 90% for angles from 0° to 90°. Turning for the over-the-wing STOL concept s sub-
stantially more efficient than for the EBF, at least between deflection angles of 30° to 50°.

For comparison, augmentor wing data are included in Fig. 9. Because of the augmentation ratio,
efficiency referenced to nozzle thrust is greater than 100%. For these results, the lobe nozzle was
canted 30° {fig. 10), so that the augmentation ratio is high over most of the usable flap angle range,
but falls off ;omewhat above a flap deflection of 70°,

If it is assumed that static turning efficiency is not affected by airspeed (since these results give
good agreement when incorporated in the theorztical prediction of the variation of (| with CJ, this is a
reasonable assumption), these results can be related to system performance. The effective Cj 1s that
which providas the circulation, (| = f(cJ ), and
e

c
Je
T

where n4 is the turning efficlency and A 1is the augmentation ratio. From two-dimensional theory such
as that of reference 8, C 1s proportional to /C?: ¢ = K/Cjntﬁ and for a given CJ

CL je
L(nA = 1) ]' TLT

Figure 11 shows the dimensionless C; and C; as a function of n¢A, with the data from Fig. 9 spotted
on the relative C curve. Over-thg-wing klowing should be 7% more efficient in producing 11ft than the
EBF, and the augmentor wing will be 31% more efficient. In addition, the augmentation ratio of the
augmentor wing will provide more thrust at lTow flap deflection during takeoff.

For augmentor wing or other internally blown flap concepts, volume for ducting and nozzles in the
wing is a very important parameter, and niA bears directly on the duct area required. Figure 12 shows
the relative duct area required for the same effective Cy as a functiun of n4A. The augmentor wing
requires 68% of the duct area required by an internally bTown flap. Increasing augmentation ratio from
the presently achievable 1.4 to 2.0 would lower the duct area required to 69% of that presently required.
Installed thrust/weight ratio s also a function of n,A and this increase would reduce the thrust/weight
~atio to 0.28 - 0.35, nearly that of conventional aircrt‘aft. Development of the ejector technology as
described in reference 9 may provide such an increase in augmentation ratio.

Figure 13 (ref. 9) defines the ideal augmentation ratfo as a function of augmentor geometry. In
practice, Tosses occur and available installation volume is l1imited so that these values are not achieved.
The inlet area ratio currently used falls between 10 and 15, and the exit diffuser area ravio falls
between 1.5 and 2.0. The actual augmentation ratio realized is of the order of 1.5 compared to the value
of greater than 2 for the ideal augmentor. To realize the theoretical potential, nozzles with rapid mixing
rates must be developed so that mixing occurs within the aL mentor. Further, separation on the augmentor
diffuser must be avoided. Figure 14 shows conceptually how such an augmentor could be mechanized.
Boundary-layer control is supplied on the diffuser walls to control airflow separation. (learly, the
additional capability would be achieved at the price of additional complexity.

2.2 VIOl

The means for improving the economics of VTOL aircraft and thus enhancing the acceptance of these
concepts for short haul transportation is not as clear as for STOL aircraft. Concepts studied have used
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| lightweight 11ft engines, or remotely driven fans or thrust augmenting ejectors to augment the thrust from

the cruise propulsion system. In either case, the cost of the total propulsion system is about the same
as that of a turbofan engine providing the same thrust. In additfon, the installed thrust is 15 to 40%
greater than takeoff weight to provide control forces, acceleration during hover, and survival of an
engine fajlure. As a result, the propulsion system weight fraction is about double that for a 610 m
(2000 ft) STOL atrcraft. While it 1s unlikely that a thrust augmenting ejector would be significantly
1{ghter than a 11ft fan or 11ft engine, 1t may be less costly. Yo avoid much oversized cruise engines,
an augmentation ratio greater than 2 is required. With low-pressure augmentors, reference 10 has reported
values approaching this magnitude with a reasonably compact augmentor. However, for a reasonable duct
area, a high-pressure air supply will probably be required. As shown in Fig. 15 (ref. 11} the augmenta-
tfon ratfio will drop significantly as pressure ratfo {s increased. With current tecanology, this means
that a longer (and less compact) augmentor is required. while there may be some promfse in this approach,
a yreat deal of effort is required on installation problems in order to provide a viable system. The
previous discussion was slanted toward commercial applications. For aircraft that have high installed
cruise thrust, the required augmentation 1s low and the augmentor can be more compact, thus installation
problems are eased. Required ducting volume will, however, be relatively lzrge (one such application is
the Rockwell 'nternational XFV-12).

A weight breakdown for a typical V/STOL transport is shown below.

Component Gross weight, %

Structure 23
Propulsion system 26
Subsys tems 12
Usable Load
Fuel load 2n
Payload 19

The payload is 19% of the takeoff gross weight. A 5% improvement in vectoring efficiencies, ground
effects, etc., will yield a 25% increase in payload capability. This high sensitivity of productivity to
small losses in efficiency makes it imperative that the VTOL propulsion system components be optimized to
a high degree. Furthermore, care must be taken to avoid adverse grcund effects, reingestion, or other
thrust-reducing effects. Clearly, research in these areas is important in establishing the competitiveness
of VTOL systems.

4. STATUS OF V/STOL TECHNOLOGY

In this section, the state of the art of some areas of particular interest in V/STOL aerodynamics
are discussed.

4.1 STOL

In the STOL aircraft area, the discussion includes recent advances in augmentor wing aerodynamics,
comments on ground effects, and the state of the art of predictive techniques.

4.1.1 Augmentor wing technology. Figure 10 shows a perspective of one of the augmentors under considera-
tion. Flgure 16 shows conceptually the STOL augmentors currently besing considered. The lobe augmentor

was developed at Ames (ref. 11) and {is characterized by a slot combined with the lobe nozzle. The cruise
: augmentor was developed by Boeing (ref. 12) under contract to Ames. In this example, the augmentor nozzle
was moved to the upper surface of the wing and functions also as a cruise nozzle. This approach leaves
more room in the wing for ducting and eliminates valves from the system. These two augmentor geometries
are being examined for high wing flow (to reduce noise, 70 to 80% of the engine thrust appears at the
augmentor nozzle so that the augmentor can be used to suppres- noise). The cruciform augmentor nozzle is
being developed by DeHavilland under contract to Ames. Thi, nozzle is another answer to the problem of
providing improved mixing, and the augmentor geometry is designed for a 40% wing flow. The "advanced
augmentor" is to use the techniques described in reference 10 to obtain the highest augmentation ratio
possible within the geometric confines of a large wing blowing augmentation system.

e
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Although static augmentation ratio is a convenient measurement for comparing augmentors, consideration
of this parameter only can lead to erroneous conclusions. An example of this is shown in Fig. 17
(ref. 11). Aerodynamic performance with a 60° flap is shown. The normal configuration has been optimized
for static augmentation ratio. Lowering the shroud (moving it aft) improves the variation of 1ift with
C; at the expense of static augmentation ratio, and closing the lower flap gap further increases 11ft at
a“given C; while reducing static augmentation ratio further. This improvement results from attaching
the externd) flow on the shroud with better augmentor geometry and strengthening the boundary-layer control
provided by the augmentor inlet. These results indicate that, for STOL applicatiors, the augmentor should
be optimized at forward speed.

i

This contention is further supported by the data in Fig. 18. Horizontal force, normalized by nozzle
thrust, and augmentation ratio are presented as a function of velocity for a primary pressure ratio of 2.3.
The horizontal force drops of f with forward speed above 26 m/sec (50 knots). Also shown is the static
augmentation ratio less the secondary ram drag for the same primary pressure ratio. The slope and magni-
tude of the two curves fs approximately the same above 20 m/sec (50 knots}, indicating that the secondary
ram drag should be subtracted from the static augmentation ratio and, with 30° flap deflection, thrust
recovery occurs above 50 knots. The thrust lapse for nozzle pressure ratios of 1.5 and 3.5, calculated ir
the same way as for the 2.3 pressure ratio case, are also shown in figure 18, Statically, the augmentation
ratfo at 3.5 nozzle pressure ratio is lowest. However, the thrust lapse with forward speed is less with
i the result that, above 40 knots, the augmentation ratio is higher than for the lower nozzle pressure ratios.
It thus appears that, in optimizing the augmentor for takeoff, the augmentation ratio must be traded with
mass-flow ratio to obtain the maximum thrust for best takeoff performance.
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Similar results for the cru e augmentor are not available; however, some data at cruise Mach Numbers
are available (ref. 13). These results were obtained with a 14% thick quasi-two-dimensional wing with
propulsion nozzles as in the 1 ise augmentor. Figure 19 shows normal force coefficient as a function of
drag divergence Mach number fo- several values of Ci. At cruise 11ft coefficients, the blowing increased
the drag divergence Mach number slightly, and the agtual value {s sufficiently high to permit application
to high subsonic cruise aircraft.

4.1.2 6 effect. Ground effects are one of the least understood, yet potentially most important,
problems 1n ¥ aercdynamics. Speclal techniques such as the moving belt and jet blowing (ref. 14)
have been developea to measure this effect at high 11ft. While these approaches may yield correct stesdy-
state results, the question of dynamic effects still remains before the importance of ground effect can be
accurately assessed.

Reference 15 describes these problems both aerodynamically and operationally and presents normalized
curves of 11ft loss in ground effect for severs' concepts. Figure 20 contains data from reference 15, and
data from a large-scale . .:pt augmentor wing model (ref. 16). The large-scale results di¢ not have the
benefit of a moving ground plane; thus they should be considered conservative. Augmentor wing 1ift loss
in ground effect is much less than represented by reference 15. In fact, for both flap deflections ar?!
over the major portion of the height range, ground effect is positive rather than negative. The reason for
this discrepancy is not clear; however, the results illustrate that ground eftects may differ between the
various STOL concepts.

In terms of dynamic effects, I1ttle data with powered 11ft are avaflable. One ra2port (ref. 17)
shows results using a moving mode]l tachnique. The jet flap mndel was run at constant height over a
ground plane to measure "steady-state” ground effect. To simulate the landing approach, a portion of the
board was angled so that an approach at a constant angle was :imulated. Data from reference 17 are shown
in figure 21 for a 10° approach angle. Comparison of the dynamic and steady-state data shows that the
dynamic 11ft loss lagged the steady-state 1ift loss by about four ~hird leng*hs.

“peculation about the scale factor that should be applied to these dynamic results can lcad to sur-
prising possibilities. For a given flight path, the time required to form the flow that produces the 1ift
loss should be a function of the absolute distance from the ground, the true jet velocity, and the true
airspeed. With these factors relative to the model in reference 17, for a low pressure blowing or aug-
mentor wing atrcraft, one obtains

Scale factor
1/10 model scale 10
Low jet velocity 4
Low mode! velocity 2

If these factors are multiplicative, this leads to a time lag scale factor of 80. Figure 22 presents the
derivative of the data in Fig. 21 with time, with 0 time corresponding to the onset of ground effect
from the steady-state data in Fig. 23. The maximum change in 1ift with time occurred at 0.12 sec after
entering steady-state ground effect. If the scale factor is applied for a full-scale, lov-pressure jet
flap model (or augmentor wing), the maximum change would occur 9.6 sec from the entry into ground effect.
This would, of course, completely mask steady-state effects so far as aircraft operating problems are
concerned. Although this scale factor is merely speculative, it illustrates that with dynamic effects
included, ground effect may be substantially less severe than represented by steady state data. CSurther
research on these effects is required.

4.1.3 Prediction of STOL aerodynamics. Recent developments in finite element, nonplanar 1ifting surface
theory have Ted to the accurate prediction of 1ift from jet-flapped wings (refs. 18 and 19) and ground
effect of conventional wings (ref. 20). These methods have also been applied to the externally blown flap
STOL concept (ref. 21). The wing and flap are represented by a vortex-lattice arrangement (fig. 23}, and
the turbofan wake is represented by a series of ring vortices as shown in Fig. 24. The problem is solved
iteratively by first calculating the upwash from the wing without the engine wake. The engine wake is then
displaced according to the upwash from the power-off calculation, and the system of equations is solved
with no flow allowed through the wing-flap control points. Figure 25 shows the results cfter one itera-
tion. Agreement is good when the wake displacement {s included in the calculation. These results may,
however, be fortuitous because the theoretical Cj was not corrected for turning efficiency (see fig. 9).

4.2 VTOL aerodynamics

In the VTOL aerodynamics area, the discussion covers recent results on forces ‘nduced on the aircraft
by propulsive flows, fan scale effects, and flow vectoring for thrust or lift.

4.2.1 Induced effects. Induced forces and moments from the interaction of the propulsive flow with the
free stream 1s of Interest from the standpoint of trim moments required, STOL overload capability, and
power management. Reference 22 discussed 1ift, drag, and moment on VIOL 1ift-fan aircraft. Most designs
studied were of the fan-in-wing variety. Since that time, design practice has been to place the fans
external to th= wing in order to keep the wing loading high for cruise efficiency. Figure 26 illustrates
two such designs from references 3 and 23. Iu general, fans with vectoring devices to provide both 1ift
and cruise functions are mounted on the aft fuselage and 11ft fans are mounted in wing pods or in the
fuselage. These various locations offer the cpportunity for both positive and negative 1ift to be
induced by the flow from the fans.

Figure 27 presents the 11ft induced by fan flow as a function of forward speed for several forward-
mounted fan locations (refs. 6 and 24). It is apparent that an outboard location of forward-mounted fans
minimizes the down 124d on the airframe induced by the operation of forward-mounted fan:.




Similar results (refs. 6 and 24) for aft-mounted fans are presented in Fig. 28. Even fans mounted
aft on the fuselage provide some 11ft, but the largest 1ift is generated by fans inboard near the wing
trailing edge. Figure 29 shows the induced 1ift for complete configurations. The configuration with out-
board forward fans and inboard aft fans has as much induced 1ift as a fan-in-wing arrangement.

These results are for no thrust vectoriny, which corresponds to a decelerating or descending transi-
tion. When the exit louvers are cdeflected *to trim drag, the induced 1ift is sharply reduced. Figure 30
shows data from the model with outboard forward fans, inboard rear fans, and trailing-edge flaps up and
down. For these data, drag is trimmed. The 11ft at B0 knots {s approximately 15% greater than the lift
at zero forward speed. The importance of this capability can be assessed by relating the overload
capability to the increase in usable load. As mentioned before, the payload-weight fraction for a 11ft-
fan transport design is 191. The 15% overload capability with flaps down amounts to a 79% increase in
payload capability when operating as a STOL afrcraft; with flaps up, the corresponding value is 42%. If
overload capability is important, this effect is well worth designing for.

The role of wall effects in producing induced 1ift is sometimes thought to be significant. Recent
tests with a small-scale model have indicated that only a small amount of the total 1ift can be attributed
to wall effects. A small-scale, fan-in-wing model (fig. 31) was tested both in the 7- by 10-Foot and the
40- by 80-Foot Wind Tunnels at Ases. The resul:s are shown in "ig. 32. The 1ifting eiement area to
tunnei cross-sectional area of the model in the 7- by 10-Foot 'iind Tunnel was the same as that for the
data in Figs. 29 and 30. Discrepancy in lift/static thrust ratio was at most 0.06 — substantially less
than that produced by many of the confiqurations in Fig. 29. At 8( knots, a critical point in the transi-
tion maneuver, the discrepancy is approximately 0.03. These results were obtained with the model untrimmed
in drag, which is comparable to the results presented in Fig. 29. When drag is trimmed, the discrepency
would be even smaller. The approximate magnitude of induced 11ft nas also been verified by comparing data
from small-scale models (that approximate the large-scale mogels) tested in a large wind tunnel. Figure 33
(reproduced from ref. 25) shows a comparison of such results. The differences between the models are
sufficient to account for the difference in induced 1ift.

While the operation of 1ift fans induces 11ft, it also induces pitching moment. Figure 34 shows the
norrmalized moment variation witn airspeed. For the fan-in-wing arrangement, the moment rapidly increases
in a nose-up direction as airspeed is increased. This charazteristic defined the longitudinal control
power required for a fan-in-wing aircraft. On the nther hand, the moment variation with airspeed for the
podded configurations is much smaller than for the fan-in-wing cenfiguration and, for the outboard for-
ward fan and inboard aft fan, the induced 1ift is nearly the same,

Prediction of tnduced effects, especially moment, is desirable but difficult because separated flow
{s involved. Figure 35 {1lustrates the problem. The cause of the induced 1ift is the separated flow
downstream from the fan. Reference 22 suggests a simplified semiempirical method for this caluclction
which at least describes trends in induced effects for fan-in-wing configurations accurately. However,
this method is not accurate with podded configurations because of overpredicting forces on the surface aft
of forward-mounted fans. A method has been developed recently for predicting the characteristics of two-
dimensional 1ift-fan sections including separated flow (ref. 26). 1In this method, the airfoil and jet are
representec by source or sink distributions. The static pressure in the sepa~ated area, the jet shape,
and the free streamline shape are assumed. The solution is then developeu through an iteration procedure
that changes the shape of the jet sheet to balance pressure and centrifugal forces. Figure 36 describes
the flow mndel and presents a sample of the data. Although limited to a thin jet, it is the only known
solution to the induced effect problem that includes inlet flow, the separated flow area, and calculated
jet sheet shape. This approach holds considerable promice for improving the calculation of induced
effects.

4.2.2 Flow vectoring devices. The effectiveness of flow vectoring devices is critically important to the
performance and Installed thrust (and hence operating cost) of VTOL airplanes. The effect of vectoring
efficiency on payload is as dramatic as the effect of induced 1ift. When deflectors are used to provide
1ift from 1i1ft/cruise fans, the deflectors tend to be both voluminous and heavy. It is thus necessary to
develop deflectors that are both small (and 1ightweigh:) and efficient. Figure 37 (using data from ref. 6)
f1lustrates the problem. A compact hooded flow vectoring device, with a radius/diameter ratio of 0.54
provides only 70% of the fan thrust for VIOL, while a similar device with a radius/diameter ratio of 0.78
provides greater than 90% of the fan thrust for VIOL. Although iis performance is satisfactory, thls
latter device 1s quite large, and when scaled to aircraft size, it nearly iapacts the around in the VTOL
operational mode. C(learly, this solution to the thrust vectoring problems for 1ift-cruise fans will not
suffice. Figure 37 also shows the performance of a canted variable camber cascade. This device is more
compact and turning is as efficient as for the large hooded device. However, if turning angles greater
than 90° are required, another set of cascade vanes would probably be required. This approach would also
suffer from thrust losses caused by the cascade remaining in the jet during cruise flight. None of the
solutions shown in Fig. 37 is acceptable; research is 1:cquired to produce a Tift-cruise fan thrust
vectoring device that will not seriously penalize an aircraft. This device will probably also be called
on to provide hover control forces as well; thus the problem is a difficult and challerging one.

