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FOREWORD

This technical report summarizes research performed by The Boeing Defense &
Space Group, Seattle, Washington 98124 on the Innovative Control Effectors (ICE)
Study between October 1994 and January 1996 under Air Force Contract F33615-94-
C-3609. The ICE study was co-sponsored by Wright Laboratory, Wright Patterson Air
Force Base, Ohio and Naval Air Warfare Center of Warminster, Pennsylvania. Mr.
William J. Gillard, WL/FIGC and Mr. Steve Hynes, NAWCADWAR were the technical
monitors for this contract with Mr. Gillard serving as the USAF Program Manager.

The Boeing Defense & Space Group (BD&SG) Program Manager was Dr. Ernest L.
Roetman, Chief Aerodynamicist of the Flight Organization. The overall Principal
Investigator was Mr. Stephen A. Northcraft. Mr. John R. Dawdy was Principal
Investigator for the Aerodynamic Stability and Control Study, Task 2.

Other key personnel included:

H. Beaufrere
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J. Kuta Aerodynamic Stability and Control
A. Meeker Aerodynamic Stability and Control
J. O'Callaghan Aerodynamic Stability and Control
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W. Price Mechanical/Electrical Systems

J. Ott Cost Analysis

W. Dean Mass Properties

W. Mannick Mass Properties

W. Moore Configuration Integration
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SUMMARY

This report reviews work performed by the Boeing Company under USAF contract
F33615-94-C-3609 Innovative Control Effectors (ICE). This is a joint Air Force and
Navy program whose purpose is to develop and analyze aerodynamic control devices
applicable to modern tactical aircraft where it is desired to eliminate or at least
severely reduce the size of the vertical tail surfaces for reduced vehicle signature. The
program addresses the development of a control device, or set of devices, effective
across the broad flight envelope of tactical aircraft with minimal size, weight, cost and
aerodynamic hinge moments. All this to be achieved while maintaining acceptable
vehicle signature properties. Careful attention is to be given to the performance,
signature and integration issues associated with the devices.

This document reports on the activity of the first phase of the two phase ICE program.
Phase | covers initial selection and development of devices along with preliminary
screening analysis for effectiveness. A proposed Phase |l will concentrate on the
testing and validation of selected effectors deemed to have the most promise. This
contract was divided into four distinct tasks : }
(1)  Selection of a baseline vehicle concept and the identification of a set of
control devices to study.
(2)  The effector performance study selected three devices for detailed study
and assessed their performance alone and in combination.
(3)  The effector integration study task looked at the system impact of the
chosen effectors.
(4)  The risk reduction study addressed the technical risks associated with
the selected effectors/and proposed future work to reduce the risks of
implementation.

A baseline vehicle concept with which to evaluate control device effectiveness was
required for realistic evaluation. The selected vehicle for this work was a Boeing
advanced tactical aircraft concept, designated the Model-24F, a single engine,
diamond wing, chined forebody configuration with conventional empennage designed
for both air-to-air and air-to-ground missions as part of the muitirole fighter design
study. The vehicle and the corresponding data base was described in detail in the
body of the report. As this is a joint services program, two baselines were carried, the




second being a vehicle with proposed adjustments (such as increased wing area, ... )
to accommodate Navy specific performance and operational objectives.

The effectors initially chosen for study as offering the best potential for satisfying the
operational requirements were a pneumatic forebody device, a movable chine/strake,
wing leading edge blowing, wing mounted yaw vanes, split ailerons and seamless
leading edge and trailing edge which was later replaced with a unique variable
dihedral horizontal tail. A representative set of six flight conditions was chosen for
assessing the effectiveness of the concepts.

The performance study was a dominant part of this effort. After initial performance
screening, the number of effectors for detailed analysis was reduced to two concepts,
chine stakes and split ailerons, as having the most promise of satisfying the
requirements. In the search for a more promising device the concept of a variable
dihedral (rotating) horizontal tail was proposed. These three concepts were then
analyzed in greater detail. The performance of chine strakes was after further study
deemed below that desired, and their integration into the vehicle posed such difficulty
that this concept was not fully studied. The split aileron concept was found to be
adequate for marginal control at low angles of attack, but its effectiveness dropped off
dramatically at angles of attack above ten degrees. For the more stringent carrier
suitability requirements it was not adequate.

The rotating horizontal tail was found to be effective throughout the flight envelope of
interest including carrier operations. It therefore received the most attention.

Performance studies for the combined effectiveness of the rotating tail and split
ailerons were conducted to determine the gains that might be achieved with integrated
multiple aerodynamic effectors. For completeness, a limited comparison with the
inclusion of thrust vectdring was done.

The performance analysis of the control effectiveness was done by defining an
appropriate, integrated, modern set of control laws for the baseline configuration and
the control device configurations. The control laws were then combined with the
available aerodynamic data and subsequently included in full six degree of freedom
vehicle simulations to investigate the control device characteristics and the vehicle
flying qualities.



The feasibility of using any control effector is dependent on how it is to be incorporated
into the vehicle. Successful incorporation requires the efforts of several technical
disciplines investigating issues of structure, actuation, weight, signature, cost and the
operational demands.

The integration of chine strakes has many difficulties. The forebody area near the
cockpit is critical real estate for radar systems and a sensitive area for signature
control. Since the performance of this device was of limited effectiveness, a complete
integration was not performed.

The integration of the split aileron exposed concerns for the thickness of the outboard
wing, the actuation concept and the effects on the radar cross section. These issues
were investigated in some detail.

The rotating horizontal tail shows great promise if it can be reasonably incorporated
into a vehicle design. Since this is a unique concept without a design history, it
required additional effort at integration. The developed actuation concept did not have
an excessive weight penalty. Within an appropriate design philosophy it seems that
this is a viable concept worthy of further investigation.

Risk is apparent in incorporating any of the actuator concepts, both in performance
and integration. The risks associated with each selected effector are outlined in the
report. Additional data are needed in each case, but especially for the rotating tail
which has no significant data base due to its novelty. Additional wind tunnel testing
focused on the data sparsity for application of these concepts will significantly reduce
the risk in transitioning the concepts to application.
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1.0 Introduction

The purpose of the Innovative Control Effectors (ICE) program is to develop and
analyze innovative aerodynamic control devices that might be applied to joint
advanced strike aircraft with either nonexistent or reduced size vertical tail surfaces.
This contract addresses the continuing need to develop new aerodynamic control
effectors which are effective across a broad flight envelope with minimal integration
impact while maintaining acceptable vehicle signature properties.

The objective of this contract is to develop a control effector or set of effectors which
will achieve the goal of reducing or eliminating the vertical tail surfaces while
maintaining vehicle lethality and improving survivability. The focus of this contract is to
study the performance and integration issues associated with innovative control
effectors, and develop an effector, or set of effectors, which can be integrated into
future aircraft and achieve the goals stated above.

The overall ICE effort is divided into two phases. Phase | covers the initial
development and preliminary analysis of the candidate effectors, while Phase |l will
concentrate on the testing and validation of the chosen effector concepts.

This contract is focused on the Phase | efforts and is divided into four distinct tasks.
The first task is the selection of the baseline vehicle concept and the identification of a
set of control effectors for inclusion in this study. The second task, the effector
performance study, consists of the final selection of a set of three effectors for detailed
analysis and conducting an assessment of the performance characteristics of these
effectors separately and in combination. This assessment includes detailed 6 degree
of freedom (6DOF) analysis using the Boeing Rapid Prototype Analysis Program
(RPAS) to build a preliminary flight control system for the baseline aircraft with these
effectors. The third task, the effector integration study, addresses a broad range of
integration issues involving multiple technologies and the impact on the overali system
of each selected effector. The final task addresses the technical risks and
requirements for further development associated with the selected effector concept(s).
The purpose of this task is to develop an overall risk reduction scheme and propose
testing and other validation exercises which will reduce the risks associated with
introducing new control effector schemes onto advanced aircraft.




As a joint Air Force and Navy contract, certain aspects of the contract were unique to
each of the services. The selection of the baseline vehicle required carrying two
baseline aircraft to separately assess the aircraft carrier unique operational
requirements of USN aircraft and reconfiguring the vehicle layout to meet the specific
performance and operational objectives.



2.0 Task 1

2.1 - Selection of Baseline Aircraft

The baseline aircraft chosen for this effort was the Boeing developed advanced
tactical aircraft designated the Model-24F, which is a single engine, diamond wing
configuration with a conventional empennage designed for both the air-to-air and air-
to-ground missions. The wing design is similar to the F-22, with standard control
surfaces including ailerons, flaperons, horizontal tail, and rudders. Thrust vectoring
(TV) is available on the baseline vehicle, resulting in reduced empennage size to take
advantage of this capability. The reduced vertical fin size resuits in directionally
unstable aircraft at supersonic speeds, but stability is augmented by sideslip feedback
to the rudders. Extensive wind tunnel data are available for this configuration-and are
summarized in Figure 2.1-1. For these tests, two complete wind tunnel models, 12.5%
and 5% scale, were constructed and tested at NASA's Langley Research Center and
at Boeing-Seattle. These tests resulted in a database ranging in velocity from 0.05 to
2.50 Mach. The vehicle characteristics are summarized in Figure 2.1-2, the geometry
is described in Appendix E. Flight characteristics of the baseline vehicle are included
in the performance data assembled in Appendix B.

Note that a second baseline aircraft was defined (see Section 4.3) to meet the USN
carrier suitability requirements.
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Figure 2.1-1. Baseline Test Database



« Model -24

General
» 1998 technoiogy, 2005 IOC
» Single crew
+ FDWT: mission TOGW - 0.5 internal fuel
« Design LF: 9g @ FDWT, GR/TP structure
» Q-placard: 2,130 psf, M1.2 @ S.L.
» Maximum internal fuel capacity (o) 8,690

» Installed avionics (Ib) 1,598
Waeights

« Takeoft gross weight 34,720

« FDWT 25,460

« Operating weight empty 19,980

« Mach, combat/max 0.9/22
Propulsion (Ib)

« Sea level static A/B, installed (Ib)

» TW @ takeoff gross weight

* Nozzle 2-D/C-D, TV

« Iniet Fixed
Geometry

» Wing area, ref (sq ft) 465

« W/S @ takeoff gross weight (psf) 747

* Wing aspect ratiotaper 2.20/0.13

* Wing sweep, LE/TE (deg) 475/17.0

« Wing t/c @ (SOB®ip) (%) 45/3.0

-Ad1

Figure 2.1-2. Baseline Aircraft



2.2 - Selection of the Study Effectors
The initial list of possible candidates for study during this effort is shown in Figure
2.2-1. From this original list of candidate devices, the following were chosen for further
study:

Pneumatic Forebody Vortex Control

Moveable Chine/Strake

Wing Leading Edge Blowing

Wing Mounted Yaw Vanes

Split Aileron Devices

Seamless Moveable Leading Edges and Trailing Edges

The criterion for selecting these devices was that they exhibit the greatest potential for
meeting the objectives of the study. A secondary criterion was to study devices which
differed in the primary axis of operation, the location on the vehicle, and the flow
physics involved in the effector operation. The above concepts were chosen because
they offered the best potential for meeting the performance enhancement goals of this
contract with minimal impact on integration. A summary of each of the control options
shown in Figure 2.2-1 is included in Appendix A.

Reduction from six to three effectors resulted from further analysis of the six effectors to
more effectively screen them for those that looked to be the most promising effectors.
The baseline vehicle database was reviewed and its flying qualities simulated. The
simulation was adjusted to assess the relative effectiveness of the individual control
element. The down selection was guided by the criteria that the primary focus of the
study was lateral-directional control capacity, that there be possibility for realistic
integration of the control element and that the effectors be distributed around the
vehicle.

We readily agreed to select the moveable chine/strake and split aileron devices. The
choice of the third effector was more difficult, and it was finally resolved by introducing
the concept of variable dihedral all moving tail elements "rotating tail" concept that
became the third effector.




less airplane. Full flight envelope
yaw control.

Primary
Controt effector controi Benefits Risk
function )
[ Porous forebody Yaw and improves yaw control at moderate Operating phenomena not well
pitch control and high alphas. This yaw control is | understood. Supersonic characteristics
used to roll around the velocity unknown. Limited database. Stealth
vector. may be poor. Hard to integrate with
radar.