Lift fan vec .oring effectis/eness 1s shown in Fig. 38. The vectoring cascade at angles above 35°

has both large losses and restricts the fan area, which causes a rapid loss in turning efficiency. Differ-
ent vane aspect ratios, venting the fan hub (chevron-shaped louversj, and flapped louvers were studied to
delay the rapid loss in efficiency. None of these approaches provided a significant increase in vectoring
efficiency, although the flapped louvers could provide more negative vectoring capability. Where space is
available, the combination of precambered louvers, canted cascade, and a rotating cascade may improve the
turning efficiency while providing the capability of producing a side forcr.. One approach using all these
techniques was developed for the aircraft described in reference 3. Data for this arrangement ?ref. 24)

is also presented in Fig. 38. Referenced to the vertical 1ift, the vectoring to produce thrust increased
efficiency with up to 40° turning. This, of course, indicates losses while vectoring for 11ft only were
excessive. However, the results indi-ate that an improved lift-fan vectoring system of this type may be
possible.




4.2.3 Modeling 1ift fans. The 1ift-fan aerodynamic results presented thus far were obtained with large-
scale fans. This section discusses problems encountered when studying the aerodynamics of 1ift fan air-
craft with nonscaled fans or small-scale fans.

Figure 39 shows the variation of fan thrust with forward speed for 0.91 m (3 ft) diameter fans with
pressure ratios of 1.1 and 1.3 (ref. 6). The fans were tested in the same wing (ref. 27); however, inlets
and internal flow paths as well as fan solidity, tip speed, and internal flow paths were different. Even
sn, the vartation of fan thrust with forward speed was very similar. However, as shown in Fig. 40, the
induced 11ft varied significantly. Furthermore, as shown in Fig. «7, the variation of moment with air-
speed is different. The causes for these differences are unknown. but the results indicate that testing
at full-scale size but subscale pressure ratios may not be suffi~ient: actual modeling of the flow path
or absolute modeling of Reynolds number may be rejuired.

Figure 42 shows the variation of fan thrust with forward speed for a 0.91-m (3 ft) diameter fan and a
0.38-m ?15 in.) diameter fan. The data for the larger fan are the same as that in Fig. 41, while the

data for the smaller fan are presented in reference 28. The larger fan was a tip-turbine-driven fan in a
fairly thin installation. The smaller fan was a hub-driven fan i1n a thicker installation. Both fans were
designed for the same pressuie rise, but the aspect ratio of the blading was significantly different, the
smaller fan haviny the lower aspect ratio. Considering these differences, the variation of thrust with
airspeed for the two fans s remarkably similar Fligure 43 shows a different result. Small-scale fan
data from reference 25 are compared with large-scale fan data from reference 6. Both fans were mounted in
a fan-in-wing model. The large difference shown is opposite from what would be expected from Reynolds
number effects.

The effects of Reynolds numher on the turning effectiveness of cascades is shown in Fig. 44, The
poor performance of the smaller cascade indicates that considerable care must be taken with vectoring
devices to assure realistic performance data.

The foregoing results indicate that a great deal of care must be taken 11 small-scale testing is to
yield accurate aerodynamic results. Extreme care must be taken with such details as inlets, fan flow
paths, and vectoring devices. It may be tha., rather than exact duplication of full-scale devices,
Reynolds number sensitive devices must be designed to relieve that sensitivity. Finally, the performance
of these devices must be measured so that, if the performance is substandard, the data can be corrected.

5. CONCLUDING REMARKS

The failure to use V/STOL technology in sho: t-haul transportation system is disappointing, but not
surprising because of the existing economic climate and poor operating economics of quiet V/STOL systems.
However, the promise of V/STOL technology remains unblemished. This approach to short-haul transportation
systems offers relief from airoort congestion, minimum impact on the environment, maximum service to the
passenger, maximum flexibili’y in route structure, and possibly a reduction in fuel usage compared to con-
ventional aircraft operating in a congested environment.

Research must be di:ected to improve the operating economics by reducing thrust requirements and
simplifying the aircraft systems For STOL aircraft, these goals may be approached through improved 1ift
system turning efficiency and improved augmentation cystems. For VIOL aircraft, the goals may be
approached through the development of small-volume, high augmentation rativ ejector systems and the inven-
tion of small, lightweight, thrust vectoring devices. Whil= rasearch in these areas is necessary for the
economic acceptance of V/STOL aircraft, other research is needed to provide a technoiocically acceptable
aircraft. Some of the more promising technological research areas are prediction methods, including
V/STOL aerodynamics and augmentor characteristics. and ground effects, including dynamic characterictics.
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RESEARCH INTO POWERED HIGH LIFT SYSTEMS
FOR AIRCRAFT WITH TURBOFAN PROPULSION
by

B. Eggleston
Advanced Projects Manager
The de Havilland Aircraft of Canada, Limited
Downsview, Ontario, Canada

SUMMARY

In the first part of the paper the characteristics and applications of powered high lift systems
suitable for turbofan powered aircraft are reviewed.

The second part of the paper deals with aerodynamic research at de Havilland Aircraft of
Canada upon high lift systems for use with high bypass ratio turbofan engines. The aystems discussed
include mechanical flaps, internally blown flaps, externally blown flaps and vectored thrust. Tests on
two-dimensional and three-dimensional models are reviewed and the aerodynamics applied to design
studies of a turbofan powered STOL transport aircraft.

The application of a computerized three-dimensicnal potential flow method to lift prediction for
a wing with internally blown flaps is described.

INTRODUCTION

The objectives of this paper are twofold. The first is to provide an introduction to this session
on research into the aerodynamics of powered high lift systems. This will be fulfilled by a general
review of the characteristics and applications of those high lift concepts under study in NATO countries
for application to transport aircraft.

The second and major objective of this paper is to describe some of the research at de Havilland
Canada into the aerodynamics of STOL transport aircraft powered by turbofan engines. Our aerodynamic
research is divided into two broad categories. One is the Augmentor-Wing while the other includes sev-
eral high lift systems suitable for use with higher bypass ratio turbofan engines. It is the intention in
this paper to concentrate on our research in the second category as Augmentor-Wing research has been
well documented in recent papers by D, C. Whittley, references 1 and 2. Other research to be described
includes parametric aircraft design studies using the alternative high lift systems and theoretical flow
prediction methods for arbitrary configurations.

REVIEW OF POWERED HIGH LIFT SYSTEMS
- Background

Research into the aerodynamics of powered high lift systems has been intensified in recent years.
This has occurred in response to near-term civil and military requirements for quiet, turbofan powered
transport aircraft having either STOL performance or steep-gradient, RTOIL capabilities. In the context
of military operations the benefits of STOL which arise from increased mobility and reduced airfield
construction time and costs, seem to be readily appreciated. In contrast there is still considerable
debate about the merits, or otherwise, of powered li‘t STOL versus steep-gradient RTOL aircraft in
civil applications. It is beyond the scope of this paper to beccme involved in such debates. Therefore,
suffice it to say that beyond the immediate STOL application of aerodynainic research into powered high
lift systems, a much wider variety of less exotic aircraft should eventually benefit from technological
advances made in support of aircraft using powered high lift systems.

Before entering a more detailed review of the various powered high lift systems, mention should
be made of the main factors influencing the designer's choice of a preferred system. These are summar-
ized below and shown in Figure 1.

(a) design mission (field size, payload, cruise speed)

(b) wing loading (via comfort or cruise requirements)

{c) noise

(d) airworthiness requirements (safety margins, time delays, etc)
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(e} powerplant requirements (new engines or modified existing engines)
(f total system economics (cost penalties for STOL and noise, reduced airfield costs)

Of the abovs factors, field size has the greatest influence on the layout, choice of powerplants
and selectlon of a high lift system. The influence of field size is illustrated in Figures 2 and 3 which
show the trends of field size with installed thrust/weight ratio, wing loading ani maximum lift coeffi-
cient for civil aircraft, The extent to which powered lift needs exploiting is seen to be strongly depend-
ent on both wing loading and field size. For example operation from 2000 ft STOLports 16 feasible using
advanced mechanical flap systems provided wing loadings about 55 1b/ft2 are tolerable, Although the
simplicity of this is appealing, considerations of comfort and cruise efficiency probably preclude such
a solution for all but small, short-range aircraft,

Future turbofan powered transport will cruise at speeds in excess of 0,7 Mach number in which
case the lowest wing loadings acceptable vary from 70 - 75 b/t for small, short-range aircraft to
90 - 100 1b/£t? for large, long-range aircraft, In either case for STOL operation some form of powered
lift is needed to supplement the power -off lift, however the degree of assistance required varies mark-
edly, increasing rapidly with wing loading. This can have a strong influence on the severity of problems
related directly to the magnitude of the powered lift increment such as noise, and control after an engine
failure,

There are basically six powered high lift systems suitable for use with turbofan propulsion, plus
various hybrids, The six basic concepts are illustrated in Figures 4a and 4b and listed below:

1) Internally blown flap (IBF)

2) Jet flap

3) Externally blown flap ( EBF)

4) Upper surface blown flap (USB)

5) Augmentor-Wing

6) Mechanical flaps with vectored thrust (MF/VT)

Each of the above systems has different attributzs in relation to the factors mentioned previously
and no onc: system is likely to be pre-eminent in all applications, The following sections describe the
characteristics and known applications of the above high lift systems.

- Aircraft Requirements, Flight Research Vehicles and Prototypes (Figure 5)

In terms of volume of research activity the United States is in a strong position relative to all
the aforementioned powered high lift systems. This situation is not surprising as NASA funded research
was intensified when pressure was felt from congestion and noise in civil operations. Simultaneously
military funded research increased when a USAF requirement emerged for a turbofan powered STOL
transport to replace the aging C-130 Hercules.

The military program for the C-130 replacement (designated AMST for Advanced Military STOL
Transport) was at one time secure but recently it has been threatened by budget cuts, reference 3. The
AMST research program is very broadly based. Extensive wind tunnel testing and comparative studies
lead to the selection of two powered lift systems to be incorporated in separate flying prototypes. These
will be matched in a competitive fly-off to establish the preferred high lift system for a production air-
craft. The YC14 prctotvpe nnder construction by the Boeing Company uses upper -surface-blowing,
mechanical flaps and a blown cambered Kruger leiding edge device, The YCI15 under construction by the
McDonnell Douglas Company uses externally blown flaps and part span, leading edge slats, Both aircraft
are due to fly in 1975, NASA will be involved in this program to obtain information on operational
requirements pertaining to civil STOL aircrart,

NASA has been active in research into Quiet Propulsive Lift Technology (QPLT) for civil appli-
cations since the early 1960's. The Augmentor-Wing concept is furthest advanced and a flight research
vehicle has been developed in a joint U. S, /Canadian program. During 1972 NASA was planning to follow
up with a new flight research vehicle designated QUESTOL (Quiet Experimental STOL) which was to be
an EBF aircraft capable of subsequent modification to Augmentor-Wing. This project was to have swept
wings, high wing loadings and it was to demonstrate noise levels compatible with civil STOL operations.
The program became defunct due to budgetary problems and overlap with the military AMST program,
NASA is now considering yet another flight research vehicle, possibly based on the C-8 (Buffalo) air-
frame, using swept Augmentor-Wings or 2 hybrid upper-surface-blown, internally blown flap, reference

4,

In Canada our large aircraft requirements generally run parallel with U.S. developments, Due
to the smaller size of the Canadian aircraft industry and our geographic situation there is also additional
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emphasis on smaller aircraft with STOL capabilities. This has lead to the recent development oi the
DHC -7 QSTGL civil airliner and the demonstrator STOL service between Ottawa and Montreal due to
start in 1974, In the fleld of turbofan powered aircraft it was original Canadian research into tha
Augmentor-Wing concept which provided the basis for joint Canadian/U.S, development of a flight
research vehicle. This aircraft is based on a moaified de Havilland Buffalo airframe and Rolls-
Roy:e Spey turbofan engines,

In Europe and the U.K. no definite requirements have emerged for STOL transport aircraft in
either civil or military applications. No flight research vehicles of powered high lift svstems are con-
templated, Instead the emphasis is on quiet, steep gradient civil aircraft without powered lift and using
purely mechanical flap systems. Examples of this are the Hawker Siddeley HS 146 and the Fokker F28
Series 5000 aircraft,

- Internally Blown Flap

The internally blown flap (IBRF), also known as the BLC flap, has been widely used on various
military aircraft, The IBF has tangential slots in the aerofoil upper surface from which blowing air
issucs to re-energize the boundary layer and prevent flow separation. The amount of blow used
(.02 < Cu <« .08) slightly exceeds the values needed for flow attachment to the trailing edge so that lift
performance is insensitive to minor speed or attitude changes, With this level of blow, lift performance
can be re~dily predicted using potential flow methods. The extension to finite aspect ratios can be made
using span loading calculation methods such as Multhopp's,

In the early applications of IBF's, blowing air was tapped frem the high pressure compressor
stages and the high temperatures required the use of steel or titanium duct systems, As the engines
were pure jets or low bypass ratio turbofans the losses in take-off thrust for IBF levels of bleed were
large but tolerable, With modern high bypass ratio engines the situation is much worse as bleed flows
represent larger proportions of core flows and typically the losses in take-off thrust can be 6 - 7 times
the bleed thrust extracted for engines about six-to-one bypass ratio,

Simpler, lighter blowing systems become possible if lower blowing pressures are used and at
pressure ratios about 2,5 2luminum systems become feasible, However the reduced specific thrust of
low pressure bleed requires increased bleed flow which preclude it . use on high bypass ratio turbofan
engines, Alternative solutions ¢ vailable include the use of a separate blowing engine{s) or three-stream
bleed/propulsion engines of the type in Figure 6, It seems that both the services and airlines are tradi-
tionally against mixed powerplant arrangements due to problems with spares logistics. As a consequence
the separate blowing engine solution is not favoured despite its ability to use existing propulsion engines
without modifications, The three-stream engine uses a conventional turbofan engine with an oversized
intermediate compressor to provide permanent bleed and a variable pitch fan or thrust deflector is re-
quired to maintain high bieed at low net thrusts on the landing approach. An alternative arrangement
used in a recent AMST study, reference 5, used turbofans of low bypass ratio {2, 5) to give fan pressure
ratios high enough to allow bleed extraction directly from the fan bypass flow. It was found in this study
that relative to an EBF the weight savings of the simplified blowing system and smaller engines were
entirely offset by the penalties in cruise fuel consumption due to the low bypass ratio of the powerplants,

The influence of permanent bleed extraction on take-off thrust and cruise s.f.c, is shown in
Figure 7 for three-stream engines of constant core size and a fan pressure ratio about 1,3:1, An IBF
typically requires about 8% of the total thrust as bleed and the corresponding penalties in take-off
thrust and cruise s.f.c., are 6% and 3% respectively assuming bleed thrust recovery in both cases, The
influence of bleed extraction on bypass ratio and uninstalled cruise s.f.c. is given in greater detail in
Figure 8. Note that for IBF 'evels of bleed, high bypaas ratios can be maintained with consequent bene-
fits in fuel consumption at both cruise and off design conditions.

The IBF is a comparitively simple high lift aystem, Typically a single piece flap is used with a
fixed offset hinge to give small chord extensions, Figure 9, As blowing quantities are low duct systems
can be readily accommodated in the wing shroud region, However, unless the IBF is allied with a three-
stream engine it loses much of its attraction and even then the penalties in cruise s,f.c, may be unac-
ceptable for aircraft requiring long range operation,

- Jet Flap

The jet flap was conceived at NGTE in the U.K. in the early 1950's and subsequently developed
into a flight research vehicle by Hunting Percival (H 126). The jet flap is similar to the IBF physically
but uses much larger blowing thrust coefficients to increase lift above attachment levels by entering
the supercirculation regime. The two-dimensional performance of the Jet Flap was formulated by
Spence, reference 6 and extended *o three dimensions by Maskell and Spence, reference 7, using linear-
ized theory in both cases, More recently singularity methods have been used to study the influence of
large deflections and finite thickness in the jet sheet, references 8 and 9.

The H 126 used the hot efflux of a pure jet engine to blow the jet flap. The lift performance of
the aircraft proved inferior to small scale model tests and erratic, uncontrollatle wing dropping at
stall curtailed testing at high lift and blowing thrust coefficients. Subsequent model tests with leading
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edge slats showed improvements in stall behaviour, reference 10, but unfortunately these were never
incorporated in the aircraft, The Jet Flap has difficulty generating steep approaches due to the good
thrust recovery characteristics and further work was considered but not executed using in-flight thrust
reversing for steep gradient studies, Following the generally bad experiences with the H 126 this
concept has remained dormant until recently,

A new variant of the Jet Flop has been proposed by the Lockheed Company, reference 11. In this
acheme deflection of the flap causes its cross-section to expand to form a spanwise duct of large pro-
portions, The large cross-section of the duct permits low pressure fan air to be used for blowing,
which allows conventional turbofan engines to be used for both blowing and propulsion. This concept
has been combined with upper -surtace-tlowing in a hybrid system in recent NASA funded studics as a
means of increasing lift and reducing noise, references 12 and 13, In this application a twin engined
layout with a fan pressure ratio of 1,35 was used and the blowing system carried about 15% of the fan
mass flow, The lateral/directional asymmetries after engine failure were compensated for by cross-
ducting the bleed flows across the aircraft to maintain flap blowing after engine failure,

- Externally Blown Flap (EBF\

This concept was first explored by NASA in the mid 1950's, It did not find applications at that
time as the only engines available were pure jets which would have required prohibitively heavy flap
systems fabricated from steel. The development of the high bypass ratio turbofan engine with its com-
paritively cool and low velccity fan and core engine exhausts has rejuvenated this concept, It has been
selected for the McDonnell Douglas YC15 prototype for the AMST fly -off competition. In addition it is
under active consideration for civil STOL applications, figuring prominently in NASA aerodynamics
and propulsive stucies,

The externally blown flap uses direct impingement of the fan and core effluxes on a mechanical
flap system to create lift by a combination of direct jet deflection and supercirculation effects as shown
in Figure 10, The amount of lift generated can be directly controlled bv the degree of flap immersion in
the jets, reference 18, so that lift can be varied using either jet or flap deflection, thrust modulation ar
spoilers,. It is an inherent characteristic of the EBF that engine failure causes large losses in lift and
large lateral/directional moments, However, adequate lateral controls have been demonstrated for
operation at very high lift coefficients (C1, = 8), reference 14, Longitudinal stability and control con-
siderations require this ¢ sncept to use horizontal tails with large volume coefficients, set well forward
to operate in regions of favourable downwash.

The comparative simplicity of the EBF combined with its ability to use conventional turbofan
engines make it very attractive for military applications, The application to large civil aircraft is not
so straightforward due to noise considerations, The EBF generates additional noise due to jet impinge-
ment on the flaps and to achieve the noise goals for civil STOL (95 PNdB at 500 ft) requires compensa-
tion using lower jet velocities, This may be obtained using very high bypass ratios (= 17:1), or with
mixer nozzles on lower bypass ratio engines to promote rapid decay of the exhaust velocity prior to
impingement on the flaps, Both solutions can lead to large losses in cruise thrust due to excessive
cowl drag ir the former case and low nozzle efficiency in the latter, reference 15, Recent work using
flaps with blowing and flaps with porous edges, reference 13, has shown substantial reductions in im-
pingement noise but their integrated effect on performance and complexity has yet to be demonstrated,

The sheer compexity of the processes whereby the EBF generates lift is likely to defy analytic
methods of performance prediction for some time yet. A procedure for a simplified two-dimensional
inviscid case way presented in reference 16, while several researchers have developed semi-empirical
methods for predicting EBF performance in three dimensions based on developments of jet-flap theory,
references 17 and 18, The basic inputs to the semi-empirical methods are the static turning angle and
thrust efficiency of the engine flap system. Hence predictions can only be made for engine/flap
arrangements which have already been tested and as a result such methods will only be useful for
minor perturbations about known geometries, The Quasi-2D technique discussed later may provide a
simple, low-cost means of obtaining the additional data needed for new arrangements,

- Upper Surface Blown Flap

The upper surface blown flap (USB) was first tested by NASA about the same time as the external -
ly blown flap and for similar reasons it found no applications at that time. The early tests established
that its high lift and turning performance were similar to the EBF provided the jets were spread into
thin sheets on the wing upper surface using flattened nozzles. It was also found that compared to the
EBF there were large reductions in noise levels below the wing due to shielding effects, This latter
characteristic has assumed particular significance for large, civil STOL aircraft as it will enable
USB aircraft to use lower bypass ratios engines than EBF's with consequent impreovements in propulsive
efficiency, reference 4. The USB has been selected as the high lift system for the twin engined YC14
AMST prototype under construction by the Boeing Company,

There is little published data on USB research as interest in it is very recent and most of the
work has been outside the public domain, Some recent Boeing data, reference 19, and NASA tests,
references 20 and 21, show that good flow turning and high lift performance can be obtained even with
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large nossles correcponding to high bypass ratio engines provided the nozzles are flattened to spread
the flow, The Boeing work suggests that the exhaust nozzle geometries giving good high lift behaviour
are in conflict with high speed requirements and difficult compromises may be involved. Based on
these data USB aircraft may have difficulty generating steep descent gradients due to the good thrust
recovery characteristics wrising from jet flap effects., Shillow approaches at high incidence may be
needed to obtain high lift coefficients which will degrade STOL performance and tend to increase the
noise footprint area on the app-oach.

The USB is one of the few powered high lift systems which can be used on twin engines layouts,
The lateral/directional moments due to engine failure can be made tolerable by mounting the engines
well inboard and using two segment flaps which open up to form slots on the engine failed side to mini-
mize lift loss, However, the thrust/weight ratios needed for twin-engined STOI. are extremely high
(==, 60 introducing significant mismatch between STOL and cruise thrust requirements with consequent
welght and cost penalties. The USB has the advantage that existing high bypass ratio turbofan engine«
can be used in military applications but like the EBF new, very high bypass ratio engines will be needed
for large civil STOL aircraft applications.

= Augmentor -Wing

The principle of the Augmentor -Wing was conceived independently in Canada and France. This
high lift system is a derivative of the Jet Flap in which air bleed from the engines exhausts into a span-
wise channel formed between upper and lower flap elements as shown schematically in Figure 4a, The
inlet to the channel is on the wing upper surface which allows flow to be induced to mix with the jet flow
and augment the thrust by ejector action. The Augmentor-Wing is used on the Buffalo/Spey flight
research vehicle and the concept is prominent in NASA funded studies on aerodynamics, noise and pro-
pulsion, references 14 and 20. The blowing air is cross-ducted in the Augmentor -Wing which minimi zes
the lateral/directional moments after engine failure. As a result it is one of the few powered lift sys-
tems usable with safety on twin-engined layouts,

Recent research on the Augmentor-Wing has concerned improvements in thruet augmentation
ratio using multi-lobe nozzles, evaluation of forward speed effects, a study of the noise reduction
potential of lobe nozzles and lined flaps and development of layouts to reduce the complexity of blowing
systemns such as the ''valveless' augmentor, reference 23, Other research includes studies of high
speed cruise performance with the Augmentor open, with a view to improving cruise fuel consumption
by airframe drag reduction and/or thrust augmentation. In addition, further tests have been undertaken
at NASA Ames using a large swept wing model to explore noise, performance and stability and control
characteristics,

The powerplant situation for the Augmentor-Wing is similar to the IBF. Comparisons of sepa-
rate blowing compressors with two-stream or three-stream bleed/propulsion turbofan engines show the
superiority of the bleed/propulsion arrangements, The two-stream engine is favoured for large civil
aircraft with a thrust split of cold/hot flows of 80/20. The entire cold flow is ducted to the wing to
maximize thrust augmentation and noise reduction potential, Very low bypass ratios (< 3:1) are needed
to give fan pressure ratios high enough for compact blowing systems and this results in penalties to
cruise specific fuel consumption about 30% relative to high bypass ratio turbofans as shown in Figure 8,
On smaller civil aircraft, or large military aircraft where noise constraints will be less severe, three-
stream bleed/propulsion engines of the kind shown in Figure 6 become feasible, It is considered that
thrust splits of fan/blow/core flows of 40/40/20 are suitable which incresase bypass ratios to approxi-
mately 5:1 and reduce the fuel consumption penalty to about 20%. The three-stream arrangement reduc-
es the quantity of air to be ducted within the wing, simplifying the blowing system and problems of
structural integration. The three-stream engines will require variable pitch fans or thrust deflectors
to maintain blead capability at approach conditions when thrust is low, The low bypass ratio engines
used by the Augmentor-Wing have a low lapse rate of thrust with speed and altitude. As a result these
aircraft will be capable of higher maximum cruise speeds than aircraft using the other powered high
lift systems,

The Augmentor-Wing has been thoroughly investigated in both model and flight research pro-
grams, giving a high degree of confidence in its application to future aircraft, Its noise reduction
potential is probably g: eater than any other powered lift system, so it is particularly competitive for
large civil aircraft where noise goals are sufficiently stringent, The blowing system and double flap
arrangement make it more complex and highly integrated than MF/VT or EBF, Combined with the re-
quirement for a specialized bleed/propulsion engine having high fuel consumption this may defer the
practical application of the concept until such time as advances in noise regulations preclude the use
of other powered lift systems, Figure 11 and reference 14,

- Mechanical Flaps and Vectored Thrust

The Augmentor -Wing STOL flight research vehicle has very effectively demonstrated the use of
propulsive thrust vectoring as a source o direct powered lift increments, Furthermore it has shown
that varying the vector angle about the approach setting provides a powerful means of modulating drag
and hence controlling flight path angle.
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A combination of thrust vectoring and an efficient machanical flap system (MF/VT) provides a
comparitively simple powered high lift system. Research has siiown that when a deflected jet operates in
close proximity to a flap system beneficial lift interference occurs. The resulting rato of growth of lift
with thrust is about half EBF values and the resulting increases in pitching momants are approxdmately
equal to the moment of the gross thrust vector about *he refe~ence centre, Obviously this high lift con-
cept requires higher thrust/weight ratiss tiian an EBF to achieve a given lift coefficient and at very
high values of lift the size of the pitching moments may preclude the use of aft nozzle locations with
consequent loss of the induced lift componen’,

An MF/VT aircraft with high bypass ratic turbofan engines will use quite low deflection angles on
the approach (60° - 70°) due to a combination of the large inlet momentum drag component and the large
profile drag of mechanical flaps, This offers scope for the design of thrust deflectors which are simpler
and lighter than the Pegasus type of nozzle used in the Augmentor -Wing application. Engine failure on
the MF/ VT introduces both large lateral/directional moments and lift losses which ultimately limit the
usable vertical component of thrust on the approach, However, as the MF/VT has thrust deflection in-
dependent of flap deflection, unlike the EBF, it offers more scope for control procedures,

Recent military aircraft studies for the AMST have shown insignificant differences between the
weights and wing loadings of aircraft with MF/VT and EBF powered high lift systems, reference 5, In
contrast, in recent NASA civi) STOL studies the MF/VT does not look attractive, reference 14, parti-
ally because the civil CLmax requirements are higher than the military case but also because the power -
off aerodynamics used in these studies seem poor,

RESEARCH INTO THE AERODYNAMICS OF POWERED HIGH LIFT SYSTEMS
- Background

Throughout this section of the paper it will be evident that our research goals relate to future
products which will be STOL, of relative” small capacity and designed for short haul operations, These
aircraft could replace the Buffalo in military tactical supply roles or the DHC -7 in civil STOL roles,
Such aircraft can tolerate lower wing loadings rhan the large, long range aircraft under consideration
elsewhere and as a result lower maxdmum lift coefficients are needed. For cruise comfort it appears
minimum wing loadings in the range of 70 - 75 b/£tZ are acceptable which correspond to maximum lift
coefficients at landing of 4,5 - 5.0, as shown in Figure 3, These values are only slightly above levels
obtainable from efficient mechanical flap systems on unswept wings, so that the lift increments requir-
ed from power effects are quite small, It has been a primary objective of our research to achieve the
highest power -off lift performance to minimize the additional lift nceded from power effects as illustrat-
ed in Figure 12, This less extreme approach to powered lift STOL aircraft promises to alleviate the
severe problems of noise, stability and control particularly evident with STOL aircraft using very high
wing loadings.

High cruise speeds are not important for short range civil or military operations as their effects
on block time are minimal as shown in Figure 13, In fact at short ranges the major time savings of
STOL relative to CTOL arise from improved dispatch and ATC procedures,. Cost stucdies show that
once cruise speeds increase much beyond Mach 0, 72 direct operating costs of STOL aircraft begin to
rise rapidly as indicated in Figure 14, With these two considerations in mind it seems that cruise Mach
numbers of 0,72 - 0,75 are most appropriate for the missions in view, At such cruise speeds the newly
developed supercritical aerofoils will allow reasonably thick wings (about 13% t/c ratio) to be used with
unswept wings. Furthermore the use of an unswept wing provides higher maximum lift coefficients as
the lift penalties for sweep which follow a cosN A} (where 1< N < 2 and A H is hinge line sweep angle)
are avoided,

At the time this work commenced noise research was at an infant stage and the only sure way of
reducing noise was by reduction of jet velocity, It appeared that fan pressure ratios about 1,25 (V] <«
700 ft/ sec) would be acceptable provided fans with iow tip speed were used in conjunction with absorbers
in the inlet and exit ducting, This order of fan pressure ratio corresponds to bypass ratios of 8 - 15
depending on the core engine cycle. These parameters were used in conjunction with an installed thrust/
weight ratio of 0,45 and a wing loading of 75 Ib/ft2 to give the proportions of the research models used
in our aerodynamic research programs,

As noted in the Introduction this review will be limited to those high lift systems which can nse
high bypass engines, The systems to be described include the Internally Blown Flap, Externally Blown
Flap and Mechanical Flap combined with Thrust Vectoring.

- Two-Dimensional Testing

Our two-dimensional testing uses wings of two foot chord which completely span the six feet
height of the NAE 6’ x 9' low speed wind tunnel. The models are cantilevered from the tunnel balanc= at
one end with end plates at the extremities. No form of wall treatment is used, The lift coefficients a-e
based on the balance data which provides conservative estimates of sectional performance, Before
using in spanwise loading calculations the drag is usually corrected for finite aspect ratio effects and
end plate drag using corrections derived from previous drag measurements -wvith wake traverse tech-
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niques, This procedure has provided estimates of wing lift and drag which agrue closely with large-
scale, complete model tests.

Recent work on the IBF studied blown, slotted flaps as a means of reducing the bleed levels
required for a given lift coefficient, As noted in the REVIEW OF POWERED HIGH LIfT SYSTEMS
under 'Internally Blown Flap', this can be very important when conventional engines are used as the
source of blowing air for their thrust loss due to bleed is high, Typical slat, wing section, blowing
nozzle locatione and flap systems tested are shown in Figure 15, The model was blown from either a
single slot or any two slots as desired.

Some results of tests without a slat are shown in Figure 16 which gives the variation of maximum
1lift coefficient with blowing coefficient and nozzle location. The flap deflection angle shown was beyond
the value giving maximum lift with blowing-off, however, in the event of BLC failure sufficient lift re-
mains for acceptable aircraft characteristics, The li‘t performance was found most responsive to
blowing from the shroud tip or slightly ahead and at th. levels of blow appropriate to conventional en-
gines (.02 < € <, 04) there was little to choose between nozzles B and D, The performance of a
sealed flap is included for comparison and it is seen to be inferior at these low blowing coefficients, At
the blowing coefficients achievable with high bypass ratio three-stream engines (.08 < Cu < .12) the
blown, sealed, plain flap was found clearly superior,

Some results of tests on the same wing and flap system with slats are shown in Figure 17 which
shows the variation of maximum lift with blowing coefficient, The figure also includes comparative data
for blown single-slotted flaps, blown sealed flaps and a double-slotted flap with a moving vane which
allowed very large flap deflections, At zero blowing the multi-slotte2 7~ps were the most effective, with
the moving vane type giving highest values (CLmax = 5.6). To put these values in perspective we find
aircraft maximum lift coefficients in 1g stall are usually at least 80% of the two-dimensional value, so
that trimmed aircraft values of CLinax > 4.0 should be achievable with such flap systems on unswept
wings. Once blowing cleared up minor flow separations on the multi-slotted flaps their rate of growth of
lift with thrust was quite low in comparison with the sealrd and single-slotted flaps, Thus we found the
blown slotted flaps were superior for ,02 < Cu<,04, while once blowing exceeded about Cu = .08 the
sealed flaps again had the highest performance.

Clearly the engine technology available will decide the preferred flap system. If only convention-
al engines are available for blowing, a highly developed mechanical flap system without any blowing could
be preferable to a blown but simpler flap. If three-stream turbofan engines are available then the blown,
sealed flap could be competitive.

- Quasi Two-Dimensional Testing

Quasi two -dimensional testing of powered lift configurations can provide a simple, low cost
means of evaluating alternative nozzle locations, nozzle geometries and flap systems, It has been
particularly popular in Canada and two other papers at this meeting will discuss Quasi-2D results ob-
tained by other Canadian organizations, Furthermore if reliable methods can be developed for predicting
aircraft aerodynamics from the Quasi-2D results, considerable savings in time and c~st could be
achieved as preliminary work could use Quasi-2D models,

The Quasi-2D model used in our tests comprisel a two-dimensional wing and flap system with a
single, centrally mounted fan jet nacelle, Figure 18, Th= vertical and chordwise location of the nozzle
exit could be varied using offset and extension pieces, Th» nace'le could be fitted with plain circular
nozzles or bifurcated Pegasus-type vectoring nozzles for i,ve-iigations of EBF and MF/VT respectively,
The highest nozzle locations tested placed the jet far enough below the wing to avoid scrubbing on the
lower wing surface at cruise and also gave negligible impingement on the flaps at take-off deflections,
Although this reduced the lift increments available from FBF e fects it was felt acceptable due to the
high power-off lift performance,

Typical lift results for the EBF with . ible-slotted flaps and a leading edge slat are summarized
in Figure 19 for a representative landing configuration, All the high nozzle layouts tested had roughly
similar lift performance, although the high/forward location was marginally better in terms of maximum
lift coefficient. The lift with twin nozzles was not found significantly better than single nozzies which was
unexpected as they impinged upon a greater spanwise extent of flap,

Typical Quasi-2D lift and pitching moment values for an MT/V1 using vane double-slotted flaps
and leading edge slat are shown in Figure 20, This figure shows the effect of vector angle on maximum
1ift coefficient and pitching moment at zero incidence for three nozzle locations at approximately equal
gross thrust coefficients, At zero and negative jet deflectione the model experienced strong EBF effects
due to jet impingement of the flaps. As jet deflection was increased there was a minimum in lift and pit-
ching moments at about thirty degrees deflection. Beyond this deflection angle l.ft increased due to bene-
ficial interference and at about 90° deflection achieved a maximum value, At this noint the lift incre-
ment due to vectored thrust was about 80% of the increment for an EBF at the same gross thrust,
Typical deflection angles for an MF/VT STOL aircraft are about 60° - 70° and at these defiections the
lift increment was from 50 - 70% of the EBF values, with the high-aft locations most effective,
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As jet deflections were increased further lift coilapsed suddenly at about 110° deflection. Flow
visualization indicated that the jet had penetrated the stagnation streamline at the nose of the aerofoil at
which point the jet began to break up intermittently with some chunks passing over the wing. Although
‘heae deflection angles were beyond STOL requirements, this problem could be of importance for VTOL
aircraft vsing reversed jets for in-flight braking, In all cases tested the pitching moments of the
MF/VT were close to the moment of the vector of the gross thrust about the moment centre, The pitch-
ing mements of the MF/VT with aft deflector locations were found no greater than the EBF for deflec-
tion angles suitable for STOL (60°< 84<70°) and if critical they could be reduced using more forward de-

flector locations,

A simple procedure was developed for predicting threec.dimensional wing performance from the
Quasi-2D aerodynamics, The Quasi-2D values were treated as sectional data and input into a spanwise
loading calculation based on Multhopp's method, Although reservations were held about the theoretical
grounds for such a method, it was simple to apply and capable of further elaboration if the general
trends were found to be correct, Results of such calculations are shown in Figure 21 which compares
the performance of EBF and MF/VT with a power-off case. It is of interest to note that when both high
lift systems are constrained to the same approach angle and gross thrust coefficient the approach lift
coefficients are almost identical, However the EBF has greater incidence and 'g' margins due to its
increased maximum lift coefficient and higher stalling angle.