Pneumatic forebody vortex | Yaw and Improves yaw control at moderate Limited success on chined forebodies.

control pitch control | and high alphas. This yaw control is | Unknown supersonic charactefistics.
used to roll around the velocity Signature impact unknown and hard to
vector. integrate with radar.

Nose yaw vanes Yaw control Improves yaw control at moderate Steaith may be poor. Integration with
and high alphas. This yaw control is | radar is difficult.
used to roll around the velocity
vector.

Vortex flaps, outboard Yaw and Exploits special features of the May not be effective at 1 g or at

fraction of wing span pitch control | leading edge vortex on highly swept | supersonic speeds.
wings. _

Differential H tail for Yaw and roll | Enhance roil capability. Roll around | Larger actuator range. Complex
moderate and high alpha | control the velocity vector. software. Simuitaneous control issues.
yaw control
Differential canard Yaw and roll | Enhance roll capability. Roll around | High signature levels.
deflections for moderate control the velocity vector.
and high alpha yaw controt
Pivoting wing tip fins for Low alpha Exploit flat turns for heading agility. Heavy. Deteats the concept.
side force side force Stealth during air-to-ground

maneuvering.

Fuselage mounted vanes | Low alpha Skid tums for steaith air-to-ground May not be a net steaith improvement.

side force side force weapon delivery.

Differential leading edge Roll control improves roli control. Roll reversal occurs, consequently need

flaps for roll control special software combined with a

thorough database to define the
reversal alpha with Mach and flexibility
effects.

Seamless LEF and TEF L/D and Extrapolation of MAW technology. 4 bar linkages are heavy and complex.

hinges steaith Eliminates the seams associated =

improvement | with conventionally hinged flaps.

Wing tip spiit panel flaps Yaw control Can be used to replace the rudders. | Supersonic charactenstics not well
Good ait low alpha. Effective at all known. Defeats stealth if used at 1 g.
alphas. Effective for full flight
envelope.

Wing mounted yaw vanes | Yaw control Can be used to replace the rudders. | Supersonic characteristics not well

mounted like spoilers or Good alt low alpha. Effective at ali known. Defeats stealth if used at 1 g.

pop up vanes alphas. Effective for full flight

e anvelope.

Speed brake using crossed | Speed brake | Eliminates a dedicated speed brake | May not meet deceleration goals.

controls functions panel. Saves empty weight.

_ Improves stealth by deleting seams.

Wing leading edge blowing | Lift Maintain attached vortex wing fiow Waeight penaity, interference with

enhancemen | to higher angles-of-attack. standard high lift system.

t, roll control
Circulation controi (wing Lift Increased wing circulation and lift at | Weight penalty, integration with trailing
trailing edge blowing) enhancemen | given flight condition. edge flaps.

t, roli control _ _

Variable dihedral horizontal | Yaw and Remove vertical tails lower RCS Could be heavy, complex interference

tail _pitch control with wing — could reduce effectiveness

Thrust vectoring with Speed brake | Eliminates a dedicated speed brake | Expensive and heavy, and non-steaithy.

inflight thrust reversing functions panel. Saves empty weight. Poor IR and RCS.

| improves stealth by deleting seams. _

Thrust vectoring pitch Pitch control | Allows size of the honizontal tail to be | Difficult to compensate for operations at
reduced. Excellent low speed or near flight idle. Expensive, heavy,
control for takeoff rotation. and non-stealthy. Poor IR.
Significantly improves airplane pitch
agqility. _

Thrust vectonng yaw Yaw control Maybe the answer to making a fin- Difficult to compensate for operations at

or near flight idle. Expensive, heavy,
and non-stealthy. Poor iR. W1

Figure 2.2-1. Innovative Control Effector Options
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2.3 Flight Condition Selection

In evaluating the chosen effectors, a representative set of flight conditions was chosen
for assessing the vehicle performance. These conditions were selected to offer a wide
range of operational capability to adequately determine the control characteristics of
each of these effectors. The conditions chosen are summarized in Figure 2.3-1.

60 —
Sup;r_sonic
Primary condition
battle zone M=20
Maximum sustained

load factor

Hp (K) Power-on M=0.9@ 30, 000 ft

departure
stall

ACM csorner speed
20 @ 15,000 ft
Landi Estimated
aﬁg " Vag = baseline
takeoff 600 KEAS 1.0G envelope
0] : ] | | |
0 05 1.0 1.5 20 25

Mach -Ad2

Figure 2.3-1. Analysis Flight Conditions
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3.0 TASK 2 - EFFECTOR PERFORMANCE STUDY

The primary focus of the effector performance study was to evaluate the selected
effectors and determine if Level 1 flying qualities could be achieved for a fighter size
aircraft without a vertical tail or one of reduced size. No matter how effective a control
surface is at high angle of attack, if it cannot be used to achieve adequate flying
qualities in the normal flight regime, it may not be a viable option. Consequently this
performance study will be valuable in the selection of realistic innovative control
effectors. Of course, combinations of effectors may meet specific requirements in some
flight regimes if the significance of the requirement will support the weight and cost
penalties. The high angle of attack evaluation was beyond the scope of the current
aerodynamic data base.

Three effectors were used in the performance study:

+ Split Ailerons

* Chine Strakes

* Rotating Tail
The effectors were evaluated individually with the vertical tails removed. Additionally
the baseline Model-24F (with vertical tails and rudders) was evaluated to provide a
reference performance baseline. Limited evaluation of a combination of Rotating Tail
and Split Ailerons with and without 2 axis thrust vectoring was also conducted. The
performance study was conducted with an operating flight control system due to the
instability of the configuration about the longitudinal axis, for subsonic speeds, and
directionally with the vertical tails off.
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3.1 Flight Condition Selection and Study Guidelines
The performance study was conducted at six flight conditions which were selected with
WL/FIGC and NAWC concurrence. These conditions are summarized in Figure 3.1-1.

Gross Weight —ARiude V/Mach Teading Edge Traling Eoge
Flight Condition (lbs) ®) o Flape Flape

I;';',:“.c‘h"‘ 25,000 1,000 132 kis TOLDG »
Maximam

Power-On Transonic

Departure Stall 27,000 15,000 Database Angle Maneuver e
of Attack

Air Combal

Mansuver Comer 27,000 15,000 0.6 Tl lnn.::: o

Speed

Penetration Transonic

Speed 27,000 1,000 600 kts Cruise e

‘Maximum Transonic

Sustained Load 27,000 30,000 0.9 Maneuver o

Factor

Supersonic Supersonic

P oiva 27,000 35,000 2.0 Pnioe o

Figure 3.1-1 Performance Study Flight Conditions

These flight conditions are also plotted on the flight envelope shown in Figure 2.3-1.

The Boeing Rapid Prototype Aircraft Simulation (RPAS) software tool was used to
compute trims and maneuver time histories at the flight conditions. The performance
of the airplane, with the various effectors, was evaluated against MIL-F-8785C and
MIL-STD-1797A. The criteria selected did not include control force requirements
because it was assumed that an artificial "feel" system would be used and could be
tailored to meet the specifications.

The evaluation was conducted at the aft center of gravity (38% MAC) which was
assumed to be the critical condition. An active flight control system was included for all
of the performance studies due to the instability of the Model-24F. The configurations
were longitudinally unstable at aft center of gravity for subsonic speeds and with the
vertical tails removed the vehicle was directionally unstable at all Mach numbers. The
longitudinal and directional stability levels are shown in Figure 3.1-2.

The evaluation of the rotating tail effector was limited to a single fixed dihedral

configuration in this study in order to reduce the impact on the flight control system.
Inclusion of horizontal tail dihedral variation in the control system results in multiple

13




solutions for trim and control inputs. The weighting functions required for the
automatic selection of dihedral angle must be developed with additional testing and
evaluation of other criteria than aerodynamic forces and moments. For this
performance study the rotating tail effector was fixed at 20° of dihedral on each side.

14
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3.2 Database Description and Limitations

The Model-24F aerodynamic data base used in the RPAS simulation is based on wind
tunnel test data along with analytical results described below. The wind tunnel test
data included a test in the Langley Unitary Tunnel, conducted in May of 1991, a
Langley 8 ft Transonic test, LaRC 1039 conducted in September 1992, and a
transonic/supersonic test in the Boeing Supersonic Wind Tunnel, BSWT 633
conducted in August 1995. The BSWT 633 test included the use of the transonic insert
to allow test at Mach numbers down to 0.4. Analytical studies were conducted using
the Boeing AEOLAS program which is a code based on a linear potential flow code
called PANAIR. The AEOLAS program was used to estimate rate derivatives and to
assess the impact of configuration changes for which no wind tunnel test data are
available.

The aerodynamic data base covers the Mach range from 0.2 to 2.2 and is structured to
allow the user to select tails on or off and which effectors are operational. The
aerodynamic data are referenced to body station 475 (35% MAC) and the moments
transferred to the user selected center of gravity.

The range of Mach number, angle of attack, and sideslip for each of the tests is shown
in Figure 3.1-2. The simulation database limits are -4°< o £ 22° and -10° < B < +10°.
Figure 3.2-1 shows an example of the lift and pitching moment curves with the
simulation database limits. These data are from a test in the Langley 12 ft tunnel
conducted in October of 1991. These data show that the simulation data base is valid
down to approximately 1.2 VSTALL. The test data at higher angles of attack from the
12 ft test was at very low speed and was not extensive enough to allow for its inclusion
in the aerodynamic database.

The sideslip limits were eliminated for the carrier suitability study and the simulation
was allowed to extrapolate on the database. This was done to allow the carrier
landing crosswind studies to be completed.

The mass model used in the performance study was simplified since the majority of the
study was conducted at one gross weight and center of gravity. No change in inertia's
with weight and center of gravity were programmed. The inertia's in the mass model
were changed for the carrier suitability portion of the study.
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A simplified engine model of the F119 thrust class was also used. Engine dynamics
were approximated using first order lags. The gross thrust and ram drag were
implemented as a function of Mach number and altitude. This engine model was not
developed as part of the ICE contract but was one used for a number of Boeing IRAD
studies over the years.

No landing gear dynamic model was included in the MEATBALL model for the carrier

performance study. A drag increment due to landing gear deployment was included as
part of the aerodynamic model.
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3.3 Flight Control System Description

The evaluation of effectiveness of control elements requires a baseline operational
capability. The as drawn, as tested vehicle, the Model-24F, that we are using in this
study is longitudinally unstable at aft CG in subsonic flight, thereby, requiring a flight
control system definition in enough detail to have a meaningful simulation for
operational flying qualities. A flight control system has been developed for the Model-
24F based on the aerodynamic data base for modeling in the simulation program
RPAS. Figure 3.3-1 illustrates a summary diagram of the flight control law.

The flight control system was optimized, subject to some constraints such as rate and
position limits, for the baseline and the effector configurations to provide the most
realistic simulation. The control laws developed are very integrated, blending all the
available effectors to optimize the total control effectiveness of the overall vehicle.
Figure 3.3-2 presents a summary of the use by the flight controls system of the various
effectors and combinations of effectors.

There are limiting values to effector operations in both the extremes and rates. For
reference, Figure 3.3-3 contains a list of the effector limits assumed for this study.
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3.3.1 Nonlinear Control Mappings

Chine Strakes. Because the aero model data showed the chine strakes having very
low incremental control effectiveness at deflection angles below 28 deg, the nonlinear
control mapping was set up to bias both chine strakes at this nominal value. A single
strake input signal is mapped into both strakes by commanding differential motion
around this nominal bias value. For example, a strake command of +10 deg is
mapped into 18 deg for the left strake and 38 deg for the right. For commands greater
than the bias value, one strake simply goes to its 0 deg limit. An upper limit of 73 deg
was also imposed, even though the model permits strake angles up to 118 deg,
because the aero data show a reversal of control effectiveness beyond 73 deg. By
biasing at the "knee" of the effectiveness curve in this way, the combined control
moment generated by both strakes becomes an approximately linear function of the
command. Without this approach, the strake command effectiveness would show a
near-deadband effect at low commanded angles, which would be likely to cause limit
cycle behavior in the control system.