= Three-Dimensional Tests of IBF Models

Research into the aarodynamics of IBF aircraft used the model shown in Figure 22, This had an
unswept wing of aspect ratio eight with full span blowing and a re.ractable leading edge slat, The wing
was instrimented for measurements of spanwise and chcrdwise pressure distributions and the flap/
aileron break could be placed at any of three spanwise locations,

During the course of flaps up tests it was found that 93% of the measured static thrust of the BLC
was recovered while in addition, blowing i{~nded to reduce the induced drag factor slightly, Figure 23,
This appears to offer scope for blowing, systems which are left on at cruise rather than exhausting
through separate cruise propulsion nozzles. The resulting simplifications in valving and ducting could
be a worthwhile trade for the slight loss in cruise thrust which is involved,

Typical lift data at normal IBF levels of blow (C« = ,08) and at a highly overblown condition
(Ca = ,40) are shown in Figure 24, The stall of the model at both levele of blovww was characterized by a
gentle lift break without large lift losses or indication of wing dropping. Tests on large scale models of
the Augmentor -Wing with a leading edge slat have also shown similar stall behaviour to the IBF, In con-
trast data from RAE tests of the Jet Flap which did not have a leading edge slat, show evidence of a
sharp lift break and large lift losses at stall, It seems that the slat is the controlling influence and pro-
vided it does not stall first it can maintain acceptable stall characteristics up to very high lift coeffi-
cients and in the post stall region,

o Three-Dimensional Tests of EBF and MF/VT

Three-dimensional testing of EBF and MF/VT concepts used the model shown in Figure 25, This
had an unswept wing of aspect ratio eight, vane type double-slotted flaps and blown ailerons extending
over the outboard 25% of span. The model had a retractable leading edge slat and it used an aerofoil
suitable for cruise at 0,72 Mach number, Multi-tube ejectors were used to simulate the engine intake
and exit flows, and the effective bypass rutio was about 8ix to one, The nacelles could be fitted with
various exit nozzles to simulate EBF, thrust vectoring and reverser arrangements, The nacelles had
various chordwise and spanwise locations relative to the wing,

Typical results for an EBF with landing flap deflection (8F = 55°) and nacelles in a high-
forward location are summarized in Figure 26, The values predicted from Quasi-2D tests are also
shown for comparison. Generally agreement was found to be good on lift, although at low thrusts the
3D model appeared to suffer more from nacrlle -wing interic ‘enc : than the Quasi-2D tests due to the
relatively larger nacelle size., The axial force coefficients showed almost identical trends with thrust
increase although there was a constant displacement of 8ACp 2 ,1 between them, The discrepancies
in axial force may be due to the half model test technique and the large model dimensions relative to the
tunnel cross-section. Subsequent complete model tests in larger wind tunnels should clarify this prob-
lem. A comparison of pitching moments shows measured values to be substantially less than predictions,
due in part to different locations of the moment reference centre,

The agreement between measured and predicted aerodynamics of the EBF was generally good,
This indicates that for preliminary project evaluation purposes predictions based on Quasgi-2D duta
appear adequate,

- Aerodynamic Comparisons of Hioh Lift Systems

The influence of thrust (or blowing) coefficient on maximum lift coefficient is shown in Figure 27
for examples of IBF, EBF, MF/VT and slipstream deflection based on models tested by de Havilland
Canada, All of these models had leading edge slat; and they were tested at similar Reynolds numbers,
The figure also contains values for the Jet Flar, reference 24, Augmentor-Wing, reference 14, USB,
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reference 19, and a more extreme form of EBF from reference 25, The achievermnent of 2000 ft STOL
performance at wing loadings of 70 - 75 b/ ft2 requires maximum lift coefficients of 4.5 - 5,0 and
the following comments about the relative performance of the high lift systems are made with this
target in minA.

The IBF has the nighest performance at low levels of blowing, requiring only attachment blowing
{Cau = ,07) to *‘chieve the target lift coefficients. At higher levels of blowing (Cu > . 4) the IBF results
fair into the Jet Flap values, Thereafter the Jet Flap has the highest lift performance although the lift
coefficients are now beyond the range of our interest. The EBF and MF/VT layouts tes:ed by de Havil-
land achieve the target maximum lift coefficiente at thrust coefficients about 0.3 and 0,55 respectively,
which are about half the thrust levels needed by more extreme EBF's using less sophieticated flaps,

The ability to generate drag restricts the amount of usable thrust in a landing approach, Hence a
simple comparison of CLmax is insufficient to expose the merits of each high lift systum and ultimately
a full simulation of “he landing is desirable. For present purposes the landing approach conditions will
be uszed as a measure of the potential of each concept, Such a comparison is shown in Figure 28 which
assumes an approach angle of 7 1/2° and a margin of 35% between maximum lift coefficients and usable
values to allow for margins for gusts, trim and normal acceleration for flaring purposes. Our civil
STOL studies in support of DHC-7 indicate that operation into 2000 ft STOLports is feasible at an
approach speed of 80 kts provided advanced lift spoiling and braking systems are employed, The wing
loading scale for 2000 ft STOLport opuration shown on the right hand side of Figure 28 was constructed
using this approach speed.

The EBF arrangements are capable of operating at wing loadings of 70 -~ 75 b/ £t2, but to obtain
higher values will require more powerful drag producing devices or the use of shallower approaches so
that increased thrust can be used. The MF/VT's can operate at wing loadings of 75 - 80 Ib/ £t2 with low
deflection angles (60° . 70°) and low approach thrust/./eight ratios (. 15<T/W<.20). Operation at
higher wing loadings with MF/VT simply requires increased thrust and larger deflection angles; values
of 90 1b/ft4 can be obtained using 80° of deflection and an approach T/W of 0,25, This probably repre-
sents an upper limit on wing loading for the MF/VT as the approach T/W ratio becomes unduly high
relative to total installed values and engine failure will become critical, The IBF blown to attachment
levels achieves wing loadings of 75 1b/ ft2 without any supplement from thrust deflection, If thrust de-
flection is used, an angle about 85° is required due to the low drag of the IBF. With thrust deflection
and attachment blowing the IBF can achieve wing loadings of 90 Ib/ ft2 using approach T/W's about 0, 22,
Alternatively a highly overblown IBF (Cu ®. 23) could achieve wing loadings of 90 1b/t2 without needing
any supplement from thrust vectoring.

Pitching moments are another critical aerodynamic consideration as they determine the trim-
ming lift loss, tail area and tail lift coefficient requirements. The pitching moments at 5° incidence are
shown as functions of blowing coefficients for the IBF, MF/VT anc EBF in Figure 29, At thrust
coefficients correspondiag to a wing loading of 75 1b/ft2 the differences between the pitching moments
of each type are quite small, hence trim lift losses will be similar, A comparison with deflected slip-
strearn shows generally similar values of pitching moments so that tail volumes and lift coefficient
requirements should be similar to our existing propeller driven types, Downwash surveys at the tail
location of the EBF indicate that a moving tailplane will be needed to encompass the large range of flow
angles (seec conference paper by R, H, Wickens),

- Design Study Comparisons

Aircraft design studies play an essential role in evaluating new high lift concepts. They are,
nevertheless, no better than the quality of their basic assumptions, the uniformity of their aerodynamic
data. base and the degree of ingenuity and motivation unsed in solving critical problem areas, An interest-
ing by -product of this situation are the weird designs which sometimes result when organizations pro-
moting one type of high lift system do studies of competing concepts, Following that recital of reserva-
tions about design studies in general a brief review ‘ollows of our design studies of aircraft with EBF,
MF/VT and IBF/VT high lift sysiems,

The application considered was for a STOL transport aircraft suitable as a turbofan powered
follow-on to the DHC -7 and the Buffalo tactical transport, The design mission selected was to carry a
payload equivalent to forty-eight passengers over a range of 300 nm cruising at 0,7 Mach number at
25,000 ft with full IFR reserves, The aircraft were sized to operate from 2000 ft STOLports on a 90°F
day at sea level using civil operating rules, This corresponds aps>roximately to a military STOL field
size of 1300 ft in standard day sea level -onditions and 1700 ft on a 90°F day at sea level conditions
which is equivalent to the Buffalo performance,

The aerodynamics of the EBF were estimated from Quasi-2D data as discussed previously, The
MF/VT values were based on the power -off values for the EBF, Subsequent 3-D tests showed the EBF
aerod/namics satisfactory while the MF/VT values were conservative as no allowance was made for
benef cial lift interference, The acrodynamics of the IBF/VT were derived from the 3-D model tests
and no allowance was included for favourable interference between the wing and the deflected jets,

The powerplant performance of the EBF and MF/VT were based on turbofan engines of six-to-one
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bypass ratio with fans of 1.5 pressure ratio, The powerplant performence of the IBF/VT was based on
the same core engine cycle and fan pressure ratio but bypass ratio was reduced to allow for permanent
bleed extraction for IBF purposes. The engine weights and performance also included allowances for
sound treatment to the intake and exit duct walls., Although this installation could meet FAR 36 noise
levels with large margins, further silencing would be required to meet the civil STOL target n.ise
level of 95 PNAB at 500 ft, Based on recent NASA funded studies, references 26 and 27, it appears this
target noise level could be achieved with fans of pressure ratio about 1, 25 with intake ¢ \d exit treatment
of the kind shown in Figure 30, A noise footprint for an EBF powered by such engines is compared with
the DHC -7 estimates in Figure 31,

The results of the parametric studies are summarized in Figure 32, The spread of designs
shown for the EBF and MF/VT were obtained by varying the sophistication of the flaps from vane-type
double-slotted flaps to double-slotted flaps with large chord extension. The IBF/VT is a point design
using attachment blowing levels, In all cases the engines were scaled and wing loadings selected to
minimize take-off gross weight consistent with the mission and field performance requirements, A
typical case is shown in Figure 33 for an EBF configuration with vane-double-slotted flape and the
corresponding aircraft layout is shown in Figure 34,

Each high lift system optimized at cuite different wing loadings, although the spread of thrust/
weight ratios was not large, The EBF wich vane-double -slotted flaps had the lightest wing loading,
72 1b/ ftz, and the IBF/VT the highest a* 92 b/ft2, The first costs of the aircraft showed little spread
(+ 3% about the mean) as savings in s‘ructure 'veight and cost were usually offset by increases in engine
related items, Direct operating costs for the IBF/VT and EBF show small differences (6%) in favour of
the EBF which may be a significant factor for airline operations,

The design studies indicated that all the high lift systems were technically feasible for the
mission considered and c'.pable of exceeding the minimum levels of wing loading. The cost differences
found are sufficiently small that external requirements are expected to play an important role in select-
ing a preferred high lift system, Such considerations could include the ability to use existing engines or
the degree of modification required and the complexity and ease of maintenance of the high lift system,
These remarks are probably ouly valid for civil STOL aircraft below about 70,000 Ib maximum gross
weight and military aircraft where noise is not a dominant consideration, In the case of larger, civil
STOL aircraft noise has a much greater impact on engine choice and high lift system requirements and
the options maynot be so open,

- Research into Flow Prediction Methods

The objective of this research was to develop a method using digital computers to predict the
flow about mutually interfering 3-dimensional bodies of arbitrary shape at subcritical speeds, The
method is basically similar to that of Rubbert and Saaris, reference 29, using a combination of source
panels and horseshoe vortices to represent the shape and lift effects,

The basis of the method is to find a solution to Laplace's equation in three dimensions which
satisfies the boundary conditions that on the body the flow should be tangential to the surface and at
large distances away it should tend to free stream velocity, The idealization used is illustrated in
Figure 35, The body surface is broken into small quadrilateral panels each with uniform source density,
In the wake behind the body there are trailing vortices whose direction is related empirically to the
flap deflectior., The vortex system is extended within the body with the chordwise gradation of strength
prescribed. Application of the boundary conditior s then leads to a system of integral equations which
are solved numerically to give the strengths of the singularities, Once these are known it is a simple
matter to calculate surface velocities and hence pressure coefficients and loads,

An interesting application of this method was the prediction of loads on a wing with internally
blown flaps. When the IBF is blown to attachment levels boundary layer effects are suppressed and
flow about the wing closely approaches the potential flow situation, During research into the IBF concept,
pressure data were obtained for cascs with the wing alone, flaps d:flected and without the leading edge
slat, so selected cases were modelled using the potential flow program, The wing was modelled using
320 panels and eight multi-horseshoe vortices per side, the flap deflection angle was 20°, Some experi-
mentation was needed to define a suitable chordwise distribution of internal vorticity and the direction
of the trailing vortices, although overall results were not fornd unduly sensitive to these parameters,

3 i The spanwise loadings from experiment and -alculations are compared in Figure 36 and typical
3 ] chordwise loadings in Figure 37. The agreement between the measured and calculated values are gener-
; ally good. The calculation took 20 minutee of C. P,U, time on an IBM 360, which compares favourably
with values quoted elsewhere for problems of this size, see Figure 38 and reference 30,

e

CONCLUDING REMARKS
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The research program described is very broadly based, Its general objectives are directed to-
wards the development of powered high lift systems for future turbofan powered STOL transport aircraft
! suitable for operation irio urban airports or for military tactical supply rcles, These applications em-
phasize the need for quieiness, moderately high subsonic cruise speeds, STOL performance and steep
gradient capabllities,
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It appears that these qualities can be provided without substantial penalties by several powered
high lift systems including internally blown flaps, externally blown flaps and mechanical flaps combined
with vectored thrust. In all applications high bypass ratio powerplants are needed to mect noise require-
ments, to give low fuel consumption and provide the high ratio of static to cruise thrust needed with
STOL aircraft, Based on present asrodynamic data there is little to choose between the aforementioned
Greater resolution may be possible using improved aerodynamics and research is
continuing to establish a better base for each system. At this time it appears that external factors such
as the availability of suitable engines and the complexity and maintainability of the high lift system will
be powerful influences in selecting a preferred high lift system.
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PREDICTING THE MAXIMUM LIFT OF JET-FLAPPED WINGS

David J. Moorhouse

Alr Porce Flight Dynamics Laboratory
Wright-Patterson AYB, Ohio 45433, USA

The objective of this paper is to discuss the prediction of the maximun 1lift of jet-flap configura
tions. This objective is accomplished in three parts, as follows:

1)

(11)
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Subscripts:

Based on the assumption of a leading-edge stall, a theorstical expression is developed for
the two-dimensional increment in maximum 1ift due to blowing. This extends previous work
and includes additional terms compared to the previously published work.

The maximum lift of finite-aspect-ratio jet-flapped wings is shown to be a three-dimensional
phenomsnon. Corrections are applied to the two-dimensional theory to develop a procedure
for predicting the increments in maximum 1lift due to blowing on finite-aspect-ratio vings
vith jet flaps. This procedure shows excellent agreement with measured results on various
jet-flap concepts including pure jet flaps, internally blown flaps, externally blown flaps
snd upper surfuce blown flaps. More isportantly, the results are independent of the actual
presence of a leading-edge stall.

The effect of jet-flap blowing on boundary layer separation criteria is discussed. Prelimi-
nary results indicate that the well-known Stratford criterion is equally applicable to jet-
flapped configurations.

LIST OF SYMBOLS

Aspect ratio

Coefficients in a Fourier series (Equation 1)
Momentum flux coefficient

Two-dimensional 1lift coefficient
Three-dimensional lift coefficient

Pressure coefficient

GCross thrust coefficient

Coefficients in a Fourier series (Equatiom 1)
Leading-edge pressure gradient parameter
Part span flap factor

Reynolds number

Chordwise distance, fraction of chord
Angle of attack, rads.

Power-on stall angle of attack, rads.

Denotes an incremental quantity

Effective jet deflection angle, rads.
Function of chordwise position, x = sinZe
Ef ficiency factor

Flap chord ratio

Maximum

Power-off conditions

Power-on conditions
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Special:

ac «) Increment in two-dimensional maximum lift due to >lcwing
lmax
aG q) Increment in three-dimensional maximum 1ift due to blowing
ACL"“((“‘) Increment in three-dimensional maximum lift due to blowing on full-span flaps

1. INTRODUCTION

In aircraft design determination of 1ift characteristics including maximum 1ift is required on
different levels. For preliminary design a technique is desired which is simple to use. For detailed
analysis more complexity can be accepted, usually computerized. In this paper both of these requirements
are considered for jet-flap configurations. 'Jet flap" is used as a generic term to cover various
powered-1ift concepts which use a jet of alr to increase circulation lift. 3Some of these concepts are
11lustrated in Figure 1.

A theory of the "jet flap" was introduced many years ago and many attempts have beea made to improve
the details. This potential flow theory 1s unable to represent the maxiwum 1lift of jet flaps, however,
for which no theory presently exists. Maximum 1ift is a viscous phenomenon, therefore calculation of the
absolute level of 1ift requires consideration of boundary layer separation with the possible influences
of jet-flap blowing. An accepted correlation technique is to assume that stall occurs at the leading
edge. It is then possible to relate the power-on maximum 1lift to the power-off value. The technique used
was first suggested by Foster (Reference 1) who compared the loading on the oasic unflapped, unpowered
airfoil with that on a jet-flapped airfoil. Methods are available to predict the unpovered lift character-
istics of wings with leading-edge and trailing-edge flaps, it is felt, therefore, that the design require-
ment is for methods to predict the effects of power on a given configuration. That is the approach taken
by the present author in this paper and also in Reference 2. The result given in Reference 2 for externally
blown flap configurations is extended in this paper and it is also skown to apply to a variety of jet-flap

concepts.