Split Ailerons These four surfaces are biased at a nominal 5 deg value, in a manner
similar to the chine strakes. The 5 deg bias value was chosen by examining two-
dimensional maps of the effectiveness of upper and lower split ailerons on both roll
and yaw. They display a "knee" of control effectiveness near this value. Both roll and
yaw commands are mapped into the four surfaces through a simple mapping matrix,
and summed with the nominal 5 deg bias settings. Hard limits are applied to the
results at the 0 deg and 45 deg deflection limits.

Rotating Tail The control law does not directly command tail dihedral angles, because
realistic servo response time and inertial coupling effects might permit only a slow loop
bandwidth through this feedback path. Instead, only the left and right tail incidence
angles are commanded over a +30 deg range, with the tail dihedral angles fixed at
the RPAS simulation user's settings, ranging over 20 deg. Independent pitch and
yaw commands from the longitudinal and lateral control laws are mapped into these
two incidence angles. The yaw command is scaled by the reciprocal of the dihedral
angle over a 5 to 20 deg dihedral range, to provide approximately constant yaw
control sensitivity allowing for the tail dihedral angles to vary.
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3.3.2 Linear Multivariable Control Law Design

Control Mixer Matrix As the overview diagram of Figure 3.3-1 shows, the control law
gain matrices directly produce only three output commands, which are "pseudo-
control” signals commanding certain blends of pitch, roll, and yaw moment. These
blended signals are mapped into commands to each actuator by an additional control
mixer gain matrix called V, see Figure 3.3-1. For the "linear" control surfaces
(conventional ailerons, rudders, nonrotating horizontal tails, and pitch and yaw thrust
vectoring) these outputs of the matrix V are sent directly to the control surface servos.
For the "nonlinear” control surfaces (split ailerons, chine strakes, rotating tail incidence
angles) the outputs of V are passed through the nonlinear control mappings described
above to produce control surface commands.

Using the control mixer matrix V allows the control law to use the least-squares optimal
blend of all available control surfaces to produce roll, pitch, and yaw using minimal
total control surface activity. The matrix V is calculated for each flight condition and
for each configuration set of control surfaces, using linear least squares matrix theory.
This allows each surface to be used simultaneously for roll, pitch, and yaw in
proportion to its control effectiveness in each axis. For this reason, it increases the
maximum vehicle performance when compared against the traditional technique of
assigning ailerons for roll only, rudders for yaw only, etc., in a single-input single-
output (SISO) control system.

This technique also differs from a better-known pseudo-control method in which the
columns of the V matrix attempt to provide pure, decoupled roll, pitch, and yaw
moments. That technique, called the pseudo-inverse method, tends to degrade the
loop stability margins in vehicles with strong roll-yaw coupling. In contrast, Boeing's
method preserves the loop stability margins. One side-effect is that the signals labeled
"pseudo-roll” and "pseudo-yaw" in the diagram do not actually command pure roll and
yaw moments: they command certain optimal blends of moments and forces that
depend on the vehicle's natural cross-axis coupling.

H-infinity state feedback design, Boeing has developed a set of very efficient

techniques for designing the multivariable feedback and feed forward gain matrices
| using H-infinity optimal control theory. These allow the designer to specify the desired
closed-loop dynamic responses (pole locations and cross-axis decoupling behavior)
and to produce a corresponding gain matrix with little or no design iteration. The
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design process was repeated for each of six control surface configurations: baseline,
split ailerons, chine strakes, rotating tail, split ailerons with rotating tail, and baseline
with split ailerons, rotating tail, and thrust vectoring. For each configuration, a "point
design" was produced for each of four flight conditions: takeoff/approach, corner
speed, penetration speed, and supersonic. The remaining flight conditions were
covered by interpolating these gain matrices versus the reciprocal of dynamic
pressure. Each point design consisted of a longitudinal and a lateral gain matrix
design, for a total of 48 gain matrices. The baseline design was performed under IR&D
funding, the others under contract.

The efficient H-infinity method allowed all eight gain matrices for each configuration to
be designed in, typically, a single afternoon. Much less trial and error was required
than would have been needed for either LQR (linear quadratic regulator) multivariable
control or for conventional SISO control law designs.

Implicit integration for anti windup. The control law uses integrating feedback on the

three commanded variables: stability-axis roll rate, sideslip angle, and normal
acceleration Nz. (The Nz regulator actually uses a blend of Nz with speed
acceleration Udot, as explained below.) Integrating feedback is desirable because it
drives steady-state tracking error to zero. Conventional integrating control laws require
special care to properly initialize the integrator states and to prevent them from
"winding up” or ramping during control surface saturation. Boeing has developed a
technique called implicit integration that prevents these problems and simplifies the
implementation of integrating control laws. This technique was applied to the ICE
control law, eliminating the need for special integrator logic to reinitialize the integrator
states or to freeze them during saturation. The benefit is significant, since integrator
logic can occupy more lines of code than the linear control law gains in conventional
controllers.

3.3.3 Longitudinal axis control law

Nz-Alpha mapping. The stick command is interpreted as a commanded increment to
normal acceleration Nz in units of g, above what is required to maintain a straight-line
flight path at the current flight path angle u. In this way, zero stick force will always

command a straight-line flight path when the wings are level. To do this, the
commanded increment Nz_stick is summed with cos (y), which is 1 g in level flight.
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Without this cos(y) compensation, Nz regulators tend to cause mild flight path
instability when attempting to hold a steady climb or descent.

Both the commanded and measured total Nz values are converted into nominally
equivalent values of angle of attack a. This is done using the standard formulas
relating lift coefficient CL, dynamic pressure Qbar, wing area, and weight to Nz. CL is
assumed to be a linear function of angle of attack a: CL = CLg + CLg . Nominal
values of CLg, CLq, wing area, and weight are used by the control law.

The equivalent commanded and measured values of Alpha, based on the Nz values,
are labeled Alpha_Nz_cmd and Alpha_Nz in the diagram. The regulator uses these
instead of using Nz values directly. The reason is to accommodate high-o flight
regimes, when ClLg changes sign and an Nz regulator could become unstable. At
high-c conditions, the Nz to Alpha mapping can blend the Nz-equivalent Alpha values
with true Alpha values, so that the control law becomes an Alpha regulator. Doing this
with a smooth blending function as Alpha approaches stall allows the vehicle to be
flown into post-stall conditions with no mode switching by the pilot.

Meanwhile, basing the regulator on Nz in normal flight allows the control law to be
self-trimming. While flying post-stall was not required for ICE, this structure was
retained in the controller to permit such use in the future.

Nz-Udot regulator. At landing and approach speeds, it is desirable to slightly modify
the response of a pure Nz regulator. If, for instance, the airplane held Nz firmly at 1.1 ¢
at low airspeeds, Alpha would have to increase rapidly to compensate for the rapidly
dropping airspeed as the flight path curved upward. This can cause unexpected stalls
with only small values of steady stick force. To prevent this, the landing/approach
control law gain matrices were designed to provide a low-frequency "washout”
behavior in Nz command tracking. In effect, the quantity being tracked by the regulator
is a blend of Nz with speed acceleration Udot = dU/dt, so that the stick step response is
an initial jump in Nz followed by a steady airspeed deceleration while Nz returns to its
straight-line value of cos(y). The controller structure remains the same as shown in the
diagram: the Udot regulation behavior is provided implicitly by the appropriate
proportional feedback gain terms on U.
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Command shaping filter. While regulation of Nz is desirable for auto-trim behavior
over a time scale of many seconds, the stick response of a "tight" Nz regulator can
cause undesirable flying qualities on a shorter, transient time scale. Specifically, pilots
expect the "nose to follow the stick” on a short time scale, meaning that pitch rate, not
Nz, should be proportional to stick force. A tight Nz regulator would ordinarily cause
high levels of pitch rate overshoot and "bobble tendency." But since a pitch rate
regulator is not auto-trimming and causes flight path instability at low airspeeds, we
need to combine the best of both schemes.

We have resolved this problem by inserting a unity-gain lag-lead command shaping
filter in the feed forward path. Airplanes have a natural transmission zero in their
response from pitch moment to pitch rate, caused by the effect of CLg on lift and flight
path as an airplane pitches. The transmission zero frequency is typically near 1 rad/s
for the Model-24F. The shaping filter places a pole at this zero frequency and a zero at
a higher frequency near 4 rad/s. The effect is to make the stick response mimic that of
a pitch rate command attitude hold (RCAH) system on a short time scale, restoring
good flying qualities for pitch acquisition tasks. At the same time, the high-gain Nz
regulator provides tight control over Nz and Alpha during aggressive roll maneuvers,
as well as providing auto-trim. Also, the filter still provides a direct (no-lag) gain term
from stick to control surfaces to help prevent pilot-induced oscillation (P1O) from
excessive lag.

3.3.4 Lateral-Directional Axis Control Law.

The multivariable control law regulates two variabies in the lateral-directional axis: roll
rate p and sideslip angle B. The commands are normally generated by processing
lateral stick force and pedal force through appropriate deadbands and shaping
functions. For unpiloted simulation studies, the control law can accept p and §
commands directly. There is no artificial separation of control surfaces into "roll-only"
and "yaw-only" sets as in classical single-input single-output (SISO) design. The
control law gain matrix is free to command all available control surfaces to track both
commands. Generally the lateral-directional gain matrix maps roll rate, sideslip angle,
and yaw rate into two commands to the "pseudo-roll" and "pseudo-yaw" inputs of the
control mixer matrix V, see Figure 3.3-1. The V matrix, designed by the Singular Value
Decomposition technique, then maps these commands into the full set of control
effectors. The control law uses integrating feedback to drive steady-state command
tracking error to zero for both p and .
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3.3.5 Standard Sensor Processing
Air-referenced and inertial-referenced measurements of angle of attack «, sideslip

angle B, and body-axis velocities U, V, and W (in the x, y, and z body axes
respectively) are passed through a standard set of first-order complementary filters.
The purpose is for the feedback law to use air-referenced measurements at low
frequencies and inertial-referenced measurements at high frequencies. Each
complementary filter applies a transfer function of k/(s+k) to the air-referenced input
and s/(s+K) to the inertial input, where k is a breakpoint frequency in radians per
second. A typical value of k is 0.3 rad/s. This reduces the system sensitivity to air data
noise. Most control laws use only the a and B signals, but U, V, and W are provided

for use in hover-mode control laws for STOVL vehicles.

The estimated angle of attack o from the complementary filter is used to derive
stability-axis rotation rates, velocities, and accelerations from the body-axis values
reported by the sensors. Standard transformations involving sin(c) and cos(a) are
applied. Also, a stability-axis direction cosine matrix is derived from the body-axis
matrix. This can be used when stability-axis Euler angles such as bank angle ¢ are
used by the feedback law.

Gravity-compensated values of roll rate p, pitch rate q, and yaw rate r are made
available to the control law by calculating the contributions to the rotation rates of the
vehicle caused by the acceleration of gravity for the vehicle's current flight path and
inertial speed. These gravity increments are subtracted from the measured rotation
rates, and the results can be used by the control law when desired. The benefit of this
is to prevent the control law from "fighting against gravity" during rapid maneuvers
such as rolls. Without gravity compensation, for example, a control law using yaw rate
feedback may produce strong attitude-dependent rudder commands in a sustained roll
as it fights gravity's tendency to yaw the vehicle back and forth. This effect is most
pronounced at low speeds.

3.3.6 Automatic Command Limiting.

Boeing has developed a powerful real-time optimization method for preventing cross-
axis coupling between pitch, roll, and yaw commands during aggressive maneuvers or
large sudden disturbances that produce control saturation. This technique is distinct
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from the implicit integration method used to prevent integrator windup during control
saturation. The Boeing automatic command limiting method allows penalty weights to
be assigned to each controlled variable (e.g., roll rate, sideslip angle, and Nz) so that
the controller will allow tracking errors in the lower-priority controlied variables first,
rather than incurring tracking errors in all variables at once. For example, without
command limiting, applying a very large roll rate command can cause excessive
sideslip angle to develop when the ailerons or rudders are saturated. With command
limiting, the control system will automatically "back off" from the commanded roll rate
just enough so that tight regulation of sideslip can be maintained. These command
limits are implicit in the position and rate limits of the control surfaces themselves, and
are not arbitrarily imposed. This allows the full maneuver performance envelope of the
vehicle to be realized safely.
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3.4 Effector Study Resuilts (including Thrust Vectoring)

Overview

The individual effectors and effector combinations were evaluated at the six flight
conditions previously summarized in Figure 3.1-1. Note that the "best" effector
combination (rotating horizontal tail + split ailerons) was also evaluated with 2-axis
thrust vectoring (TV).

The evaluation criteria are summarized below (Reference: MIL-F-8785C):
Level 1:
Flying qualities clearly adequate for the mission Flight Phase.

Level 2:
Flying qualities adequate to accomplish the mission Flight Phase, but with
some increase in pilot work load or degradation in mission effectiveness,
or both, exists.

Level 3:
Flying qualities such that the airplane can be controlled safely, but pilot
work load is excessive or mission effectiveness is inadequate, or both.
Category A Flight Phases can be terminated safely, and Category B and C
Flight Phases can be completed.

Pass:
Meets specification (for sections without Level 1, 2 or 3 requirements)

Fail:

Does not meet specification (for sections without Level 1, 2 or 3
requirements)

Note that where results are inferred for this Phase | study they are indicated in the
Summary Charts with an asterisk.
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3.4.1 Takeoff and Approach
Analysis for takeoff and approach stability and control was conducted under the
following conditions:

Vehicle gross weight = 25,000 Ib.
Equivalent velocity v, = 132kts
Altitude = 1,000 ft

In total, 10 flying qualities items were addressed with the results summarized in the
performance summary sheet of Figure 3.4.1-1, based on data such as contained in
Figures 3.4.1-2 and 3.4.1-3.

In a number of cases the flying qualities evaluation was done by inspection (without
detailed evaluation) where a specific effector would have no impact on the resuit. For
example, if the Baseline configuration passed the trim requirements (Longitudinal
control in unaccelerated flight) the Split Ailerons and Chine Strake configurations were
assumed to pass since the horizontal tail configuration was unchanged. Additionally,
without the vertical tails and with limited directional control power these configurations
were assumed to fail for some of the lateral-directional items.

The crosswind evaluation was conducted to the limit of the simulation data base
(B=1100). At 132kts, the =100 condition equates to approximately 23kts of 900

crosswind.

The baseline Model-24F configuration includes vertical tails but without thrust
vectoring. The baseline vehicle, as tested, meets the Level 1 or pass criteria of the
Military Specification, MIL-F-8785C, revised above, for 6 of the 10 conditions. It meets
Level 2 criteria in 2 flying quality items for two longitudinal control in maneuvering
flight and turn coordination which failed due to angle of attack limit of the simulation
data base with only a limited load factor capability.

For the split ailerons configuration (without thrust vectoring) the “Level 1” or “pass”
criteria are met only for longitudinal control in unaccelerated flight, the “Level 2" criteria
are estimated to be met for Flight Path Stability while for all other qualities the
configuration fails.

31



The reader can summarize the remaining elements of the summary sheet, Figure
3.4.1-1, in a similar fashion. The rotating tail shows the overall best performance
among the effectors. The reader is to keep in mind that only the baseline configuration

had a vertical tail. For more details, see the data collected in Appendix B.

GW = 25,000 Ibs Vo =132 kis Altitude = Sea Level
CONFIGURATIONS
REQUIRMENTS [ Basaline Tt Chine o Fowtng Fotating
SOURCE no TV Allerons Strakes Tail Tail+ Split] Tail+ Split
DESCRIPTION no TV no TV (T4 =| Ailerons Ailerons
20°/20°) no TV with TV
no TV
gltiga;g.tl-pah MéLéF-g785C
ili .2.1.
Y slllLSTD~1 797A Level 2 Level2® | Level2® | level2 Levei2® | Levei2*
§4.3.1.2
Tongituanal MITFE785C
trdioted | Wb 17974 Pass Pass Pass Pass Pass” Pass”
fiight §4271
Long:mcfrinal . M;Lg;g?ésc
contro n 2.9
maneuvering flight | MILSTD-1797A Fail Fail* Fail* Fail Fait® Fall*
§4.272
La!qlrl:l-cﬂnectlonal MlaLéF—87ESC
oscillations .3.1.1
Duteh ol g‘;ﬁ%‘m" Level 1 Fail* Fail* Levei 1 Level1® | Levei1®
46.1.1
Rol mode §lv:lill:_‘)-F—éi785C
.3.1.
gmm.ésr11>1797A Level 1 Faii® Fail* Level 1 Level1* | Levelt®
451,
Spiral mode M13LéF1~g785C
gm'.smmm Levei t Fail® Fail* Levei 1 Level1* | Levelt®
§45.1.2
Tum coordinaton Mg;éf:-gnsc
3.2 Fal Fail Fall Fall Fail Fail
IL-STD-1797A (database | (database | (database | (database | (database { (data base
3‘2‘3‘2‘1  limit) o limit) 2 limit) o limit) o limit) o limit)
Roll control MéLéF-87BSC
effectiveness .34
EALL St Level2 | Fall Fall Levei 3 Level3 | Level1
CaterarGrecional glt-i:-émSC
control in cross | §3.3.7 Pass Pass
winds IL-STD-1797A (data base (data base
45953
464
4674
Final ap:dr:ach n L-F87850
Cross wi 3371
WL STD-1707A (dats buse (d.,f?b'm
2_2'8% 8 limit) Fall Fall Fall Fail B limit)
5954
466.1

* Evaluated by Inspection

Figure 3.4.1-1 Takeoff and Approach
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3.4.2 Power on Departure Stall
Analysis for power on departure stall flying qualities was conducted under the
following conditions:

Vehicle gross weight = 27,000 Ib.

Altitude = 15,000 ft

Maximum database AOA (22°) low speed

In total seven (7) flying qualities items were addressed with the resuits summarized in
the performance summary sheet of Figure 3.4.2-1 with sample data in Figures
3.4.2-2, 3.4.2-3 and 3.4.2-4.

Again in this assessment as in others, a number of cases the flying qualities evaluation
was done by inspection (without detailed evaluation) where a specific effector would
have no impact on the resuit. Additionally, without the vertical tails and with limited
directional control power some configurations were assumed to fail for some of the
lateral-directional items. The moments that could be generated are just not large
enough.

The baseline Model-24F configuration is with vertical tails but without thrust vectoring.
The baseline vehicle, as tested, meets the Level 1 or pass criteria of the Military
Specification, MIL-F-8785C, reviewed above, for five of the seven conditions.

The Level 3 performance in roll control of the baseline is due to the fact that small
amounts of sideslip degrades the available roll control power through the flow
interaction with the canted tail and swept wings.

The baseline fails in longitudinal control in maneuver because of this simulation
software, it can hold the speed or altitude only with severe degradation of flight path
angle.

The reader can summarize the remaining elements of the summary sheet, Figure
3.4.2-1, in a similar fashion. Again the rotating tail shows the overall best performance
among the effectors. The reader is to keep in mind that only the baseline configuration
had a vertical tail. See the Appendix B for more detailed information.
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GW = 27,000 Ibs Vo= low Altitude = 15,000 ft
REQUIRMENTS Baseline Split Chine Hotatng Rotatng Floann?
SOURCE no TV Allerons Strakes Tail Tail+ Split | Tail+ Split
DESCRIPTION no TV no TV (TH = Allerons Ailerons
20°720°) no TV with TV
no TV
Longvlgginal MgLéZ-8785C7
control in .2.3.1
unaccelerated ?AILSTD—1797A Pass Pass Pass Pass Pass” Pass”
fiight §4.27.1
nglonlminaf MISL‘T;-8785C
control in .2.3.2
maneuvering flight MILoTD-1797A Falt Fail” Fail” Falt Fail” Fall*
§4272
telll'al-dlrecnonal M13L5F1-8785C
oscillations .3.1.1
Dutch roll ILSTD-1797A Level 1 Fail® Fail* Level 1 Level1® | Level1®
41117
461.1
o mode 1V
im'_;sfm 797A Level 1 Fail* Fal* Levei 2 Level 2 Level 1
§45.1.1
Spral mode MI3L—F-87850
3.1.3
IL-STD-1797A Level 1 Fail® Fail* Level 1 Levei1® | Level1®
§45.1.2
Tum coordinaton | MIL-F-8785C
?‘:isszm 7.
4%5.9_5.1 797A Pass Pass Pass Pass Pass’ Pass®
4672
Aol control Mg.—F-8785C
effectiveness 34
458.1

* Evaluated by inspection

Figure 3.4.2-1 Power-On Departure Stall
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3.4.3 Air Combat Maneuver Condition
Analysis for air combat maneuver stability and control was the most extensive flying
qualities analysis of this project and was conducted for the following conditions:

Vehicle gross weight = 27,000 Ib.
Altitude = 15,000 ft
Mach number = 0.6

In total, 18 flying qualities items were addressed for 5 configurations in addition to the
baseline configuration with the results summarized in the performance summary sheet
of Figure 3.4.3-1, with illustrative data in Figures 3.4.3-2 through 3.4.3-4.

In a number of cases the flying qualities evaluation was again done by inspection
(without detailed evaluation) where a specific effector would have no impact on the
result. (See the remarks for earlier sections.)

The majority of the analysis concentrated on the baseline vehicle or the rotating tail
configuration since the other effectors did not generate the desired control power.

The baseline Model-24F configurations with vertical tails but without thrust vectoring,
as tested, meets the Level 1 or pass criteria of the Military Specification, MIL-F-8785C,
reviewed above, for 16 of the 18 conditions. It meets Level 2 criteria for one flight
quality, short period frequency and acceleration sensitivity, and fails for one quality,
longitudinal control in maneuvering flight. Failure to meet this requirement is mainly
due to the way the simulation analysis is performed in the simulation code RPAS. The
simulation tries to hold the speed and the altitude while trimming at load factor. This
results in a solution where the flight path angle is varied. For a high load factor (Nz)
very large negative flight path angles resuit, approaching -900° in limit. See Figure B-1
in the Appendix B to the report. This result and its explanation holds true for all
configurations.

The rotating tail meets or exceeds Level 1 for all items except longitudinal control in
maneuvering flight. This failure is again mainly a result of the simulation as discussed
in the previous paragraph.

The simulation tries to hold a constant velocity. The dynamic maneuver where the
speed bleeds off is not a problem. There is plenty of control power.
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The split ailerons and chine strakes (without vertical tails) fail (by inspection) to meet
the lateral-directional dynamics requirements. They do not generate required control
power for important flying qualities conditions.

The reader can review the remaining elements of the summary sheet, Figure 3.4.3-1,
in a similar fashion. The rotating tail shows the overall best performance among the
effectors. The reader is to keep in mind that only the baseline configuration had a
vertical tail. For more details, see the data collected in Appendix B.