Spence's basic theory for jet flaps is a linear, small perturbation theory (Reference J). It is
found, however, that its range of applicability is greater than might be expected. In the present paper
Spence's theory 1s assumed to apply to all "jet flap" concepts. The governing parameters are taken to
be the effective trailing-edge momentum coefficient and the effective jet deflection angle. These parameters
are defined by static power-on tests which give the direction of the resultant force and the efficiency
factor (resultant force/unit thrust) as a function of flap deflection. The effective jet deflection angle
is then given by the direction of the resultant force; the effective trailing-edge momentum coefficient
18 defined as the effi:iency factor times the gross thrust coefficlent. For design work these terms
would not be known for a new configuration. Correlations of some typical results are given in an Appendix.

2. TWO-DIMCNSIONAL THEORY

The development herein follows that of Foster (Reference 1) except that no initial approximations are
made apart from the ones implicit in the basic jet-flap theory. Using linear theory the same result is
obtained considering either the loading or the pressure gradient. In either case it is recognized that
there are additional terms due to airfoil thickness, camber, etc. Tiese terms are assumed to be independent
of jet-flap blowing and do not affect the incremental values.

With the substitution x = sine Spence (Reference 3) gives the loading on a jet-flapped airfoll as

cos (¢ +X/2! )

-AC_ = (40 +ﬂ) cot € +£ log
P n "

08 (e - */2)
i 1 - cosc\"
+_ b (aBy + 5Dg) (1 - cose) + (aB, + 6D,) (____) (1)
sin’e 21 1 + cose

The first two terms =e7.esent the power-off loading. Differentiating these terms with respect to
chordwise station, x, gives the power-off pressure gradient,

ﬂﬂ) - 20 + 26y )+ 468in? X/gy - = & ]
- 26 sin‘e {sin(e + */2) sin{e 2)
(ax ¢,=0 sin’ecose ( n) 2n (cos(e +X/2)  cos(e - X/2)>J (2)

Both the loading and the pressure gradient are infinite at the leading edge. In order to consider
conditions in the vicinity of the leading edge, therefore, a parameter is required involving pressure
gradient and Shordwise distance to eliminate this singularity. This can be conveniently taken to be
sinle cos ¢ (—%’[—) such that a leading-edge pressure gradient parameter, G, is defined as

Ge= limit { sin’e cose (g—(;f-)}

€0

Gg, . o = lmit 20 + 26 + 268in% |sin(e + */2) - sin(c - X/2)
e €+o n n cos(e + X/2)  cos(c - X/2)

ch_o-20+m (3)
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Substituting the sxpression C; = 2wa + 48x into Equation (3) yields

GG o o= 3 (€ - 280 @

It 1s assumed that stall occurs at some particular value of G, {.e., Ggay, such that
Guax = = (c1 - 26x) s)
G =0 = 0

From Equation (1) the additional pressure gradient terms due to power are:

-ac, = uﬁ [(qno + 6Dy)(1 - cos €) + l% (aB, + cnn)(i:_zzz_) o (6)

Differentiating term by term with respect to x, and evaluating the leading-edge pressure gradient
paramester gives

4G = (aB, + 6D,) + (L}ﬂ) )

and all subsequent terms in the Fourier series tend to zero as ¢ tends to zero.

Adding Equations (4) and (7) the full leading-edge pressure gradient parameter is obtained for the
power-on conditions in terms of the 1lift coefficient as
G .%[cl - %6 - In (aBy + 6Dg) +% (aB, + sq)]

Stall is egain assumed to occur at a particular value of the pressure gradient parameter and at th.
power-on stall angle of attack, then

(o .%[Clnx - 26 - 3n (ag By + 6D,) +§ (ag,B + 6[)1)] (8)
] U

Since it is assumed that power-on stall occurs at the same value of pressure gradient as power-off stall,
then

c-nx - C‘ll
G wo ¥
and C) - %6 =Cy - 2x6 - 3n (ag,Bo + 6D) + 5 (ag By + D))
Q=0 g
Thus,
8C1 ., (G) = 31 (o5 B, + Do) = (a5 B + 6D)) 9)

Equation (9) indicates that the increment in maximum 1ift due to blowing is a function of four
Fourier coefficients, the effective jet flap deflection angle, and the power-on stall angle of attack.
It is more useful, however, to relate this expression to the power-off stall sngle of attack. The
required relationship is obtained from the idealized stall characteristics shown in Figure 2. Thus

s, - o5, = 2010%5,) - 801, (5)

[
1
% -0
wvhicn gives
a%_ Gso _ (200 + Dl)ﬁ (10)
Bo , By (4 + 2B, + B))
1+ b +

This result is now substituted into Equation (9) to give the final result

2 4

in
801 y(G) = 1+ Ba o B [uso(ﬁo - "_l) i 6(00 + Dgnx - ngn S %_ﬂ (11)

Z ="

This equation may be compared with previous work (References 1 and 2) which neglected sll Fourier
coefficients except B, and D,. Reference 2 gave the result:

3
acy () = 1 +"3° [Bo as, + D, 6] (12)

Thus, the exact theoretical express.on contains two additional coefficients, the effect of which is to
reduce the predicted value of the maximum 1ift increment.

Figure 3 shows a comparison of values predicted using the approximate Equation (12) with measured
values from Reference 4. The agreement is poor and it can be seen that the theory considerably
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under-predicts the measured values. Qualitatively, the additional terms in Equation (11) reduce the
predicted values by approximately 15 worsening the comparison shown in Figure 3. Thus, at this point
there is a theoretical expression based on a leading-edge stall which shows poor agreement with experi-
ment. In practice, also, leading-edge devices would probably be used to suppress leading-edge stall
which tends to violate the basic assumption. Two alternatives ave available - to attempt an empirical
correlation or to examine different theoretical approaches. A correlation of three-dimensional results
has been achieved based on the approximate Equation (12) (Section 3). Section 4 is a very preliminary
consideration of s different theoretical approach.

3. THREE-DIMZASIONAL LIPT COEFFICIENT

The application of the two-dimensional theory to three-dimensional wings is subject to interpreta-
tion whether the full or the approximate expression is used. Reference 1 implied that the increment
in three-dimensional maximum lift is equal to the increment in two-dimensional maximum lift, a result
wvhich assumes an elliptical 1ifc distribution with the two-dimensional increment in maximum 1ift being
achieved at each spanwise station, and

8¢, (G) = acy, (G) (13(a))

Refere.ce 2 postulated that, at least for externally blown flaps, the effect of power is to cause
a departure i1rom an :1liptical 1lift distribution. The result indicated by Equation (13(a)) therefore
cannot be achieved; rather it requires a correction for three-dimensional effects - a premise now used
for all jet-flap concepts. One approach could be an empirical correlation of experimental data using an
assumed form of correction factor. Reference 5 developed a correction for three-~dimensional effects
using a lifting line theory which is not convenient for design work. Maskeil and Spence (Reference 6)
developed a factor to correct two-dimensional lift for finite aspect ratio, assuming an elliptical 1lift
distribution. As a convenience, this factor was applied to the increment in 1ift at a particular power
coefficient by the present author (Reference 2) and this approach is continued here. The three-dimensional
increment in maximum lift is given by

ac! _(c,) = ac ) AR +0.637 Cy 12 )
lnax % loax' % R +2+0.604 €3 +0.876 C

Using Equation (12) increments in maximum lift coefficlent predicted by both Equations (13(a) and
13(b) were compared with measured maximum 1ift increments for rectangular wings of different aspect
ratios with full-span pure jet flaps (References 7 and 8). Figure 4 indicates that both approaches
significantly underestimate the measured increments. There is an effect of aspect ratio on the measured
increments in maximum 1ift, Equation 13(b) does indeed collapse values for different aspect ratios close
to a straight line. This result is supported especially by the recults for the configuration with endplates
which change only the effective aspect ratio. The conclusion is that the increase in maximum 1lift due
to blowing is a three~-dimensional phenomenon and the eemi-empirical correction factor of Equation 13(b)
adequately represents this phenomenon - at least for aspect ratios greater than three.

Contrary to "normal" expectations the measured results show considerably higher increments in maxi-
mum lift due to blowing than are predicted. The results tend tuv collapse the total results to a single
straight line, however, therefore a simple multiplier can thus be used to match the theoretical values
to the measured results. With this multiplier the empirical expression for the increment in three-
dimensional maximum 1ift coefficient due to blowing becomes

Bo“Su + Dgé

ag!  (G) = 5.57 | ——p— R + 0.637¢y a0
Lmax & 1+ g R +2+0.604 /T + 0.876 Cy

One more factor to be accounted for is the effect of part-span blowing, which includes configura-
tions with discrete blowing such as externally blown flaps. It is assumed that the span of the physical
flap 1s the governing parameter, which is accounted for using the unpowered part-span flap factor defined
in Reference 9, and reproduced in Appendix A. This factor is further assumed to apply only to the circula-
tion portion of the lift and not to the direct tarust component which is C;(a + 6) in Spence's theory.
Thus Equation (14) defines the 1lift increment for a full-span flap, ACLWQCU), and the increment ‘n maxi-
mum 1ift for the part-span flap is defined by

1B = 1 [ 80, (6) - CyCog, + 0] + cjas, +6) (15)

The effect of this part-span flap correction is illustrated in Figure 5 by comparing to test results
from both externally blown flaps (Reference 10) and purc jet flaps (References 7 and 11). This figure
demonstrates that Equation (15) provides excellent correlation of the part-span flap effects for two
seemingly very different configurations. Also it shows excellent agreement with the magnitude of the
maximum 1ift increments produced by the enpirical factor introduced in Equation (14).

In Equation (15), the power-on stall angle of attack, ag , should be used and the last term should
therefore be C,; sin (ag + &) to remove the small angle approgimation. With the empiricismr alvesdy
introduced, however, thé approximations used to develop Equation (15) are felt to be justified.

Equations (14) and (15) combine to form a unique prediction technique. Figure 6 shows the results
of applying this technique to a variety of dirferent jet-flap concepts (References 7,8, 10-16). Excellent
agreement is shown between the predicted and measured values, demonstrating the effectiveness of the
technique in predicting the increment in maxdmum 1ift coefficient developed by powered-l1ift systems.
Although the theory is based on the assumption of a leading-edge stall, the final correlation does not
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depend on this and applies to configurations both with or without leading-edge devices. The final
result is also independent of sweep angle.

4. INFLUENCE OF JET-FLAP BLOWING ON BOUNDARY LAYER SEPARATION

The correlation technique that has been presented is adequate for preliminary design analysis. A
more rigorous analysis of jet-flap maximum 1ift characteristics will probably require consideration of
boundary layer separation. A first question 1is whether the separation mechanism 18 affected by jet-flap
blowing -~ addressed by considering separation criteria. One well-known criterion 18 the one by
Stratford (Reference 17) which 1s expressed as

l/: '1/10 >
¢, (xﬁ) (m" Reo) 2 0.39 (16)
3x

i.e., separation is present when the left hand eide of the sbove equation is equal to or exceeds 0.39.

Reference 4 presents measured pressure distributions at a particular angle of attack; Stratford's
criterion has been assessed for these distributions. For the power-off data, the left hand side of
Equation (16) is always less than 0.39 indicating that there should be no separation. This 18 confirmed
by the 11ft data. For the power-on data, the angle of attack is very close to the stall angle of attack
and the left hand side of Equation (16) exceeds 0.39 very close to the leading edge, thereby indicating
geparated flow. The existence of separation before maximum lift is reached is also in qualitative agree-
ment with the description of stalling characteristics given in Reference 4. Thus. preliminary results
indicete the possibility of using conventional separation criteria to predict the boundary layer separa-
tion c¢f jet flap configurations.

5. CONCLUSIONS

A theoretical expression for the increment in maximum 1ift due to blowing on jet-flapped airfoils
was obtained that was based on the assumption of a leading-edge stall. Comparisons with measured two-
dimensional results show poor correlation. For practical application a three-dimensional theory is
required, therefore with suitable corrections for finite-aspect-ratio and part-span flaps, an expression
was developed for the three-dimensional maximum 1lift increment due to blowing at a constant flap deflec-
tion. This expression shows excellent agreement with measured results for pure jet flaps, internally
blown flaps, externally blown flaps and upper surface blown flaps. The results are also independent
of the actual presence of a leading-edge stall, independent of the sweep angle and applicable to aspect
ratios greater than approximately three.

Preliminary results indicate that the Stratford cricerion for boundary layer separation is also

applicable to jet-flapped configurations. It is assumed that this approach would be combined with
sophisticated techniques for computing the pressure distribution.
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APPENDIX A

PARAMETERS REQUIRED TO CALCULATE MAXIMUM LIFT

The prediction mothod presented in this paper contains two parameters, the efficiency factor and the
effective jet deflection angle, which are functions of the configuration. Values for these parameters
X would not be known for a new configuration. For completeness, this Appendix presents correlations of

By measured values of these parameters suitable for preliminary design work. Figure A.l presents typical

5 values of the efficiency factor for each of the powered lift concepts under consideration, taken from
References Al, 7, 8 and 16. The efficiency factor of externally blown flap and upper-surface blown flap
configurations is based on gross engine thrust. For pure jet flap and internally blown flap configurations
the engine air is ducted through the wing, with resulting losses. The efficiency factor of the pure jet
flap 1s unity based on the momentum flux coefficient available at the wing trailing edge. The efficiency

?‘1 factor of the internally blown flap is similarly based on the momentum flux coefficient at the knee of
the flap. Figure A.2 presents a correlation of effective jet deflection angle for externally blown flap
configurations (Reference A.l). For practical internally blown and upper surface hlown flap configurations
the effective jet deflection angle can be taken to be the angle of the upper surface of the flap.

Other required parameters are published in the literature but are reproduced here for convenience.

Figure A.3 presents Spence's Fourier coefficients B, and Dy (Reference 3). Figure A.4 presents the part
span flap factor, K,, Reference 9.

REFERENCE
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WIND TUNNEL INVESTIGATION OF THREE
POWERED-LIFT STOL CONCEPTS

R. F. Osborn
and
G. S. Oates

Air Force Flight Dynamics Laboratory
Wright-Patterson AFB, Ohio 45433, USA

SUMMARY

The results of a comprehensive, parametric wind tunnel investigation of three STOL concepts;
the externally blown jet flap (EBF), internally blown jet flap (IBF) and the mechanical flap/vectored
thrust (MF/VT) are presented. Wind tunnel model characteristics are shown along with details of the
high 1ift devices tested.

The effect of engine location is discussed and 18 shown to be the dominant factor in EBF
and MF/VT powered 1ift performance. Wing sweep and aspect ratio effects on lifting performance are
also addressed.

Performance in ground effect is briefly discussed, utilizing the test data collected.
Incremental changes in the 11ft, drag and pitching moment characteristics resulting from in-ground
effect operation are explained.

Finally, a comparison of the aerodynamic performance of the three powered lift systems 1is
rade and future research topics suggested.

NOTATION
AR Aspect ratio, b?/s
b Wing span
C Wing chord
CD Drag coefficient
Cj Thrust coefficlent
CL Lift coefficient
Cu Boundary layer control momentum coefficient
CIn Pitching moment coefficient
Dj Jet engine nozzle diameter
DSF Double slotted flap
h Height of wing above ground plane
h/b Wing height to span ratio
R Radius of jet plume at flap trai’ing edge
S Wing area
SSF Single slotted flap
TSF Triple slotted flap
ZF Distance flap trailing edge extends into jet plume perpendict .ar to engine centerline
a Angle of attack
§ Deflection angle
SLE Leading edge deflection
Gf Flap deflection
dj Jet deflection
¢ Effective jet turning angle
A /4 Quarter chord sweep
INTRODUCTION

In planning documents issued in late 1969 and early 1970 the United States Air Force (USAF)
identified the mission area of tactical airlift as becoming increasingly critical. Largely due to the
increased attrition rate of the USAF tactical transport inventory, Tactical Air Command (TAC) had
substantiated requirements for new transport aircraft. A portion of these requirements was replacement
of C~123 and C-7 aircraft that, for various reasons, were no longer available. Additionally, the
workhorse C-130 fleet was becoming increasing aged, and a future replacement for this aircraft was
required.

The principal need in accomplishing tactical airlift mission responsibilities is the
capability to provide responsive and reliable airlift support during both assault and logistic operations.
This can be accomplished under the widest possible set of conditions by having a tactical airlift
capability with minimum dependence on prepared airfields. A short takeoff and landing (STOL) aircraft
can provide this operational independence and, if turbofan-configured, can provide the rapid response
(high subsonic cruise speed) desired.
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With these requirements in mind, the Air Force Flight Dynamics Laboratory (AFFDL) began the
formulation of a technology program with the objective of obtaining extensive parametric design data for
the most promising STOL concepts. For many years, various schemes to obtain high lift coefficients for
takeoff and landing operations have been pursued. The objectives of these programs, for the most part,
have been to explore the general areas of performance and stability and control, with emphasis on
finding solutions to configuration-oriented problems, with the result that the overall feasibility of
the concept has proven difficult to assess.

By 1971 a number of high 1ift concepts had been proposed and investigated to some extent, as
appropriate for incorporation on a Medium STOL Transport (MST). These included externally blown flaps
(EBF), internally blown flaps (IBF), mechanical flaps (MF), mechanical flaps with vectored thrust (MF/VT),
deflected slipstream, direct jet or fan lift, tilt wing and boundary layer control (BLC) devices. Of
these concepts, the tilt wing and the deflected slipstream were configured with propellers and cross-
shafting systems, examples being the Brequet 940 and 941, the Ling Temco Vought XC-142, the Canadair
CX-84 and the Shin Meiwa PS-1 (not cross-shafted). Due to a preference for turbofan propulsion and
the relatively low cruising speeds assoclated with propeller concepts, these were dropped from considera-
tion as candidates for the future USAF MST. An analysis of the state-of-the-art and of the relative
progress Nf technology in the area of purely mechanical high 1ift devices indicated that useable lift
coefficiencs on the order of 2.5 (maximum lift coefficients of about 4.0) were the approximate limit
of capability. However, if the mechanical flap is combined with vectored thrust, the useable 1ift can
be approximately doubled. Investigation of the technological status of the IBF concept revealed that
considerable effort was being expended on the augmentor wing (a very specific type of IBF system) and
that in view of the limited funds, coupled with the National Aeronautic and Space Administration's
(NASA) rather extensive augmentor wing program, the AFFDL would concentrate on non~augmentor wing IBF
concepts. The three concepts that were finally selected for generalized analyses as having the highest
potential for application to the MST were:

1. MF/VT - This system has normal force components due to conventional wing lift and engine
thrust vectoring independent of the wing lifting system.