GW=27,000lbs M = 0.6 Altitude = 15,000 ft
CONFIGURATIONS
DESCRIPTION REQUIRMENTS Baseline Split Chine Hotating Hotating Hotanngf
SOURCE no TV Ailerons Strakes Tail Tail+ Split | Tail+ Split
no TV no TV (TH= Ailerons Ailerons
20°720°) noTV | withTV
no TV
Phugod S@bility M:IBLéF1-827850
?/|II:.-STD-1797A Level 1 Level1® | Levelt” Level 1 Levei1® | Level1*
§4.2.1.1
SFllngﬁ_l-paﬁ MTLéF1-83785C
tability 321. :
?/anmwgm Pass Pass’ Pass’ Pass Pass’ Pass
§43.1.2
e [ | e |
ency . ol2*
acceleration IL-STD-1797A Level 1 Leveit® | Level1®
sensitivity §4.21.2
il P
p .
" ILSTD-1797A Level 1 Level1® | Leveit® Level 1 Level1® | Level1*
§4.212
Lontgrltt)tnginal MISLéF3-817850
Con n 2.3
unaccelerated iAIL-STD—1797A Pass Pass Pass Pass Pass® Pass
fiight §4271
T_onglct:lenal MILéF~27SSC
control in 323.
maneuvering flight §|IL-STD—1797A Fall Fail* Fail* Fall Fail* Fail*
4272
Latelll'al;drecnonal Mg_éﬁ?msc
osciliatons 200 N
Dutch roll SIIL-STD—1797A Levei 1 Fall” Fail® Level 1 Level 1* Levet 1*
41117
4611
Roll mode hgué-F-gﬂa'SC
3.1
?ML—STD-1797A Levei 1 Fail* Fail* Level 1 Level1* | Levelt
§45.1.1
Spiral mode MlaLéF-g785C
3.1,
§I|IL-STD-1 797A Level 1 Fail® Fail* Level 1 Level 1* Level 1*
§451.2

* Evaluated by inspection

Figure 3.4.3-1a Air Combat Maneuver Corner Speed
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Coul;‘ﬂedrolkspwﬂ MIL-F-8/85C
osciliation 33.14
§4|LST01797A Pass Fail* Fait* Pass Pass’ Pass”
%«Izts.ts
Foll rate FI7E5C
oscillations 3322
; ILgSTD-1797A Level 1 Fail* Fail* Level 1 Levei1* | Leveit1”
4514
Kal.ﬁanal roufro'ate M:I3L3-l;—~827185C
trements for 3.2,
smal inputs ; ILgSTD-1797A Level 1 Fail" Fail* Level 1 Levelt® | Leveit
4514
Baqhapgle M:ISLéZ-ngC
oscillation 3.
§/||L3TD.1797A Level 1 Fail* Fail* Level 1 Level 1* | Level1®
§45.14
Sesip MC-F5785C
excursions 3324
EAILSTD-1797A Level 1 Fail* Fail* Level 1 Level 1* | Level1*
462
Additonal sndg;?p Mg_éF-%BSC
requirements 3.24.
small inputs ; ILSTD-1797A Pass Fail* Fail* Pass Pass* Pass*
462
Tum coordinaton | MIL-FB785C
3326
WL GrD-1797A Pass Pass Pass Pass Pass’ Pass’
4595.1
4672
Figlcgentrol MIL-+-8785C
effectiveness 334
EALL Sro-179 Level 1 Level 2 Level 2 Level 1 Lovei1* | Levelt®
581
I;teral-d"l[equoqar M:I;LéFe-87850
aracteristics in 3.
steady sideslip |L5%Tm 797A Pass Fail Fail Pass Pass® Pass®
45,
4612

* Evaluated by inspection

Figure 3.4.3-1b Air Combat Maneuver Corner Speed
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3.4.4 Penetration Speed
The assessment of the flying qualities for penetration were conducted for low level

flight with the following conditions:

Vehicle gross weight = 27,000 Ib.
Altitude = Sea level
Effective velocity v, = 600kts

For this flight regime 7 flying qualities were addressed for the 6 configurations (see
Figure 3.4.4-1). The flying qualities of the baseline vehicle which includes vertical tail
surfaces passes or reaches Level 1 for all but one of the flying qualities assessed. The
longitudinal control in level flight condition attaining only Level 3. The origin of the
failure for this flying quality is related to the simulation and is consistent with its failure
in other conditions. The reader is referred to the previous sections for further
discussion.

For the 5 effector configurations, evaluation on many cases could be again determined
by inspection. Where pass or Level 1 conditions were satisfied at one level, it is
assumed to be achieved with additional effectors operative. The chine strakes and
split ailerons configurations are assumed to fail since the data in Appendix B indicate
that the control power generated by these effectors will not compensate for the lack of
vertical tail control power.

Overall, only 12 of the 42 conditions evaluated failed to achieve pass or Level 1
assessment. The rotating tail being again very effective.




GW = 27,000 Ibs Vo= 600 kts Altitude = Sea Level
DESCRPTION | REQUIRMENTS | Basdline Spit Chine FomEing Fomtng Fot
SOURCE no TV Ailerons Strakes Tail Tail+ Split | Tail+ Split
no TV noTV (TH = Ailerons Ailerons
20°/20°) no TV with TV
no TV
Longlonlndnal MILFE785C
control in 3231
unaccelerated ILSTD-1797A Pass Pass Pass Pass Pass” Pass
fiight §4.27.1
ngmilcinal MIC-F8785C
control in 3232
maneuvering flight §AIL~STD—1797A Level 3 Fail* Fail* Level 3 Level3* | Levei3*
4272
Latelcial-direcuonal MILéF-ﬁ785C
oscillations 33.1.
Dutch roll MIL-STD-1797A Level 1 Fail* Fail* Level 1 Level1* | Leveit”
41117
46.1.1
Tl mode ngu-r:gnsc
3.1,
ﬁAILSTD-1797A Level 1 Fait® Fail® Level 1 Level 1* Level 1*
§45.1.1
Spiral mode MIL-F8785C
3313
IL-STD-1797A Level 1 Fail* Fail" Level 1 Levei1* | Level1*
§4512
“Tum coordination | MIL-F-8785C
ﬁmaf_?szﬁyﬂgn
45951 Pass Pass Pass Pass Pass® Pass®
4672
Rf%lcgemrol MIL-F-8785C
effectiveness 334
IL-STD-1797A Level 1 Level 1 Level 1 Level 1 Level1® | Levelt®
§458.1

* Evaluated by Inspection

Figure 3.4.4-1 Penetration Speed
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3.4.5 Maximum Sustained Load Factor
The maximum sustained load factor flying qualities assessment was conducted for the

following conditions:

Vehicle gross weight = 27,000 Ib.
Altitude = 30,000 ft
Mach number = 0.9

In total, for this flight condition, seven flying qualities items were addressed for five
configurations in addition to the baseline configuration with the results summarized in
the performance summary sheet of Figure 3.4.5-1. lllustrative data are shown in
Figures 3.4.5-2 and 3.4.5-3.

The majority of the analysis concentrated on the baseline vehicle or the rotating tail
configuration since the other effectors did not generate the required control power.
The baseline Model-24F configuration with vertical tails but without thrust vectoring, as
tested, meets the Level 1 or pass criteria of the Military Specification, MIL-F-8785C,
reviewed above, for six of the seven conditions and fails for one flight quality item. The
failure is again due to the simulation. The reader is referred to the discussion in
Section 3.4.3.

The rotating tail meets or exceeds Level 1 for all items except longitudinal control in
maneuvering flight. Failure to meet this requirement is again mainly due to the way
the simulation analysis is performed in the simulation code RPAS as discussed in
Section 3.4.3.

The split ailerons and chine strakes (without vertical tails) fail to meet the lateral-
directional dynamics. requirements. They do not generate required control power for
important flying qualities conditions.

The reader can summarize the remaining elements of the summary sheet of Figure
3.4.5-1, in a similar fashion. The rotating tail shows the overall best performance
among the effectors. The reader is to keep in mind that only the baseline configuration
had a vertical tail. For more details, see the data collected in Appendix B.
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GW = 27,000 Ibs M= 0.9 Altitude = 30,000 ft
CONFIGURATIONS
[ DESCRIPTION | REQUIRMENTS Baseline Spit Chine FomEing Rotatng Hoaiing
SOURCE no TV Ajle[rovns Stra#\e/s ( r‘{ail T:jlh Split nglu Split
no no = nerons lerons
200',420@) no TV with TV
no TV
Congesdna Mngsmsc
control in 3231
unaccelerated WorD-1767A Pass Pass Pass Pass Pass” Pass’
Eigm Wanal %?tzgi;msc
ngi -
control in 3232
maneuvering fiight §ML-S7TZD-1797A Fail Fail* Faill* Fail Fail® Fait*
427,
Lateﬁal-duectnonal 3:-“ 1510]
oscillations .3.1.1
Dutch roll iﬂi"ﬁ?%‘ 797A Level 1 Fail® Fail® Leveli | Levelt® | Leveit®
46.1.1
Rolmode Ml[-b:-287850
33.1;
gll‘l‘LéSTD-ﬂQM Levei 1 Fail* Fail* Level 1 Level 1* | Levelt*
5.1.1
Spral mode MILF-8785C
IL-STD-1797A Level 1 Fail* Fail* Level 1 Level1* | Levelt®
§45.1.2
Coriet o S06sp M:ISE-F;-?BSC
in r .3.
§IIIL-STD~1797A Pass Pass Pass Pass Pass* Pass’
§46.7.1
ol control MIF-3785C
effectiveness 3.3.
§IILSTD—1797A Level 1 Level 1 Level 1 Level 1 Level1® | Levelt”
4581

* Evaluated by inspection
Figure 3.4.5-1 Maximum Sustained Load Factor
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3.4.6 Supersonic Condition
The supersonic condition flying qualities assessment was conducted for the following

conditions:

Vehicle gross weight B 27,000 Ib.
Altitude = 35,000 ft
Mach number = 2.0

In total, for this flight condition seven flying qualities items were addressed for five
configurations in addition to the baseline configuration with the results summarized in
the performance summary sheet of Figure 3.4.6-1 based on data as illustrated in
Figures 3.4.6-2 and 3.4.6-3..

The majority of the analysis concentrated on the baseline vehicle or the rotating tail
configuration since the other effectors did not generate the required control power. The
baseline Model-24F configurations with vertical tails but without thrust vectoring, as
tested, meets the Level 1 or pass criteria of the Military Specification, MIL-F-8785C,
reviewed above, for six of the seven conditions and meets Level 3 quality for one
flying quality item, longitudinal control in maneuvering flight. The failure is again due
to the simulation and the reader is referred to Section 3.4.3.

The rotating tail meets or exceeds Level 1 for all items except longitudinal control in
maneuvering flight where it attains only Level 3. Failure to meet this requirement is
again mainly due to the way the simulation analysis is performed in the simulation
code RPAS as discussed in Section 3.4.3.

The split ailerons (without vertical tails) fail to meet the lateral-directional dynamics
requirements as they do not generate the required control power for important flying
quality conditions. The chine strakes are most useful at high angles of attack which is
not part of this flight regime.

The reader can summarize the remaining elements of the summary sheet, Figure
3.4.6-1, in a similar fashion. The rotating tail shows the overall best performance
among the effectors. The reader is to keep in mind that only the baseline configuration
had a vertical tail. For more details, see the data collected in Appendix B.




GW = 27,000 Ibs M= 2.0 Altitude = 35,000 ft
REQUIRMENTS Baseline Spit. Chine Rotating Rotating Fotab
SOURCE no TV Ailerons Strakes Tail Tail+ Spiit | Tail+ Spiit
DESCRIPTION no TV no TV (TH = Ailerons Ailerons
20°/20°) noTV with TV
o TV
Longgclﬂna! MIL-F3-8785C
control in 3231
unaccelerated ?AILSTD-1797A Pass Pass Pass Pass Pass’ Pass®
fiight §4.27.1
Longg:‘:;inai MéLéF3~g7SSC
control in .2.3.
maneuvering flight §J|IL-STD.1797A Level 3 Fail* Fail* Lovel 3 Level3* | Levei3®
§4272
Tatoral-grectonal | MILF 87850
%scg? ﬁgl?s 35'31'?1:» 79
uieh WL STO17S7A Level 1 Fail* Fall* Level1 | Lovel1® | Level®
46.1.1
ol mode MIL-P1:-8785(.7
3312
?/IILSTD—1797A Level 1 Fail® Fail® Level 1 Level 1° Level 1*
§451.1
Spiral mode MéLéF’-%785C
?MLSTD—1797A Level 1 Fall* Fail* Levei 1 Level1* | Levei1®
§45.1.2
Tum coordination | MIL-F-B785C
?ﬂ?t:iszﬁ}mm
45951 Pass Pass Pass Pass Pass® Pass’
4672
Rﬁqeﬂcgsnn'ol MéLéF-8785C
e oNess .34
; |L€:387101797A Level 1 Level 1 Level 1 Level 1 Lovel 1* | Level1®
458,

* Evaluated by Inspection

Figure 3.4.6-1 Supersonic Condition
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3.5 Carrier Suitability Performance

The landing and takeoff carrier suitability assessment of three navalized versions of
Model-24F were done using RPAS, MEATBALL and CAT2 analysis tools. RPAS is a
Boeing product that was developed to provide a fully functional 6 degree of freedom
simulation for testing, analysis and real time simulation in minimum time. MEATBALL
is a 3 degree of freedom carrier approach performance program designed for the Navy
by LTV Aerospace and Defense Company. All the carrier approach criteria studied
were analyzed using either RPAS or MEATBALL and in some cases both were used
and then compared. RPAS and MEATBALL are not capable of analyzing carrier
launch criteria.

A conceptual design tool called CAT2 was used to estimate carrier launch wind over
deck for the baseline and rotating tails configurations. It simplifies catapult launch by
making approximations of landing gear and control system effects. The effect of nose
wheel pitch off is accounted for and it estimates launch performance with minimum
inputs. The same geometry, weights, force and moment coefficient data were supplied
as applicable to each analysis tool.

The three configurations studied were the Navy baseline, a rotating tail version of the
Navy baseline and the rotating tail configuration with split ailerons and thrust
vectoring. The Navy Model-24F is a scaled-up version of the baseline Air Force
Model-24F. The following table shows the differences between the two aircraft:

Basic Navalized

_ Model -24F {Model -24F
| Wing Area  ~ {12 465 650
MAC ~ #t 17.408 20.583
Span ~ ft 31.98 37.82
Ixx__~ slug-ft2 22,000 33,000
lyy ~ _slug-ft2 85,000 175,000
lzz__~ slug-fi2 101,000 179,000
Landing Weight ~ Ib, 25,000 31,950
Normal Approach Speed ~ kis 132 135

Table 3.5-1
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The same aerodynamic database was used for all three Navy configurations. The
Model-24F aerodynamic coefficient database is a combination of wind tunnel data and
predicted estimates.

Ten landing maneuvers were assessed for all three configurations. Vision over the
nose, pop-up, wave-off, longitudinal acceleration and flight path stability were
evaluated using both MEATBALL and RPAS. Pitch control power, cross wind landing,
roll performance, minimum control speed with one engine out, dutch roll frequency
and damping for Level 1 flying qualities were all analyzed with RPAS. The criteria
assessment was done using only RPAS for the thrust vectoring model. The
assumptions made for all analyses were as follows:

RPAS MEATBALL
ALTITUDE 600 FT 600 FT
ATMOSPHERE STANDARD DAY TROPICAL DAY
GLIDE SLOPEMIRROR ANGLE ~ DEG. -4° -4°
PILOT RESPONSE TIME (WAVE-OFF) 0.7 SECONDS 0.7 SECONDS
CG LOCATION 38% MAC 38% MAC
LANDING GEAR DOWN DOWN
LE FLAPS 30° 30°
TE FLAPS 30° 30°
DIHEDRAL ~ ROTATING TAILS 20°/20° 20°/20°

Table 3.5-2

in MEATBALL, each analysis is initiated with the aircraft trimmed at 1.1 times the
power-on stall speed. MEATBALL iterates to find the lowest approach airspeed which
meets the specific maneuver requirement. There is an option to specify approach
speed in MEATBALL for the pop-up and wave-off maneuvers. Unfortunately, the
program did not always converge to a solution at the user specified speed. The trim
speed is chosen by the user in RPAS. All RPAS runs were all done at an approach
speed of 135 knots.
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The pilot must see the carrier stern (waterline) in level flight while intercepting a 4
degree glide path at an altitude of 600 feet to meet the vision over the nose
requirement. The nose geometry must be modified from its current pilot view angle of
15 degree to 19.2 degrees to meet this requirement.

The pop-up maneuver requires the aircraft be able to transition 50 feet above the
original glide path within 5 seconds with no throttle movement. Both the baseline and
the rotating tail configurations were analyzed in MEATBALL and RPAS for this
maneuver. Both configurations pass the maneuver but the results between the two
programs vary slightly because RPAS includes a 6 degree of freedom control system
and a more detailed engine model. Figure 3.5-1 shows the RPAS result and Figure
3.5-2 contains the comparison between the MEATBALL and RPAS solutions. The
thrust vectoring configuration was not evaluated for this maneuver or for wave-off.

In a wave-off, the arresting hook point altitude loss can not exceed 30 feet. The
MEATBALL wave-off program terminates when the hook sink and glide siope angle
changes sign. Figure 3.5-3 shows the RPAS results with varying wind over deck and
Figure 3.5-4 contains the comparison between the MEATBALL and RPAS solutions at
zero wind over deck. The RPAS solution does not meet the requirement for either
configuration at zero knots wind over deck as shown on Figure 3.5-3. However, the
wave-off requirement can be obtained with 20 knots wind over deck for both
configurations. The MEATBALL result for the baseline just barely meets the
requirement and fails badly for the rotating tails as drawn in Figure 3.5-4. The
comparisons between the two analysis tools do not agree for the same reasons listed
under the pop-up maneuver discussion.

A level flight acceleration of 5 ft/s2 within 2.5 seconds of throttle movement is required
to meet the longitudinal acceleration criteria. The baseline, the rotating tail and the
rotating tail with thrust vectoring configurations passed this requirement by a large
margin at an approach speed of 135 knots in the RPAS solution, see Figure 3.5-5.
MEATBALL does not provide a time history only a single point result at the end of the
2.5 seconds. There is no user specified approach speed capability in MEATBALL for
this maneuver. The program uses the lowest speed at which it can meet the
requirement. At an approaCh speed of 104 knots for the baseline, MEATBALL
assessed a longitudinal acceleration of 12.76 ft/s? after 2.5 seconds. The difference in
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approach speed probably accounts for most of the difference between the two
programs solutions. This requirement was not met using MEATBALL for the rotating

tail configuration.

If an approach is made on the backside of the thrust required curve or on the unstable
portion of the flight path stability curve, then A§y/6v must be less than 0.05
degrees/knot. It is desirable to land at a speed where & y/8v is not neutral.

LEVEL 1 6v/8v < 0.06 deg./kt.

LEVEL 2 6v/év < 0.15 deg./kt.

LEVEL 3 6v/6v < 0.24 deg./kt.

This guideline was analyzed in both RPAS and MEATBALL. Figures 3.5-6 and 3.5-7
contain the flight path stability results for the analyses. MEATBALL gives the minimum
approach speed where the criteria are meet for each level. These points are plotted
with the RPAS curves for the baseline and rotating tails configuration in Figure 3.5-6.
Both configurations pass the criteria using either analysis tool. The MEATBALL points
and the RPAS Aéy/év curves for all three configurations are on Figure 3.5-7. The
comparison of &y/év for the baseline, rotating tails and rotating tails plus thrust
vectoring are also plotted on Figure 3.5-7. The thrust vectoring configuration does
meet the requirement and was not analyzed using MEATBALL.

The high angle of attack pitch recovery requirement of ¢ = -0.07 rad/sec? in 1 second
and the NAVAIR Control Power Guideline that a nose-down pitch acceleration > 0.2
rad/sec? be obtained within 1 second were analyzed using RPAS. Only the rotating
tail thrust vectoring configuration met both criteria as shown on Figure 3.5-8. The
baseline and rotating tails configurations fail to meet these criteria.

An aircraft must maintain a steady heading in sideslip for landing in a 90 degree, 30
knot cross wind. No more than 75% of maximum roll authority should be used to
achieve landing success for this condition. Figure 3.5-9 shows the baseline
configuration passes this requirement for angles of attack under 15.3 degrees. The
rotating tails configuration also meets this requirement but only for angles of attack
less than 11.9 degrees which is below the approach angle of attack of 12.7 degrees.
The thrust vectoring configuration is able to perform this maneuver for all angles of
attack analyzed. These results are displayed on Figure 3.5-10.
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The expected roll performance for a carrier aircraft is as follows:
30° Bank Angle in 1.1 Second at a,,

20° Bank Angle in 1.1 Second at «,,, plus 4°

10° Bank Angle in 1.1 Second at Maximum Angle of Attack

Roll performance was evaluated using the RPAS tool. The baseline is lacking the roll
power to meet this requirement. The baseline barely passes the 10 degree bank
angle requirement at 22 degrees angle of attack and fails the 20 and 30 degree
requirements. Figure 3.5-11 shows the comparison of the baseline, rotating tails and
thrust vectoring configurations time to bank performance. The rotating tails
configuration does not meet any of the three criteria. The thrust vectoring model
almost meets the 30 degree criteria and does meet the 20 or 10 degree criteria.

The dutch roll frequency, w,, , shall exceed 0.4 radians/second and the minimum
damping, {, , should be greater than 1.0 following a yaw disturbance. This
maneuver was done in RPAS at an approach speed of 135 knots with a 3 degree beta
release. None of the three configurations had difficulty meeting the dutch roll
frequency as shown on Figure 3.5-12. The frequencies and damping terms
associated with this plot are as follows:

CONFIGURATION @ g Yoe $q

Baseline 2.32 0.771
Rotating Tails 2.187 0.796
RT + TV 2.068 0.723

The minimum control speed, Vm¢, must be at least 5 knots below the powered
approach speed with one engine out. The Model-24F baseline has only one engine.
For this analysis, it was assumed Model-24F contained two engines located side by
side located in the same iniet as the one engine configuration. Each engine center is
19 inches from the aircraft centerline. This analysis was performed using the RPAS
simulation. Figure 3.5-13 contains the control surface deflections required to maintain
control with one engine out. There is sufficient control with either the baseline or
rotating tail configurations at 5 knots below the power approach speed of 135 knots.

This concludes the 10 landing maneuvers evaluated for this study.
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Figure 3.5-12 Dutch Roll Characteristics
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Two takeoff criteria were estimated with the CAT2 program. The first states the aircraft
center of gravity must not sink more than 10 feet off the bow of the carrier after a
catapult launch. The second is the aircraft longitudinal acceleration should be greater
than 0.065 g at the end of a catapult stroke. Figure 3.5-14 presents the time history
results obtained from CAT2 analysis tool. The center of gravity does not sink below 10
feet off the deck at takeoff gross weight for either configuration. Level acceleration is
greater than 0.065 g at the minimum end airspeed. The speed at launch is 157.4
knots for the baseline and 159.8 knots for the rotating tails configuration.

The original Model-24F was not designed for carrier use nor was it intended to fly
without vertical tails. This study shows that none of the three configurations are
acceptable for carrier operations. All the configurations would require geometric
changes to the nose and cockpit for the vision over the nose criterion. The rotating tail
configuration does meet most of the carrier suitability items evaluated, but, it needs
thrust vectoring to meet the pitch down and roll rate requirements. A carrier suitable
aircraft can be achieved by further modifying either the baseline or the rotating tails
configurations by resizing the horizontal tails to meet the requirements where they
currently fail. Resizing the tail surface will reduce the stabilizer deflection required to
trim, provide more pitch down capability and increase the yaw and roll control
available for roll performance.

Results are summarized in Figure 3.5-15
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3.6 Summary of Performance Study

The three effectors studied were split ailerons, chine strakes, and a rotating tail
concept. The handling qualities of the baseline Model-24F configuration with vertical
tails was evaluated to provide a performance reference. The effectors were then
evaluated individually with the vertical tail removed. Additional configurations made
up of combinations of effectors, the rotating tail together with the split ailerons (vertical
tail removed), the rotating tail together with split ailerons and thrust vectoring (vertical
tail removed) were included in the study.

The performance of the effectors was evaluated against MIL-F-8785C and MIL-STD-
1797A including a total of 56 flight conditions and flying quality items being evaluated
for each configuration. The study was conducted with a flight controls system
optimized for each configuration including the baseline. The same basic concept of
total integrated control assets was used for all configurations. No control force criteria
were evaluated as it is assumed that a tailored artificial feel system will be used.

The study used the Boeing RPAS system using the aerodynamic data base for the
baseline Model-24F appropriately modified to include the effectors to be evaluated.
Trims and time histories were run at the specific flight conditions chosen for the
evaluation. The performance was evaluated with an operational flight control system
as the tailless Model-24F configuration is unstable at aft center of gravity longitudinally
for subsonic speeds and directionally at all speeds. The aerodynamic data base was
limited in angle of attack to the range -4° to 22° and in sideslip to the range -10° to
+10°. Simplified engine and mass models were used. Simplified actuator models
were also used, however, rate and position limiting were included.

The rotating tail evaluation was conducted for a fixed dihedral (I'y = 20°/20°). The
aerodynamic data base allows independent positioning of left and right sides of the
tail. The inclusion of horizontal tail dihedral angle as a control variable resuilts in
complications for trim and control inputs requiring more reources to resolve than is
available in this study. Additional wind tunnel testing is required to determine optimal
angle settings for various flight conditions.