2. 1BF - This system has normal force components due to conventional wing lift, vectored
thrust and augmented wing lift via high energy blowing ove: the extended flap through
a duct system internal to the wing.

3. EBF - This system has normal force components due to conventional wing 1ift, deflected
thrust and augmented wing lift via high energy external blowing through the extended
flap system.

It should also be pointed out that since this concept selection was made, another configura-
tion holding high promise has surfaced, i.e., upper surface blowing (USB). This concept is actually
another variation of the EBF concept, but it does possess significant differences whirh require
separate Iinvestigation. In this concept, engine exhaust air travels over the upper surface of the wing
until turned, in a Coanda fashion, over the deflected large radius flap. The concept is now being
employed on one of the USAF Advanced Medium STOL Transport (AMST) prototypes, but it was not generally
known in 1971 and was not investigated in the AFFDL STOL technology program.

The STOL Tactical Aircraft Investigation (STAL) program initiated by the AFFDL in mid-1971
consisted of configuration design 1’2’3 prediction technique development“’5'6'7 establishment of
STOL criteria, wind tunnel teatinge’g'l , ground-based flight simulation and flight control technology
development.

The contracting plan for the program was that each of the three concepts would be investigated
by two different contractors. This allowed for better coverage of each concept and assisted the AFFDL
in tracking the overall program. The contract definition phase then resulted in an award to General
Dynamics/Convair (San Diego) to investigate all three concepts; a contract to Boeing to inves*igate
the MF/VT and IBF; and a contract to Rockwell International (Los Angeles Aircraft Division) to
investigate the EBF. Since the purpose of this paper is to discuss the wind tunnel results only,
further discussion will now be limited to that area of the AFFDL STOL technology program.

This portion of the overall effort involved extensive small scale wind tunnel tests of each
selected high 1ift concept. Slightly over 2300 hours of testing was conducted In three facilities:
728 hours in the Boeing/Vertol 20 x 20 ft V/STOL wind tunnel, 509 hours in the Lockheed-Georgia 16 x 23
ft V/STOL wind tunne) and 1087 hours in the Convair/San Diego 8 x 12 ft low speed wind tunnel. The
primary objective of this effort was to extend STOL wind tunnel testing into new areas and to close the
gaps in existing test data for the three high 1ift concepts. Gaps in the existing data and areas
requiring new testing were identified through development of the design compendium and the baseline
configuration study which were other efforts within the STOL technology program. The models used in
the wind tunnel tests possessed a high degree of parametric flexibility which allowed significant
variations in their general characteristics. A typical model 1is shown in Figure 1. Parametric data
was generated in sufficient detail to allow an accurate assessment of each concept to be made for a
given mission. The principal parameters varied were:

Wing sweep

Aspect ratlo

Trailing edge flaps (span, deflection, slots, etc.)
Leading edge devices and boundary layer control (BLC)
Nacelle location and multi-engine nacelles

Thrust coefficient

Asymmetric thrust and engine orientation

Tail surfaces or downwash rake location
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An area which was considered to be important was the effect of close proximity to the ground
on the aerodynamic coefficients. To ensure that these effects were accurately accounted for it was
necessary to conduct a portion of the wind tunnel tests in ground effect. This testing was conducted
in the presence of a moving belt ground plane (in the Convair and Boeing/Vertol tunnels).

The majority of the data present:d in this paper was collected during the Convair contracted
effort. This data was chosen for present ition since Convair investigated all three high l1ift concepts
and hence collected the most consistent set of data. In cases where Boeing or Rockwell International
data 1s presented it will be carefully noted.

MODEL CHARACTERISTICS

Figure 2 is a schematic of the model components used in the GD test program. The test article
is a 1/20-scale model of a typical 150,000 1b gross weight medium STOL transport with a wing span of
70 inches. An air carry-through sting mounting fixture was used to support the model in the upright
position for free air testing and Inverted for ground effect studies; the latter being accomplished
with a moving belt ground plane that was lowered from above.

Some difficulties were experienced in constructing a model to accommodate the wing sweep
range (between 12.5 and 35 degrees). and retain a good wing/body fairing. Compromises were required
in this area, although subsequent testing indicated the fairings used did not result in any significant
regions of flow separation. For the purpose of data reduction, it was assumed the non-optimum design
affected each swept wing configuration by approximately the same amount and no specific corrections
were applied. However, construction of a model for testing at one sweep with an optimized wing/body
joint should result in some improvement in lifting performance.

High 1ift devices typical of those tested in the Convair and Boeing programs are shown in
Figure 3. The Convair test matrix was the most comprehensive, incorporating alternate single, double,
and triple slotted flap designs with segments of different proportions, and unblown and blown leading
edge devices of 15 and 25 percent chord, Geometric details of the Convair leading edge systems are
illustrated in Figure 4.

The alternate Boeing flap system, used for MF/VT testing, was a 33 percent chord triple
slotted arrangement similar to the one that appeirs on that Company's 727 commercial aircraft. The
same leading edge blowing boundary layer control device was used in both IBF and MF/VT testing. It
should be mentioned here that the use of identical leading edge equipment in conjunction with flap
systems of greatly different performance potential is not a recommended practice. Normally leading
edge systems are specifically tailored to match flap performance, however, the number of geometric
test variables already included in the STAI program was of such magnitude that time did not permit a
comprehensive leading edge study. For this reason, leading edge testing was limited to blowing rate
and flap deflection variations in the Boeing program.

Engine simulation 1s a subject where individual test organizations differ in opinion. Convair
and Rockwell International selected ejector type engine simulators whereas Boeing chose direct internal
ducting of air to the jet nozzle as shown in Figure 5. Neither type accurately models full scale engine
effects. Ejector engines do not model the inlet flow field properly, producing inaccuracies in ram
drag and aerodynamic interference measurements. The closed inlet system also requires data correction
for aerodynamic interference and an analytical estimation of ram drag. Accurate simulation of both
the inlet and exit flows can be achieved with a model fan engine of correct bypass ratio, but such
hardware is expensive and funds were not included in the program for the purchase of this equipment.
Both systems have been used successfully in previous powered 1ift test programs and proved completely
adequate for this parame*ric investigation.

The wind tunnel models were fitted with accurate flow meaiuring devices in the engines and
in the boundary layer control devices of the leading and trailing edges. Provisions were made to cut
the air supply to individual engines simulators for engine-out testing without model disassembly.

Because of the importance of tail sizing in powered-1ift ailrcraft design, measurements were
made in the vicinity of the horizontal tail using specially constructed wake rakes (Figure 1). Rakes
on the Boeing and Convair models were adjustable in all three planes.

HIGH LIFT SYSTEM

Leading edge devices are an integral part of the overall high lift system selected for any
aircraft. Ingenius aerodynamic/mechanical designs in this area have produced lift improvements of
significant proportions in recent years. An example of this is the variable-camber leading edge
device used on the Boeing 747 which increased the maximum lift coefficient an increment of 0.3 above
more conventional shaped devices. Additional improvement in leading edge performance is promised with
the implementation of blowing boundary layer control if mechanical and air delivery problems are
successfully resolved.

Figure 6 illustrates the performance characteristics of a 15 percent chord leading edge device
vith and without blowing boundary layer control. In this particular case, the BLC system produces a 12
percent increase in maximum 11ft coefficient, and it occurs at a higher angle of attack than with the un-
powered system. Perhaps more importantly, BLC smoothes the stalling characteristics, a significant factor
in STOL operation. The test data shown were taken with the Convair model equipped with the leading edge
devices of Figure 4. BLC slot width varied from .0G7 inches at the root to .003 inches at the wing tip.
The slot was continuous with no spanwise interruptions. Figure 7 illustrates what happens when spanwise
breaks are incorporated into the model to simulate actual full scale vehicle construction breaks. Slot
breaks of .375 inches built into the Boeing model cause th: degradation in lifting performance shown when
compared with the .04 inch break test data acquired later in the program. These findings once again
illustrate the importance of duplicating full scale airc.aft characteristics during wind tunnel testing.
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A comparison of single, double and triple slotted flap performance for the EBF configuration is
shown in Figure 8. These data were obtained with engines located in the high forward position operating
at a thrust coefficient of 2.0. Examination of the 1ift levels indicates the unsuitability of single
slotted flaps for externally blown flap powered-1ift applications. The triple slotted versus double slotted
flap 1ift increment is due primarily to differences in extended chord length.

PLANFORM CHARACTERISTICS

Sweep, aspect ratio and flap span effects were the planform characteristics investigated which
produced the most significant impact on aerodynamic performance. Of the three, wing sweep produces the
most adverse effect on 1ifting performance, Figure 9 indicates a maximum 1ift decrement of approximately
10 percent 1s incurred by increasing the wing sweep from 12.5 to 35 degrees. Also affected is the 1lift curve
slope which decreases with increasing sweep. Changes in aspect ratio do not produce the increment in
lifting performance found with sweep varlation either power-off or power-on. In fact, varying the aspect
ratio 10 percent above or below a nominal value of eight shows only a minor impact on lifting performance.

The influence of flap span on lifting performance power-off is given in Figure 10. Lift loss
due to aileron span varies between 5 and 10 percent depending on the overall lift level. Some STOL
transport designs being studied incorporate ailerons with lengths greater than 25 percent of the wing
span, which would result in further 1lift loss. To counteract these performance degradations, aircraft
designers are attempting to incorporate slotted flaperon lateral control systems on the latest STOL
aircraft designs. Implementation of this type of system does, however, require the solution of some rather
complex mechanization problems.

Review of the planform data suggests that for good low speed performance a medium STOL transport
should be configured with a straight wing and a full span flap system (flaperon lateral control). 7The
effect of low sweep on cruise performance can be somewhat alleviated by the use of supercritical airfoil
sections in the wing.

Having established basic lifting system performance levels and planform influences, attention
will now be focused on pertinent aerodynamic test results related to powered-lift configuration selection.

EXTERNALLY BLOWN FLAP PERFORMANCE

The externally blown flap powered-1ift concept has been the subject of many aerodynamic tests in
recent years and 1s considered to be a prime candidate for use on future USAF transport aircraft. In fact,
this concept is being applied on the McDonnell Douglas advanced medium STOL transport prototype presently
being developed under Air Force sponsorship.

Aerodynamic performance of the EBF concept 1s a function of turning efficiency, which in turn is
basically a function of flap geometry and engine location. Starting with a good flap design, configured to
handle high velocity engine exhaust flows, the major parameter the designer is required to optimize is
engine location. During the optimization process, cruise aerodynamics and thrust reverser operation must
also receive attention. Before proceeding with the discussion on engine location and wing geometric
effects, a brief comment on flap system development is necessary.

Flap development was not a primary subject of this test program. Participants were asked to
select representative flap systems for use on their models based on the results of analysis and available
test data. Both Convair and Rockwell International tested several flap designs with different gap/overlap
geometry. The testing was accomplished during the first days of tunnel occupancy to determine performance
levels, and could not be classified as optimization since flap segment geometries were not altered.

This 1s not to say that future EBF flap research is unnecessary, in fact, quite the contrary is true;
additional design and testing will result in better flow turning characteristics and improved efficiencies.
It should be noted here that the Convair and Rockwell International designs have demonstrated turning
efficlencies comparable to the better externally blown flap systems for which test data are avallable.

The primary engine location factor affecting EBF performance is position in the chordwise/vertical
plane. Figure 11, a composite of Convair data, shows the effect of varying engine position in this plane.
These data indicate fore and aft movement of the engine produces only minor changes in lifting performance,
while vertical position dramatically impacts powered 1ift characteristics. From this it can be concluded
that the effective jet turning angle is directly related to the portion of jet momentum intercepted by
the flap. Rockwell International, in the course of their analysis development, arrived at an interesting
scheme for showing this relationship (Figure 12).

The jet turning angle, ¢, 1s the effective direction at which the jet leaves the trailing edge
of the flap system, and defines the direction of the total reaction forcz vector. Using wind tunnel
results, it is possible to correlate jet turning angle with the degree of flap penetration into the jet,
and arrive at a useable engine positioning design tool. The geuvmetry of jet impingement is shown in the
aforementicned figure. In this particular development, the effective source length, 2.3D,, is based on
a jet expansion envelope with zero velocity at the edge of the jet wake profile. Other dlfinitions, such
as, one percent or five percent of the maximum jet velocity could be used, if necessary, to improve
data correlation. The design curves also shown in Figure 12 represent the better performance data
reviewed by Rockwell International.

Nearly complete jet turning is accomplished with a flap immersion of Z_/R = 0.65 except in
cases where flow separation over the flap is present. An immersion factor of 0.65 requires either high
forward placement of the engines or the use of nozzle deflectors. By the same token, increasing engine
bypass ratio necessitates extending the deflected flap chord to retain the same immersion ratio.
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Spanwise location of engines on an EBF design is considerably more simplified than chordwise
positioning. Test data indicates the engines should be placed as close to the fuselage as is practical
without neglecting the maintenance of good cruise performance. Tuis produces the smallest rolling

moment under engine-out operating conditions. A word of caution zhould be introduced here regarding the

use of Siamese nacelle arrangements on an EBF configuration. The nigh inboard loading of the wing resulting
from the close-to-fuselage installation of dual engines In a single nacelle produces a vortex flow pattern
in the vicinity of the horizontal tail which severely limits {ts effectiveness. Additional testing is
required to determine the feasibility of the Siamese configuraticn.

MECHANICAL FLAP/VECTORED THRUST

The mechanical flap/vectored thrust powered lift concept was the only system tested which did not
show substantial 1ift augmentation due to supercirculation. Performance of this system is predicated on
matching a good mechanical high 1ift design with an efficient thrust vectoring nozzle to produce a total
system capable of efficient flow turning and rapid variation of 1ift and drag forces.

Figure 13 presents data showing the taill-off performance levels achieved with the Boeing MF/VT
design. The data indicates little 1ift or drag variation with engine position, but a substantial change
in pitching moment. A forward engine location results in a balance butween aerodynamic and thrust forces
producing a favorable longitudinal trim situation.

The major problem encountered with forward engine positioning was adverse aerodynamic interference.
This interference was observed to decrease 11ift at all except the highest angles of attack, and in most
instances increase drag. The probable explantion for the variation of interfereace with angle of attack
is flow entrainmenc by the jet plumes. The entrained flow induces downwash at the trailing edge, which
effectively reduces trailing edge flap angle, producing the observed loss in lift at low to moderate
angles of attack. The jet flow also induces a downward velocity at the leading edge, which effectively
reduces the local angle of attack felt by the leading edge flap, thereby aggravating the undersurface
separation occurring behind the flap at low angles of attack. The net effect is a loss of lift and an
increase in parasite drag. As the angle of attack increases, the jet effect tends to reduce the local
angle of attack at the leading edge delaying separation on the upper surface permitting the flow to remain
attached at a higher angle (and 1ift coefficient) than achieved power-off.

Test data collected show that optimum chordwise engine placement is not nearly as well defined
as it was for EBF designs, suggesting the need for additional testing.

Engine-out problems encountered with this concept are similar to those for EBF systems. To
minimize rolling moment difficulties, engines should be placed as close to the fuselage as other
considerations allow. Siamese nacelles were found to aggravate adverse aerodynamic interference effects.

INTERNALLY BLOWN FLAP

The internally blown jet flap concept has been the subject of wind tunnel tests for many years.
However, most of this testing was conducted on configurations where all of the engine air was ducted into
the wing and used to power the jet flap. 1In a practical airplane application, such a configuration
would probably be less efficient than a design where only bypass air was internally ducted, allowing the
hot core jet to exhaust aft or be deflected for additional 1ift or glide path control. This latter
configuration was investigated in the STAI program.

The low speed characteristics of a typical Convair IBF design are shown in Figure 14. These
results identify the IBF as the superior lifting performer of the three 1lift concepts investigated. However,
large pitching moments accompany this increased lift since it is produced well aft on the wing.

Sirce all the Convair powered 1ift systems were tested with the same leading edge device (which
in this instance was designed for the EBF system), it can be realistically assumed that additional
maximum 1lift performance should be obtainable with a leading edge system that is configured for the 1ift
levels of the IBF system.

Traditionally the performance of an airplane with jet flaps has been computed discounting the
residual thrust effects, 1f any, on the jet sheet, For engines mourted below the wing this consequence
can result in serious errors in the calculation of performance. Residual engine exhaust will interact with
the jet sheet and reduce its effective deflection or create a partial span cutout.

The level of these interference effects are e direct function of the engine thrust coefficient. Test
results show overall lift being degraded as much as 10% at higher engine thrust levels. This effect on
1lifting performance is of sufficient magnitude to force the consideration of alternate IBF
engine placement or nozzle deflection. A configuration under serious consideration at the present time,
incorporates both an upper surface engine location and a deflector nozzle at the flap hinge line.

Engine-out performance of the IBF concept is very satisfactory if a cross-duccing system is
utilized to uniformly distribute blowing air in the event of engine failure. The large engine-out
rolling mrments encountered with EBF and MF/VT configurations are not experienced by an IBF system
designed in this fashion.