The rotating tail configuration, the baseline configuration with thrust vectoring, and the
rotating tail with thrust vectoring configuration were evaluated for carrier suitability. To
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approximate a potential Navy aircraft the wing area, span, mean aerodynamic chord,
weights and inertias of the Model-24F were modified. However, The aerodynamic data
base coefficient data were not modified nor was the flight control systems modified.
The carrier suitability study concentrated on takeoff and approach. The Navy
configuration was not evaluated for up and away flight conditions. The computer codes
MEATBALL, CAT2 and RPAS were used for this evaluation with 13 carrier suitability
items investigated. Unfortunately MEATBALL and CAT2 can not handle thrust
vectoring. The RPAS program was used to duplicate some MEATBALL calculations
and their comparisons are presented.

The Rotating Tail appears to be a viable concept being nearly as effective as the
baseline Model-24F. The split ailerons and chine strakes are not viable concepts for
this configuration since they produce too little yawing moment. There is just not
enough control volume for split ailerons to be effective, and the chine strakes not
effective at nominal angles of attack. Thrust vectoring improves overall performance
which combined with the rotating tail can produce a tailless configuration with
acceptable flying qualities at low thrust levels or with vectoring inoperative.

The findings are summarized in the Figure 3.6-1 below. The lateral-directional
dynamics requirements failed badly for the aileron and the chine strake.

Configuration Level 1 Level 2 | Level3 fail % level 1 or
or Pass pass

Baseline-no TV 45 3 3 5* 80%

Split Ailerons-noTV 17 3 0 36 30%

Chine Strakes-no T V 17 3 0 36 30%

Rotating Tail (I'4=20°/20°)

no TV 43 2 0 8* 77%
Rotating Tail + Split

Ailerons no TV 43 2 0 8* 77%
Rotating Tail + Split

Ailerons with TV 48 1 0 5* 86%

*Majority due to aerodynamic data base limits
Figure 3.6-1 Flight Condition and Flying Qualities Items
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4.0 Task 3 - Effector Integration Study

4.1 Effector Integration Overview

The integration aspects of innovative control effectors can significantly affect the
results of any overall assessment of a given control device. When assessing the
feasibility of a device, the ability of the designer to incorporate innovative control
concepts into a design without significantly compromising other aspects of the design
must be an achievable goal. Integration technologies may vary in relative importance
for any given effector design, but the main players generally include actuation,
structures (load path), weight, signature, cost/affordability, and reliability,
maintainability, and supportability (RM&S). Any device with significant shortcomings
in any of the above mentioned areas may present insurmountable problems for the
designer and prevent incorporation into the design. For the devices of interest, the
most significant challenge is to integrate the rotating horizontal tail concept so that the
penalties associated with it do not offset any potential benefits. For this reason, much
of the integration task will be focused on this effector.

The primary objective of this contract is to develop control effectors that will facilitate
elimination of the vertical tails. Benefits in weight/range and RCS can be obtained by
removing the vertical tails. Figure 4.1-1 summarizes the benefits of removing the
vertical tails completely in terms of RCS and vehicle aerodynamic drag. For the
baseline Model 24F vehicle, removing the vertical tails would provide a net weight
improvemerit of 645 Ibs including the removal of structure, LO treatment, and actuation
systems. Additional benefits can also be obtained in terms of cost and RM&S by a
reduction in overall part count. These benefits are offset by the addition of control
effectors to the configuration. Using a concept such as the rotating horizontal tail may
still provide a benefit in some technology areas.

4.1.1 Chine Strake Integration

The challenges to integrating this concept onto the baseline configuration include
allowances for radar installations, the proximity to the cockpit area, the large angular
motion from retracted to fully deployed positions and the location near the chine line.
The problem of location on the forebody is critical to this type of effector because the
closer the device can be deployed to the nose, the more effective it will be.
Unfortunately, forward looking radar also covets this position and placing control
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Figure 4.1-1. Benefits From Removing Vertical Tail

devices forward of the radar will have significant adverse effects on the performance of
the radar. Moving the device location back from the nose along the chine line will
reduce control effectiveness, and placing them alongside the cockpit will either
displace other equipment best located near the pilot, or increase the volume in the
cockpit area, impacting wave drag. The problem with the chine line itself is that of
locating a hinge line that will still place the deployed surface close to the chine and
meet any setback requirements to accommodate signature technology. This device
significantly affected the forward sector signature characteristics which are
summarized in Figure 4.5-1. As shown in Figure 4.1.1-1, the location selected for this
effector compromises the aerodynamic performance in order to accommodate these
integration concerns. Since the effect on performance in the flight regime studied was
deemed to be significantly below desired capabilities for inclusion in future fighters,
this concept was not fully studied beyond this conceptual integration.

Figure 4.1.1-1. Chine Strake Installation




4.1.2 Spilit Aileron Integration

In integrating the split ailerons onto the baseline vehicle, the major concerns were the
thickness of the outboard wing and the actuation concept. Several actuation concepts
were proposed, including a torque tube extended into the body, rotary actuators, and
the design shown in Figure 4.1.2-1, a bank of linear actuators to deploy the surfaces.
The torque tube concept had several potentially fatal flaws. The major problem was
that the response characteristics required for this system to operate correctly would
have required stiffening the tube, a sizeable weight penalty, and moving the aft spar
forward to accommodate the tube, reducing the size of the spar box and again
resulting in a weight penalty. However, this arrangement could be made to fit within
the current wing surface definition. The rotary actuator concept had a serious flaw in
that the hinge moment requirements resulted in an actuator with a diameter that was
over twice that of the wing at the inboard aileron location. The bump fairing that would
be required to accommodate this arrangement would create a significant "deadband”
in the actuation of these devices and also increase aerodynamic drag considerably.
The design chosen, the linear actuators, still required a significant fairing to provide
the necessary clearance for the system. This fairing will reduce the effectiveness of
this device but not as severely as the rotary concept. An additional 483 Ibs. is required
to integrate this concept onto the baseline vehicle, including allowances for additional
structure and actuators. This device significantly affected the overall signature of this
vehicle as shown in Figure 4.5-1.

Figure 4.1.2-1. Split Aileron Installation
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4.1.3 Rotating Horizontal Tail Integration

The rotating horizontal tail also presents significant challenges to the designer to
integrate this concept successfully onto the baseline vehicle. Two integration
concepts were studied, the first concept included three rotary actuators to pivot the
entire horizontal tail, and resulted in a weight increase of 1457 Ibs., for a net increase
(allowing for removal of the vertical tails) of 812 Ibs. For illustrations of the early
attempts to integrate the rotating tail, see Appendix D, Figure D-10. The second
concept, shown in Figure 4.1.3-1, included a redesign of the internal pivoting
arrangement and a single rotary actuator. This installation concept resulted in a net
increase in vehicle weight of 72 Ibs., a significant improvement over the first concept.
The primary reason for this weight improvement is in the actuator design philosophy.
The structure must still be designed to accept the ultimate design loads, but an
actuator can be replaced when it reaches its design cycle life. When sizing a rotary
actuator to take a load, the frequency of occurrence of that load significantly affects the
actuator size and therefore weight. For the range of loads anticipated for this design,
the sizing chart is presented in Figure 4.1.3-2. If the actuation system is designed to
hold the load of 3,000,000 in-Ibs for 8000 cycles, the actuators would have to weigh
572 |bs/side. If the actuators are sized to hold the design load one time, then the
actuators can be reduced in weight to 250 Ibs/side. This reduced size actuator could
still accommodate a load of 1,000,000 in-lbs approximately 20,000 times. Designing
to a philosophy allowing for periodic actuator replacement can result in significant
weight benefits. For aircraft that have low utilization rates, or are infrequently operated
at the ultimate design load for the actuator, significant benefits can be achieved by
invoking this philosophy. Many advanced fighter designs are using this philosophy to
improve overall system performance. A more detailed analysis of both of these
integration concepts is included in Appendix D. The signature aspects of this effector
are summarized in Figure 4.5-1.

Ti upper skin
Rotary hinge Inboard spindle
Ti wobs actuator bearing installation
N | Ouboard spindle
bearing
| | | I installation
Ti chords . . H H :
lower ' _#
Ti chords R | r__a g
vpeer GrEp
/ soals 7z
v 4 ,r X ':;", X 1
GrEp HC Forward hinge 7/ Rotary hinge \ e
fairing skin GuEp | torquetube torque tube  gighitizer P  Aft hinge torque
bearing installation actuator 4 :r‘:g&bl;z‘:ﬁ

Stabilizer spindle

Figure 4.1.3-1. Rotating horizontal Tail Installation
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4.2 Actuation Study

The problems of actuating a device include consideration for the type of power
source(s) available, the range, type, and rate of motion required, and the design load.
Understanding the options available will allow the designer to select an actuation
scheme which best fits his design. Various types of actuators are described in this
section.

Power Source The form of power supplied to any of these actuators can be electrical,
hydraulic, mechanical power-take-off (i.e. shaft from engine) or pneumatic. Present
day fighter aircraft utilize distributed electrical and hydraulic-power systems. When
required, mechanical power is generated at the location needed (i.e. not distributed)
by conversion of power from the electrical or hydraulic systems. Pneumatic power
systems have not found wide use or acceptance as a source of power for actuation of
flight control surfaces found on fighter aircratft.

Pneumatic Power Reservoir-type pneumatic systems are usually utilized for "blow
down" systems (e.g., landing gear extension for emergencies) or are utilized for
powering of functions having low or short duration duty-cycle requirements. Hence,
the reservoir-type of pneumatic system is not suitable for the duty-cycle requirements
that are anticipated relative to the subject of ICE.

Bleed-air type pneumatic systems, which utilize bleed air from the engine, were not

found to be acceptable because of reduced performance in the foliowing areas:

Engine To maximize engine thrust, present day aircraft designers prefer to
minimize or eliminate the use of bleed air by other systems. Pneumatic
systems utilize a percentage of bleed air from the main engine
powerplant for driving pneumatic systems. Hence, pneumatic systems
represent a degradation of engine performance.

R&M Reliability and maintainability are degraded because of high-
temperature operation and poor lubricating qualities of bleed air. These
two characteristics work together to produce an erosive, wear-prone
environment for pneumatic system components. Consequently, electrical
and hydraulic systems are more reliable and require less maintenance
than pneumatic systems.

Dynamics The dynamic response and stability of pneumatic systems are less than
electrical or hydraulic systems because of the compressibility of air.

87




Hence, flutter requirements anticipated for flight controls would far
exceed the capabilities of a pneumatic-driven system.

In summary, pneumatically-powered actuators were considered an unacceptable
alternative to electrically or hydraulically-powered actuators.

Mechanical Power Distributed mechanical power (i.e., shaft) transmitted by the use of
torque shafts and gear-boxes from the main engine powerplant was not considered a
practical option for driving the subject ICE. The rationale include:

Packaging The physical envelope required for routing, placement, and operation of
torque-shafts and gearboxes does not provide for physically compact
system installations or acceptable systems integration within the small
outer mold lines which are characteristic of fighter aircraft.

R&M The reliability and maintainability of these systems are less than the
alternative power systems. The degraded R&M is primarily due to the
reliability and servicing requirements associated with poorly accessible
components such as torque shafts and couplings utilized in these
mechanical systems.

In summary, mechanically-powered actuators driven by distributed mechanical
systems are an unacceptable option for the tail mounted ICE application.