GROUND EFFECTS

The first indications that flight in close proximity to the ground could be a significant design
consideration came in the early days of aviation where the main concern was with its positive effects.
As time progressed and the study of vertical takeoff and landing aircraft became reality, attention was
directed to the potentially adverse effect of operations near the ground. A great deal of testing and
analysis was conducted to increase the understanding of ground effect, and such terms as "suckdown,"
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"fountain effect," and entrainment became familiar to engineers working in the area. In the study of
STOL aerodynamics, however, these phenomena are complicated by the fact that under different conditions,
different effects result. Under one set of circumstances, such as takeoff flap settings, ground effect
produces an increase in the lift coefficient and a decrease in drag, while in the landing configuration
the same aircraft operating at higher 1ift levels experiences a loss in 11ft when operated near the
ground. Configuration variables of the concepts being tested (engine location, flap setting, etc.) pro-
duce the multiplicity of problems that were encountered in VTOL ground effects experiments.

Figure 15 presents selected data on the Convair EBF configuration, both power-off and power-on.
At lower angles of attack, the in-ground effec. 1ift level is greater than that measured in free air, but
the 1ift curve slope is decreased. As the aircraft angle of attack increases, the in-ground effect and
free air 1ift curves cross, resulting in reduced 1lift in ground effect. Also, the in-ground effect maxi-
oum 1lifc coefficlent is a significant increment below the free air level and occurs at a lower angle of
attack. An explanation of these ground effects can be given by considering the velocities induced by the
images of a bound and trailing vortex system.

The image trailing vortices reduce the downwash, increasing angle of attack and 1lift coefficient
while reducing drng coefficient. The image bound vortex induces a tailwind, reducing all forces. The
latter effect is proportional to the lift coefficlent squared, and is usually masked by the angle of
attack change except at high 11ft coefficients. As the lift level is increased the tailwind effect be-
comes predominant, decreasing lift.

IBF in-ground effect data exhibits a trend similar to the EBF characteristics at comparable
1ift levels. MF/VT ground effect testing produced the most disconcerting results. At thrust deflections
below 30 degrees, in-ground effect performance parallels that of an EBF configuration with the same
geometric characteristics. However, at nozzle angles approaching 90 degrees, some of the engine exhaust,
after impinging on the ground, is deflected forward of the aircraft and recirculated by the lifting
system. At thrust deflection settings between these extremes, thrust level has a more dominant effect
on ground effect aerodynamics than in the case of the EBF. Because of these jet entrainment and ground
impingement effects, further ground effect testing of the MF/VT concept is warranted.

POWERED-LIFT PERFORMANCE COMPARISON

Untrimmed drag polars for the three powered-lift concepts studied are shown in Figure 16.
These data were taken with the Convair STOL model in the indicated configuration.

The IBF design demonstrates the most substantial lift augmentation and is the most efficient
system for thrust deflection. The MF/VT design, while not expected to produce the lift augmentation of
the other concepts, had been expected to show superior climb capability (i.e., to have a more negative
drag coefficient at a given 1lift coefficient) because of the potentially high turning efficiency of a
vectored nozzle. This turned out not to be the case, and MF/VT results were quite disappointing due to
the problem of jer induced adverze aerodynamic interference.

ERF designs produced performance levels lying in the middle range, with a triple slotted flap
configuration showing a slight 1ift superiority at 60 degrees flap deflection.

EBF and MF/VT systems both generate large rolling moments in engine-out operation and require
powerful roll control devices to maintain wings level flight. The IBF, with a good cross-ducting arrange-
ment, does not experience this problem and for the same reason does not require as much directional con-
trol power.

Turning for a moment to the design studies, which were an important part of the overall program,
additional points pertinent to the selection of a particular powered-1ift system will be discussed. From
a strictly aerodynamic point of view the characteristics having greatest influence on STOL transport
design are:

-Useable maximum 1ift coefficient. This parameter determines minimum speed for a given wing
loading.

-The range of the net force along the flight path. This determines the maximum climb and
descent angles. The capability to modulate this force for path angle control is essential.

The first item can be somewhat misleading depending on mission requirements, ani in particular
the takeoff and landing ground rules that are specified. For example, the STAI takeoff specifications
were predicated on an accelerate/stop distance of 2000 feet at an altitude of 2500 feet and a temperature
of 93°F. Under these conditions the aircraft designs were takeoff critical and the driving aerodynamic
parameter was low drag at takeoff flap settings. This led to designs incorporating double slotted flaps
rather than the more complex triple slotted configuration. The final Convair EBF design had computed
takeoff and landing performance respectively of 2000 feet and 1550 feet. Admittedly, the landing maneuver
is the more difficult of the two to accomplish precisely, and future flight test programs may demonstrate
the need for adding an additional distance penalty to account for flare and ground effect nonlinearities.

The internally blown jet flap design exhibited the best aerodynamic efficiency in the test pro-
gram, but its incorporation resulted in heavier weight vehicles. There are several reasons for this
occurrence, the most important of which is the additional weight embodied in the engine installation and
internal/air ducting system.

The MF/VT and EBF airplanes had comparable gross weights depending on the thrust vectoring sys-
tem used. A corollary study was conducted in this area (11, 12) and several interesting designs resulted.
At the time the configuration studies were completed, it was recognized that thrust deflector nozzle
weight estimates could be questioned, and as a result the weight of the MF/VT propulsion package could
vary over a wide range.
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CONCLUSIONS

oo
It is reasonable to conclude that acceptable military STOL transports could be developed using
any one of the subject powered-1ift systems. However, there are several areas where additional research
and development would produce more efficient powered-lift performance.
‘3 Mechenical Flap/Vectored Thrust
. Further definition of aerodynamic interference effects (wind tunnel)
Deflected thrust nozzle development

Externally Blown Flap
Development of flap shapes with increased turning efficiencies
Internally Blown Jet Flap
Internal ducting technology development
g ! Alr distribution system configuration research
L External ducting
Engine/flap integration

Additional ground effect testing is needed on all designs, particularly the MF/VT. Special
emphasis should be placed on dynamic testing where the model 18 flown into the ground plane simulating
actual approach conditions.

Finally, since the upper surface blowing powered-1ift concept is receiving both commercial

3 and military support, a basic study to define the aerodynamic mechanism responsible for the turning of
E thick jets over large radius convex surfaces is needed.
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Figure 2 - Convalr Wind Tunnel Test Variables.

Figure 1 - Convair 1/20 Scale Medium STOL Trausport

Model Installed in the General Dynamics
8 foot x 12 foot wind tunnel.
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Figure 3 - Typical Convair and Boeing High
Lift Devices.

Figure 5 - Boeing Model Engine Simulator
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Figure 8 - Convair Flap Performance Crmparisons, EBF Test Data, AR = 8, A e/t 25 Degrees,
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THE SPANWISE LIFT DISTRIBUTION AND TRAIIING VORTEX WAKE DOWNWIND
OF AN EXTERNALLY-BLOWN JET FLAP

R. H. Wickens
Associate Research Officer
Low Speed Aerodynamics Laboratory
National Aeronautical Establishment
National Research Council of Canada
Ottawa, Ontaricv, Canada
K1A OP6

SUMMARY

The aerodynamic characteristice of the Externally-Blown Jet Flap (EBF) are
presentea for configurations of the quasi-2-D and reflection-plane type respectively.

Force and surface pressure measurements have shown that significant 1lift
increrents can be realized by external blowing, and that the spanwise effect of this
increase extends outward from the nacelle location. The effective stream tube dimension
of the additional 1ift can be a significant fraction of the wing span.

The relationship between the quasi-2-D and 3-D polars has been shown to result
from a rearwvard rotation of these forces through an induced incidence 4ajy, which 1s due
to the decrease in effective aspect ratio.

Downstream flow surveys have shown that the presence of mixed regions of pro-
pulsive and vortex flows is typical of the EBF, particularly for multi-engined finite
wing configurations.

Wake measurements downwind of a half-model of a multi-engined aircraft of the
EBF type have shown that behind each half-wing, there are two trailing vortices, one
from the wing tip, and one from the flap tip. The propulsive jet sheet rolls up around
the vortex from the flap tip.

LIST OF SYMBOLS

wing aspect ratio, b%/S
wing span
b' span of the powered lift etream tube
chord, ft.
thrust coefficient, T/q.S
Cy 11ft coefficient, L/q¢$S
Cp drag coefficient, D/q.S
°N1 sectional normal force coefficient, Ny/q.C, 1 =1, 2, 3, 4
Cy sectional 1ift coefficient, L/q.C
@ pressure coefficient, p-p,/q,
drag
wing efficiency factor
wake total pressure
powered-~1lift stream tube parameter

1ife

h- Il - ]

static or surface pressure

tunnel reference static pressure

©

o
tunnel dynamic pressure

thrust recovery factor

wing reference area

thrust

tunnel velocity

wake downwash velocity (positive in positive 1lift direction)

< £ < 13 v R a

wake sidewash velocity (positive when directed along port sem-span,
looking upstream)

X, ¥, Z wing reference dimensions

angle of attack

wake sidewash angle, measured at flap trailing edge (but in a plane parallel
to deflected flap element)
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S¢ flap angle

€ wvake downwash angle

8 jet downwash angle

SUBSCRIPTS

w refers to wing forces only

T refers to total forces

2D, 3D refers to quasi-2-D and half-model configurations respectively

1.0 INTRODUCTION

Current generations of jet transport aircraft operate on the approach at
speeds in the range of 130 - 150 knots, and use airfields of 8 - 12,000 feet in length.
The proposed development of STOL transports assumes landing fields 2000 - 3000 feet in
length, and approach speeds of about half the above figure. In order to achieve compa-
rable ride comfort, the wing loading, and hence CLapp and CL'“x must be higher than is

currently possible with conventional passive high lift syetema(l).

It is clear that some form of powered lift must be used to achieve this
performance, and current interest at the N.A.E. centres on the turbo-fan powered
transport using the externally-blown jet flap (EBF). In this concept, the entire engine
and fan flow impinges onto highly deflected, slotted flaps. This flow, at a total head
higher than the ambient fluid, is directed downward, and spreads in a spanwise manner,
thus generating supercirculation and increased 1lift,

The EBF is one of the major classifications of blown flaps, and its relatively
simple external configuration 18 considered to be amn alterpnative to the complexities and
welght penalties which may characteriee jet flap or augmentor wing concepta, The most
seriouvs dimadvantage of the EBF, however, 18 its low thrust recovery, & factor crucial
in determining engine-out cliamb performance, and also the rolling moments induced by an
asymmetric loss of 11ft caused by an engine failure.

Much work has been done on complete aircraft configurations (Ref. (2) to (5));
however, it was the aim of the experimental program at the N.,A.E. to explore the effects
of a single jet impinging onto a two-dimeusional wing with slotted flaps, in isolation
from the fuselage or other airframe components. It was also hoped by testing in the
half-model configuration, to be able to assess the effects of a change of aspect ratio.

It 18 commonly known that the wake downwind of an EBF 1s characterized by
concentrations of trailing vorticity, caused by non-uniform span loading, and rolling-up
of the jet sheet. The downwash induced at a tailplane location will have a serious
effect on its design and ultimate location, and under asymmetric fiight cnnditions,
these flows may seriously affect the aircraft stability and control.

Flow surveys, made downwind of the N.A.E. model and alsu behind a multi-engined
EBF transport model, have shown that the wake flow has both propulsive and vortical
components, and that downwash and sidewash velocities of considerable magnitude exist,

2.0 DESCRIPTION OF MODELS AND TEST

The wind tunnel model, a quasi-two-dimensional configuration, was mounted in
the 6 ft, x 9 ft. horizontal tunnel, as shown in Figure 1. The basfc wing profile was
the NACA 63A418 with a vane and slotted flap assembly fitted. The flap could be posi-
tioned toeither 30° or 68°, with the vane location set to give the highest CL . The
basic wing span was 73.88 in. (1.877 m) and the chord was 25 in. (.635 m).

The simulated jet engine was of the ejector type in which a primary flow
issues from nozezles placed internally. The nacelle exit diameter was 5 in., and the
average jet velocity was about 600 ft/sec.

The nacelle, inclined 10° downward relative to the wing chord line, was not on
the balance, but rotated with the wing. Thrust was measured from a prior calibration
and was maintained constant during cthe test. C, was varied bz changing tunnel flow so
that wing Reynolds number also varied (.87 x 106 to 1,74 x 10°), The greatest lift was
¥ obtained with the nacelle positioned near the leading edge, and with a flow deflector
F installed. This device, indicated schematically in Figure 1 enabled the engine exhaust

to be directed more effectively onto the wing and flap under-surface, and provided a
definite improvement in lifting performance.

k The wing was also tested in the half-model configuration in the 30 ft. x 30 frt.
V/STOL wind tunnel. In this installation the wing and end plate were raised above the
5 floor boundary layer to wminimize flow disturbances, and a simple wing tip was fitted

(Figure 1). The aspect ratio of the half-wing was 5.91.

The wind tunnel inveastigation included force and surface pressure measurements
(quasi-2-D only) and also wake flow surveys at a downstream location 3 chords behind the
wing.
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Flow surveys were also made, jointly with DeHavilland of Canada, in the flow
at the tailplane location of a multi-engined EBF transport model. Reference 6 describes
the wind tunnel installation of this model, and the traversing rake of five-hole probes
which is located downwind.

The flow probes were of a standard design, constructed of small-bore stainless
tubing, with heads machined to an included angle of 90°, The calibration and data
veduction procedure is similar to that of reference 7 and enables the determination of
induced velocities, total head, and flow direction, relative to the probe axisa.

3.0 WIND TUNNEL FORCE MEASUREMENTS

The data presented in this section were taken from both the 6 ft. x 9 ft, and
30 ft. x 30 ft. wind tunnels, so that it will be possible to compare and analyz- the
quasi~-2-D data with half-model data respectively.

Since the powered nacelle was not on the balance, the basic model reactions
were "wing forces", i.e. Ly, Dy, M,. "Total forces", i.e. LT, Dr and M7 were computed
by adding on the appropriate nacelle force increments which had been determined in a
separate test. The data were wncorrected.

3.1 EBF Lift Coefficients

The 1ifting characteristlics of the externally blown flap model in both the 2-D
and half-model configurations are shown in Figures 2 and 3 for &y = 30° and 68° respec-
tively (Total forces, CLT vs. ay,), and for different values of Cy.

The main effect of external blowing was to increase 1lift and CLmnx significantly
vhile producing minor chunges in 1lift slope.

The 11ft increments produced were found to be quite sensitive to nacelle
location, and the largest increment was obtained with the nacelle positioned near the
leading edge and with a flow deflector installed. This device, indicated schematically
in Figure 1 enables the engine exhaust to be directed more effectively onto the wing and
flap undersurfaces, and provided a definite improvement in 1lifting performance.

The effects of the finite wing span of the half-model configuration are evident,
from a compariron of the 2-D and half-model 1ift curves. The lift curve slope has
decreased for tne 3-D model and corresponds approximately to a rotation of the lift curve
about a,p. The lift increment ACLT is also significantly reduced (about 20%).

Total force polars, CDT ve. Cp. are presented in Figure 4 to §p = 68°, These
demonstrate the effects of blowing and fInite span upon EBF characteristics. Thrust
recovery, an important factor in the comparison of the various powered-11ft schemes, 1is
estimated to be about 0.65, The increased curvature of the 3-D force polars are due to
the three-dimensional effects of the finite span half-model with its smaller effective
aspect ratio.

3.2 Wing Force Polars

Drag polars, composed of wing forces only, (i.e. C ve. Cp ) are plotted in
Ly Dy

Figures 5 and € for the two flap angles, and for both 2-D and half-model configurations.

It seems fairly clear from thease graphs that the data for all C,'s tends to
collapse upon a single polar curve. This is particularly true for the 30° flap case
(3-D) in the range 2 < CL, < 4. In the 68° case (3-D) the data tend to collapse at
small blowing values, altgough individual values of C, are identifiable, and the collapse
is less perfect, The 2-D data behave in a similar way except that the polar curve 1is
less steep.

It appears, then, that the EBF wing forces behave in a manner similar to an
unpowered finite wing in that the drag polar is reoresented approximately by the relation
2
CLV
c = C + — (1

D D neA
w o

and ic is possible to fit such a curve through the data in all four cases shown here,.

The value of e, or eAR varies, but can be inferred from the slopes of the ((dCDw)/(dCLzz))
relationship for the various model flow conditions. Quantities ejp and (eA )pp so
determined are plotted in Figure 7 where it can be seen that the effect of blowing (and
hence spanwise non-uniformity of load) changes the effective aspect ratio of the 2-D wing
greatly, but that of the 3-D wing very little. Polar curves calculated from eq (1), and
using values of e or eA 1in Figure 7 are noted in Figures 5 and 6.

3.3 Aspect Ratio Correction to Drag Polars

The experimental data has suggested that in terms of wing forces, the EBF drag
polars can be represented by the unpowered drag polar of a wing having a certain effective
aspect ratio.
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It should therefore also be possible, when considering the observed differences
between two- and three-dimensional polars, to apply the same rules to the powvered 1ift
system as to the unpowered system., Thus thte drag polars of Figures 5 and 6 (CL, vs. Cp )
can be considered, in the three-dimensional case, to have been affected by an induced
incidence Aay which is due to the change in effective aspect ratio from quasi 2D to 3D.

Aa

i 57.3 1 1
i.e. ¢, = [°A3 - eAz] (2) f
v

Thie quantity has been determined from the values of equivalent aspect ratio shown in
Figure 7, and was found to have a value of approximately 3.0 for both the 30° and 68°
flap settings. This value was confirmed by observations of the shift in the CLt vs. ay
curves, although the agreement was not good for the higher blowing coefficients at

ép = 68°, The transformation of total force data from quasi 2D to 3D is as follows:

c - C Cosfa, - C Sinda (3)
1.1.3 1.,‘:2 i DTz 1

CD - CD ConAui + CL SinAa1 (4)
Ty T2 T2

Graphs showing a comparison of experimental and transferred data are shown in Figure 8
for S§p = 30° and 68°. For the higher flap angle case, a value of (8ag)/(Cr,) = 2.3,
taken from the shift in the Cp vs. ay curves, was found to give the correct tran.for-
mation.

3.4 An Analogy with the Jet Flap

It would be worthwhile, at this point, to introduce a momentum model for
powered 1ift which, in its simplest form, is identical to the jet flap equation of
Spence and Markell,

The vector diagram of this model is illustrated in Sketch 1 below.

SKETCH (i)

The vector OA 1is the dimgnsionless approaching stream tube momentum of magnitude %A,
having a flow area of "2 . If the wing 18 unpowered, then the departing momentum is also

%A, but leaves the wing at downwash angle €. When power is applied uniformly over the

full span as in the jet flap or augmentor-wing, then the thrust vector T is simply added
to the departing wing momentum and it is assumed that the wing downwash angle ¢ is the
same as the thrust deflection angle 6.

If power is applied over part of the wing span only, (and thus at a different
local downwash angle) it is assumed that a certain fraction of the departing momentum
K%A leaves the wing at the jet downwash angle 6, while the remainder, (l-K)%A, leaves at
the angle €. The effective span of the powered 1ift stream tube is thus proportional to
the factor K.

R is the resultant total force, having wind axis components Cpp and Cpp. These
components may be obtained from the vector diagram as follows

c, = (1-|t)'2'—A Sine + (cu + ;—A-)sme (5)
T
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KwA nA
CD'r - CDo - (cu + =3 )Co-e + 2——[1-(1-x)cou] (6)

If the reactive components are subtracted from the total force, then expressions for
ving forces are:

¢, = 3A(-K)Stne + Ks1no] (7)
W
c. =c. + 1 _(1-K)Cose - KCos6] (8)
DH DO 2

I1f wve consider the unpowered wing (K = 0, € = 6) and full span power effects (K = 1,
€ = 6), respectively, then 1t can be shown that eqs (7)and B8) will, for each case, reduce
to the simple polar equation for induced drag as given by eq (1),

c. 2

W
1.e. Cp ¢y *Tx (9)
W [+]

Thus it seems, that in terms of wing forces even a complex device such as a jet flap
behaves in a manner similar to an unpowered wing of the same aspect ratio except that,
due to supercirculation effects, it is now capable of achieving much higher levels of
1ift and drag than its unpowered counterpart.

3.5 Wing Efficiency Factor

For values of K between 0 and 1, to which the EBF or any part-span blowing
concept 1s asaumed to be appropriate, the relationship between CLp and Cpyp or Cp, and Cp,
will be different. In fact the distance OD in the sketch will have a shorter radius as
compared with the unbent vector OD'. That is, the effective aspect ratio will decrease
when K lies between 0 and 1, and if we assume that the EBF wing polar can be represented
by:

c. =¢C. + —¥ (10)

as the experimental data seems to indicate, then the wing efficiency factor e can be
related in some way to the effective powered-lift stream tube b'/b and the ratio of the
tvo dowvnwash angles 06/¢ bv the use of eqs (7), (8) and (10). Pigure 9 shows wing
efficiency factor e calculated in this way plotted against €/0 for increasing fractions
of the wing span affected by power, As the povered 1lift downwash angle O increases
relative to the unpowered portion €, then the wing efficiency factor e decreases, since
the non-uniformity of 1ift will alsoc increase. The loss of wing efficiency, however, is
tempered by the amount of span which is assumed to be active; minimum values of e
evidently occur for a span ratio of b'/b about .4. The calculated factors of Figure 9
may be compared with those inferred from the force data.

3.6 Thrust Recovery Factor

One way of comparing various powered-1lift concepts is by the Thrust Recovery
Factor r which may be determined from total force polar curves such as those of Figure &
(r 18 defined in Figure 10). Values of r determined from force data are shown in Figure
10. Also shown #r= typical values for the augmentor wing, and a complete aircraft con-
figuration using the EBF concept. The low values of thrust recovery achieved by the
various EBY types are evident in this graph, r=rticularly for larger flap angles. This
contrasts with the quite high values of r achicved by the augmentor wing, which has a
more uniformly distributed jet flow.

The diagram of Sketch (i) suggests that there is an inevitable loss of thrust
recovery for systems in which only part of the span is active, and that r is probably
related to wing efficiency factor e. Thus the full-span jet flap or augmentor wing
configurations will always have a superior performance in this respect.

4.0 AERODYNAMIC LOAD DISTRIBUTION

It is evident from the force measurements, that external blowing has a dominant
effect on the wing aerodynamic characteristics. The jet flow impinges initially omn the
main aerofoil, and spreads rapidly, flowing outwards and along the flap elements. This
sdded flow induces a supercirculation, and increased 1lift which affects a significant
portion of the wing span. A simple analysis of the force data has suggested that the
povered-1ift stream tube size can cover half the effective wing span.

Chordwise and spanwise load distributions were obtained on the quasi-2-D model
from surface pressure measurements at the 30 and 68 degree flap positions, and for several
values of C,. Normal and chord force values were obtained for each of the aerofoil
components at various spanwise locations by integration of Cp vs, x/c and y/c resp. - tively.
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Chordwise prassure distributions at the jet centraline are shown in Figure 11 f
and 12 for the 30 and 68 degree flap ssttings. It is avidant from thess results that
the jet flow induces soms very large changes in the local sercdynamic loading, partle-
 Sosrior ularly on tha flap components, and the impingement reaglon of the maim asrofoil lower
surface.

A comparison of centreline pressures of the 30 and 68 degree flap angles
(Figures 11 and 12), shows that the lover surface pressures due to jet impingement are
approximately the same, for the same value of C;,. On the main wing upper surface, for
_’ Sy = 68°, increases of Cy result in increasing negative pressures, due, probably, to
) supercirculation. The upper surface pressures for the 30 degree flap setting do mot
change with Cy,.

The high pressures induced by the impinging jet are carried over onto the vans
and flap elemsnts, with resulting high local loads. Thism is particularly ttue for the
68 degres flap setting, whars the vane experiences very high poaitive and nasgative
pressures, and carries a significant proportion of the total sercfoil load. For the 30
degres flap secting, the positive and negative pressures on the vane are also high, but
since the local vane incidence is negative, the net load is quite low. Very high
pressures are also present onm the leading edges of the flap elements (Figure 11).

The distribution of local normal force Cy along & semi-span of the quasi-2D
sodsl is shown in Figures 13 and 14 for each component end different amounts of jet
blowing. These figures show that the sercdynamic loading, particularly on the flap
glements, extends well beyond the original dimensions of the jet. On the main wing, the
local loading is high, but drops off rapidly from the jet centreline, snd beacomes
approximately constant at the outboard stations. At (y)/(bf2) =.1 there is & minimum im
the curve followed by a gradusl rise of Cy; this behaviour is asttributed to the effects
of jet implogement, and three-dimensional separation of the main wing lower surface
boundary layer.

Some deteils of the jet impingement are shown in Figure 15. The photograph,
for 4y = 68°, Cy, = 0.3, shows this fiow made visible by a mixture of Frenmch chalk and
oil. The muin charscteristice of the flow appear to be a separation of the wing boundary
layer alomg the curved boundary, and a source-type flow within the jet impingement area
ttself. The flow on the flap elsments is not too clearly shown, but it is evident that
the local flow velocities are directed outboard onm either side of the jet centreline.

A schemstic representation of the jet implungement flow on the wing lower surface, with
surface pressure distributions through the polot of impingement are also shown in
Figure 15.

The distribution of local lift coefficient Cy is shown in Figure 16 for the 30
and 68 degree flap metting. For Cy = 1.5, the 1ift distribution is very non-uniferm, and
is concentrated near the centreline of the jer. At lower Cy's the load discribution tends
to be more uniform. The loading on the flap elements is alsoc high, particularly fer
fp = 68°, and extends well putboard, due to the spreading of the jet shaet .

5.0 WAKE PLOW CHARACTERISTICS
In the external flow jet flap concept, the entire engine and fan flow impinges
onto highly deflected, slotted flaps. This flow, at a higher total head than that of the

ambient fluid, is directed downward, and spreads in a spanwvise direction, thus generating
a supercirculation, and increased lift.

Observation has shown that under high 11ft conditions the engine. exhaust, ini-
tially circular, is quickly transformed into a thin sheet which leaves the flap trailing

edge and subsequently deforms into a U-shaped pattern dowvnstream. Vorticity was also
observed along the edges of the spreading Jet on the wing lower surface (Figure 15);
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hovever, the flow in the wake is charactarized mainly by the behaviour of the entire jet
sheet, which rolls up into two well-defined trailing vortices. Sketch {i shows schemat-
ically, the essential features of the flow dowvnwind of a quasi-2-D model. The amount of
jet spreading, and hence the effective span of the trailing jet sheet, 1s related to the
distribution of additional 1ift on the wing. Flow visualization, and an analysis of the
force data seemed to indicate that the sisze of the povered 1lift stream tube would be a
significant fraction of the wing span. Since it was also evident that the flow behind
the wing contained both propulsive and vortical components, traverses were mad  using
five-hole probes in order to achieve as complete a description as possible of the
physical nature of the trailing wake.

5.1 Quasi-2-D and Half-Model Wakes

Flov surveys were made downwind of the 2-D model and also the half-model for
flap settings of 30° and 68°. The model incidence and C, were those for which pressure
and load distribution data were obtained (see Figure 16). The half-model incidence
(30' x 30' tunnel) was set so as to give the same value of CLw as the 2-D model, for a
given ép and C,. The downstream locatlon of the traverse wax 3 chords (75 in.) behind
the wing quarter-chord point. For the quasi-2-D model only, a flow survey was also m.ie
at the trailing edge. Table I, below, lists model and flov parameters for which wake
data were obtsined.

TABLE I
Model Config. Sp cu g Ou x'/c
2-D 30 .76 3.17 0 3.0
2-D 30 .16 3.17 0 T.E.
3-D 30 .76 3.17 11.6 3.0
2-D 68° .50 4.40 -7.0 3.0
2-D 68° .50 4.40 -7.0 T.E.
3-D 68° .50 4.40 3.2 3.0

The flow at the flap trailing edge is depicted in Figures 17 and 18 by contours of
dynamic pressure ratio q/q. and sidewash angle ¢, for flap angles of 30° and 68°, and
fiow conditions noted in Table I, These contours show that the jet has elongated in a
spanvise direction, and leaves the trailing edge as a flattened sheet. The spanwise
distribution of dynamic preasure is also plotted, at locations below the wing approxi-
mately in the centre of the deforming jet, and close to the flap trailing edge.

Figures 17 and 18 also show the spanwise variation of sidewash angle ¢y at
locations above the wing and along the flap surface close to the trailing edgs. These
results, confirmed by flow visualization, indicate that fluid above the wing is directed
invard towvard t.e jet centreline as a result of the low pressures there. This 1s in
contrast to the vigorous expanding jet sheet vhich flows around and outward along the
flap components (Sketch 11). The sudden change in the direction and magnitude of the
velocities near the flap surface suggests strong vorticity, which has both spanwise and
streanwise components.

x
The main characteristics of the fully developed wake flow (E! = 3) are il1ues-

trated in Pigures 19 and 20 for the 30° and 68° flap netting;. Presented in these figures
H -~

are contours of sidewvash %—. downwash %— and total head, ac °, for both the quasi-2-D

and half-model configurations. The sidewash and downwash contours are presented as a

composite, in the downwind plane. The rolled-up vortices which characterize the trailing

jet sheet were observed by smoke flow visualization, but a concentration of vorticity is

also suggested by the relative orientation of the downwash and sidewash contours in these

- Ro

figures. Contours of confirm the presence of a propulsive stream tube which is

deforming and rolling up with the vortices emanating from the wing. The propulsive flow
is also indicated by the shaded contour on the sidewash and downwash graph.

In Pigure 19 (ép = 30°, C, = .76, CLy, = 3.18) the vortex span of the quasi-2-D
model is approximately 0.6 x (model span) and lies 0.1 x (model span) below the wing.
The propulsive wake extends further outboard, and lies below the trailing vortices.

Interpretation of the induced velocity patterns downwind of the half-model 1is
complicated by the existence of a wing tip vortex and also the presence of separated
flow from the wing-groundboard junction. The flow contours are difficult to interpret,
but the sidewash patterns seem to place the vortex at roughly the same span as for the
2-D configuration., Its location underneath the wing, however, is nearly three times that
of the quasi-2-D model which was tested at the same 1ift coefficient. The propulsive
wake also lies further below the wing than was originally anticipated.

It will be recalled from section (3.3) that an analysis of the force data
(1.e. CLV vs. Cp.) showed that the half-model forces were related to the quasi-2-D forces
by a rotation of the wind vector through an angle which depended on 1ift, and the aspect
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ratio of the half model. Thus models tasted at the same 1lift should have the same

average downwvash in the wake, and the same general location of thke trailing vorticus.

The fact that from the wake flow measurements, this does not appear to be so, may cast

some doubt on this hypothesis, but it should be recalled that the floor, which was

present for the quasi-2-D test, but not for the 3-D test, would to some extent, prevent

the downvard movement of the wake vortices and propulaive jet. !

Flow patterns for the 68° flap setting (C, = 0.5, CLy = 4.4) are shown in |
Figure 20. The trailing vortex flow is evident from the induced velocity patterns of
both the quasi-2-D and 3-D configurations; the propulsive flow is located about a semi-
span below vue wing, s&nd has deformed laterally almost the entire semi-span. From the
induced velocity contours of the half-model flow, it is possible to identify not only
the powered-1ift vortices but the wing-tip vortex as well. Their estimated location is
marked on Figure 20, and it appears that the mutual effect of the induced velocities is
causing the vortices to move relative to one another as they trail downstream. Thus the
vortices, V; and V3 in Figure 20 will tend to rotate about one another, with the wing
tip vortex tending to rise above the wing plane.

5.2 The Flow Downwind of a Multi-Engined EBF Configuration

The flow downwind of a complete aircraft, such as a multi-engined EBF transport
during a STOL approach under powered 1ift, will, naturally, be more complex than that of
the simple configurations discussed in the preceding sections. The performance of the
horizontal tailplane is crucial under these conditions, and a knowledge of the downwash
velocities would be considered useful for preliminary design studies., Flow traverses
wvere made, therefore, using 5-hole probes, at the tailplane location of a reflection-
plane model of a four-engined transport, employing the EBF concept. A general view of
this model with the wake traverse gear positioned, is described in Reference (6).

The model configuration and tunnel flow were appropriate to a landing approach
under powered lift (8p = 55°, €y = 3.5, C, = 0.75, ay = 0°).

Figures 21 and 22 describe the wake flow behind this model for C, = .75, and
for nacelle locations in the spread and coupled configuration respectively,

It was evident from the measurements that the trailing wake of this model
contained the propulsive and vortical flows which are characteristic of the EBF, and
which vere described in the preceding sections. These flows are depicted in Figure 21
énacellea spread) by contours of sidewash v/V and downwash w/V, and also total head

- Po
Qe
strong vortices, V; and V, shed from the flap/aileron junction, and wing tip respectively.

There is also some evidence of a third vortex on the inboard side, due, possibly, to a
wing/fuselage separation, or the rolling up of the inboard portion of the jet sheet.

. The relative orientation of w/V and v/V suggests the presence of at least two

" 2 The location of the propulsive stream tube in the wake is given by the contours
- Po
Qe

each engine flow, it can be seen that the maximum valuea of total head occur well below
and slightly outboard of the engine locations, thus emphasizing the outward lateral drift
of the jet exhaust. The total efflux, having left the wing as a flattened sheet, has
subsequently deformed into a U-shaped mass as it is drawn toward and rolls up with the
vortex emanating from the flap/aileron junction. This efflux is indicated schematically
as a shaded overlay on the induced velocity contours.

shown on the same graph. Although it is not possible to identify the details of

The flow in the wake of this configuration is therefore characterized by the
behaviour and mutual interaction of the deforming je’ and the streamwise vortices emanating
from the flap/aileron junction and wing tip. A result of this interaction is the unusual
location of the outer vortex: this vortex is positioned above the wing plane and inboard
of the wing tip. It is evident that the upper and lower vortices have rotated about one
another since leaving the wing trailing edge, and will continue to do so at locations
further downstream.

The propulsive stream tube will also continue to deform since it is the more
passive of the two wake components and will be dominated by the trailing vorticity.
- po
N
vortices V; and V,; this 1is consistent with the flow in a vortex core, which is typified
by intense rotation, low pressures and viscous diffusion.

Local regions of quite low total head < 0) were observed at the centres of the

Figure 22 which shows a similar presentation for the coupled engine nacelles
(C, = 0.75) exhibits the same general properties as for the spread nacelles. The only
noticeable difference in the wake is that of the propuleive flow, whicn appears to be
thinner, and slightly less deformed compared to the spread nacelle configuration.

6.0 CONCLUSIONS

The following conclusions can be drawn from the investigations of the External
Blowing Concept for powered 1lift.
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1) External Blowing has a dominant effect on the wing aerodynamic characteristice such
as lift and CL.. . In this regard, the EBF is comparable to other forms of powered 1lift, |
such as the jet flnp or augmentor wing.

2) The analysis of the "wing only" drag polars of the EBF models have shown that they
can be regarded »s a form of jet flap, having a polar equation of the form: Cpy, = !
Cpo + (Cva)/(ﬂoA). The wing efficiency factor e and thrust recovery factor r wvere found

to be related to the amount of part-span blowing. Low values of e and r are, therefore,

an inherent characteristic of the EBF, or any other powered 1ift system in which only

part of the span is active,.

3) The relationship between the quasi-2D and half-model configurations is that 1ift and
drag forces can be considered, in the half-model case, to have been rotated through an
induced incidence 4a;, which 18 the result of a change in effective aspect ratio from
approximately 30 to about 5.

4) The jet flow induces some very large changes in the local aerodynamic loading,
particularly on the flap components, and the impingement region of the main aerofoil

lowver surface. Although the loading is localized mainly at the centre of the wing, it
extends well beyond the original dimensions of the jet, particularly on the flap elements.

5) The flow in the wake of the EBF is characterized by the existence of trailing
vortices, which have resulted from the non-uniform span loading, and which induce down-
vash and sidewash velocities of considerable magnitude. The propulsive jet, which leaves
the flap trailing edge as a flattened sheet, deforms and rolls up with the trailing
vortices into a U-shaped pattern.

6) The wake behind a multi-engined transport configuration slso contains both propulsive
and vortical components. Measurements dowtwind of a half-model have shown that behind
each half-wing, there are two trailing vortices, one from the wing tip and one from the
flap/aileron junction. The propulsive jet flow rolls up behind the vortex from the flap
tip. The interaction of the two vortices causes the wing tip vortex to lie above the wing
plane.
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