Electrical Power Any of the actuators listed in Figure 4.2-1 can be driven by the aircraft
electrical power systems. The required power conversion is accomplished by one or
more electrical motors which drive gearing elements that provide power to the
actuator. Electrical actuators can be placed into the following three categories:

EHA Electrohydrostatic Actuators consist of a bi-directional, variable speed
electrical motor, constant-displacement hydraulic pump, fluid,
accumulator, valves, and a hydraulically powered actuator. Hence, the
EHA is an actuator combined with a self contained hydraulic system.
This self-contained hydraulic system operates with variable-pressure and
variable-flow to efficiently match the load and rate requirements needed
for moving an actuator to a commanded position.
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No. Category Power source Output motion Conversion device
1 Hydraulic Hydraulic Rotary Vane
2 EHA Electrical Rotary Vane
3 Hydraulic Hydraulic Rotary Helically-splined piston
4 EHA Electrical Rotary Helically-splined piston
5 Hydraulic Hydraulic Rotary Recirculating ball
6 EHA Electrical Rotary Recircuiating ball
7 Mechanical - Hydraulic Rotary Motor-driven planstary
8 EMA Electrical Rotary Motor-driven planetary
9 Hydraulic Hydraulic Linear Piston
10 EHA Electrical Linear Piston
1 Mechanical Hydraulic Linear Motor-driven ball-nut
12 EMA Electrical Linear Motor-driven ball-nut
13 Mechanical Hydraulic Linear Motor-driven ball-screw
14 EMA Electrical Linear Motor-driven ball-screw
15 Mechanical Hydraulic Linear Motor-driven roller-screw
16 EMA Electrical Linear Motor-driven roller-screw
-W2
Figure 4.2-1. Electrical and Hydraulic Actuator Candidates
EMA Electromechanical Actuators consist of a bi-directional, variable speed
electrical motor, reduction gearing, brakes, clutches, and a mechanically-
driven actuator. Hence, the EMA is an actuator and mechanical power
system in one package.
1A An integrated actuator consists of many components similar to those

found in an EHA. Hence, the 1A is an actuator combined with a self-
contained hydraulic system. This system utilizes a unidirectional,
constant speed motor in conjunction with a constant-pressure, variable-
flow pump to generate hydraulic power for the actuator. This constant-
pressure, variable flow hydraulic system is very similar in operation to the
conventional hydraulic systems found in present day aircraft.

Only the EHA and EMA were considered as viable electrical actuation candidates for
driving the rotating horizontal tail control effector. Generally, the utilization of
integrated actuators in lieu of conventional hydraulically powered actuators does not
provide for the significant benefits found by using EHA and EMA technologies. The
rationale for excluding A technology in favor of EHA and EMA technologies are:

Weight

The EHA and EMA provide a lighter weight solution than the integrated
actuator.
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Efficiency The EHA and EMA require less energy for positioning a load than an IA.
The EHA and EMA output loads and rates provide a better match to
required loads and rates for positioning of a load. Also, the EHA and
EMA are on-demand systems as opposed to the continuous operating
integrated actuator. Hence, the IA requires more energy during
quiescent operation than an EHA or EMA.

Thermal  The on-demand operation of the EHA and EMA generates less heat than
the continuously operating integrated actuator.

Reliability Generally, the EMA is the most reliable of the three electrical actuators.
However, special operating features (e.g., bypass, blowback, locking)
require additional mechanisms such as clutches and brakes.
Consequently, the reliability of the general EMA has been reduced to a
level slightly higher than that of an EHA. Reliability of the EHA is
somewhat higher than the IA. However, the IA may require more
frequent servicing for replacement of fluid and seals.

Maintenance The EHA and EMA are each estimated to require less servicing than the
integrated actuator because the more efficient, on-demand functioning
results in less heat generation and less operational time.

Hydraulic Power Any of the actuators listed in Figure 4.2-1 can be driven by the

aircraft hydraulic power systems. Some of these actuators directly utilize hydraulic

power for operation and some require the use of a hydraulic motor to convert hydraulic
power into mechanical shaft power. Subsequently, this mechanical power is utilized
for driving the actuator.

Actuator Summary For the devices proposed in this study, mechanical actuation
provides the best alternative to the aircraft designer. Pneumatic actuation schemes
simply cannot provide the response characteristics necessary, and the electrical
devices, while suitable for some applications to control devices, still create significant
challenges to the designer because of electro-magnetic interference and actuator size
constraints.
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4.3 Carrier Suitability Requirements

A separate aircraft was defined for the USN carrier specific requirements. The primary
requirements were: an approach speed goal of 135 knots; achieve the glide slope
transfer or "pop-up” maneuver at this approach speed; and, meet the arresting engine
limitations at "0" wind-over-deck. These design requirements resulted in a significantly
larger aircraft for the USN analysis. Specifically, the baseline aircraft wing area was
resized from 465 ft2 to 650 ft2to meet the carrier specific design goals. Corresponding
changes to the fuselage and subsystems are described below and indicated in the
weight build up in Figure 4.3-3.

The USN carrier sized aircraft was determined by using the design charts shown in
Figures 4.3-1 and 4.3-2. As shown in these charts, the required minimum wing area to
meet the design goals is 650 ft2- This size allowed the USN version of the baseline
vehicle to meet the approach speed requirement with a 10,000 bring-back payload.
The pop-up and arresting engine requirements are also met with this larger vehicle.

In addition to the resizing, several additional requirements in terms of vehicle structural
modifications were also required to meet the USN specifications, which are
considerably different from the USAF versions. For example, to achieve a reasonable
spotting factor, a wing fold mechanism was incorporated into the desigh to reduce the
folded span to 25 feet. The single wheel nose gear was replaced by a dual tire
arrangement, and the nose gear structure was strengthened to meet the catapult loads
and the higher sink rate loads for landing. The overall aiframe structure was also
strengthened to meet the higher design takeoff and landing loads. In addition to the
above, bladders were added to the fuel tanks and the USAF LO Inflight refueling (IFR)
receptacle was replaced by a retractable USN IFR probe. These changes, and the
accompanying weight penalties are summarized in Figure 4.3-3.
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GROUP WEIGHT STATEMENT USAF A WT (USN A WT (USN USN
MISSION: AIR-TO-GROUND A/G DESIGN WEIGHT DES WTS & A/G
MODEL: 120% SCALE MODEL WEIGHT FEATURES) LD FACTOR) WEIGHT
MRF-24F-GE2 {LBS) (LBS) (LBS) (LBS) (LBS)
WING (AREA = 850 SQ. FT.) 2621 425 3046 -93 2953
HORIZONTAL TAIL . 750 750 -9 741
VERTICAL TAIL 396 396 396
BoOY 5838 397 8235 -123 6112
MAN GEAR 1087 274 1361 48 1409
NOSE GEAR 211 326 537 8 545
ARRESTING GEAR (] 184 184 8 192
AIR INDUCTION 764 764 784
ENGINE SECTION 201 201 201
SPECIAL FEATURE (RAM/RAS) 1256 1256 1256
TOTAL STRUCTURE 13124 1606 14730 <161 14569
|ENGNES 4800 4800 4800}
AMADS 197 197 197
ENGINE CONTROLS 25 25 25
STARTING SYS. (INCL W/APU) 0 0 0
FUEL SYSTEM 633 66 699 699
TOTAL PROPULSION 5655 66 $721 0 5721
FLIGHT CONTROLS 727 8 733 733
APU 242 242 242|
INSTRUMENTS 30 ao 30
HYDRAULICS & PNEUMATICS 438 14 450 450
ELECTRICAL 515 515 515
AVIONICS 1598 1598 1598
FURNISHINGS & EQUIP 390 390 390
AIR CONDITIONING 563 563 563
ANTI-ICE 3z a7 37
HANDLING EQ [ 5 s
TOTAL FIXED EQUIPMENT 4543 20 4563 0 4563
WEIGHT EMPTY 23322 1692 25014 -161 24853
CREW 200 200 200
CREW EQUIPMENT 15 15 15
OIL & TRAPPED OIL 125 125 125
ED FURL 268 268 268|
LAUNCHERS/EJECTORS 422 422 422
NON-EXP USEFUL LOAD 1030 0 1030 0 1030
ROUND OFF 8 -2 6 -9 -3
OPERATING WEIGHT 24360 1690 26050 -170 25880
A/G WEAPON 2000 2000 2000
A/A WEAPONS 890 690 690
FUEL (JP-8) 17900 -1690 18210 1690 17900
GROSS WEGHT 44950 0 44950 1520 46470
Ex1




4.4 Thrust Vectoring Integration

The thrust vectoring study for this contract was focused on the integration and
performance issues, and what gains could be achieved by incorporating thrust
vectoring onto the baseline vehicle. The performance results are reported in the
performance Section 3.0 of this report. This section addresses the integration issues.

Airframe-Nozzle Integration Integrating thrust vectoring onto the baseline vehicle was

considered by looking at three different concepts. The thrust vectoring nozzle can be
mounted directly onto the engine, the nozzie can be mounted directly to the airframe,
or the nozzle can be structurally integrated with the airframe. Figure 4.4-1 illustrates
each of these concepts and includes several figures-of-merit showing the relative
merits of each of the concepts. As shown in the figure, each of these concepts exhibit
its own strengths and weaknesses. For the engine mounted concept, reliability should
be higher because of the lower part count. However, maintenance on this nozzle
concept will require removal of the entire engine. For the airframe mounted concept,
one advantage is that the nozzle can be removed without removing the engine and the
engine can be removed and replaced without removing the nozzle. The structurally
integrated (Sl) nozzle has the advantage of offering potentially lower weight, but at a
price. The Sl concept will likely have a higher part count and therefore have lower
reliability than the other concepts and maintainability will be more difficult.

Thrust Vectoring Nozzle Type Comparison. Another factor considered in the thrust

vectoring (TV) study was the type of vectoring scheme to be used. Three vectoring
concepts are shown in Figure 4.4-2 that include both yaw and pitch vectoring
capability. The baseline Model 24F vehicle was originally designed with a Spherical
Convergent Flap Nozzle (SCFN) that had pitch only thrust vectoring; however, this was
not considered as part of the baseline aircraft for most of the performance studies
herein.

For purposes of this Phase | ICE study, a brief evaluation of a 2-axis thrust vectoring
system was assumed in combination with the "best" 2 effectors - namely the split
ailerons and the rotating tail. The TV was limited to 30 degrees of vectoring angles,
with a rate of 100 degrees/second. All of the above concepts can achieve these
capabilities.
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tests the engine and nozzle tests the engine and nozzle » Propuision system responsibility
. o . e shared between two sources
« Propulsion system responsibility, * Propulsion system responsibility,
one source one source « Direct subsystems/hardware
accessibility
+ Direct subsystems/hardware
accesshbility
Installed weight (Ib) Higher Ref May be lighter
Aft body drag Higher Ref Same
Internal performance : Sam Ref Same
Maintainability (accessibility) Difficult Ref Difficult
Reliability May be higher Ref Lower
Supportability Difficult Ref Difficult
Manufacturing No interfaces Minimum interfaces | Multiple interfaces, difficult tolerancing
Vulnerability Higher Ref Higher
RCS Higher Ref Ref
iR Higher Ref Ref
Nozzle remove and replace | Entire engine (87 min.) | Reference (20 min.) *A9 actuator (79 min.)
Reliability Higher Reference Lower
Maintainability Difficult Reference Difficult
Complexity Lowaer part count Refarence Higher part count

*Nozzle maintenance done at LRU level. A9 actuator most frequent maintenance activity.

Figure 4.4-1. Thrust Vectoring Nozzle Mounting Concepts
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« SCFN nozzle (pitch vectoring only)

+ Clam shell nozzle

Static structure
Static
/ I~ Augmenter
duct
A8, spherical {CMC liner)
convergent
Aero control

surfacas (ref)

« Spherical convergent flap nozzle

Convergent  Extemal
flap and liner_ fiap

Yaw
Static structure

structure \
and liner

Reverser v » .
module - 2= Divergent
Al I

air supply system
« Triangular fluidic vectoring nozzle

Ram air g 0 Divergent
Aircraft aft m“m structure flaps Fixed |
1X cow
body structure — i
—-’ —
Co t B
nvergen -
fiaps | P
. |
wa— ——

Fluidic vectoring, Control logic for
fluidic injection, Photonic control loop

Figure 4.4-2. Thrust Vectoring Nozzle Concepts
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Thrust Vectoring Integration Evaluation In evaluating the concepts, several figures-of-

merit were taken in account. Figure 4.4-3 shows the weight, cost, and range factor
performance of the various concepts. These values are for airfframe mounted nozzle
concepts. In addition to the above, the relative merits of the four candidate
configurations are summarized in Figure 4.4-4. These attributes have all been
normalized so that the pitch only thrust vectoring concept was assigned a value of 1.0
for each of the technologies. Using a weighting factor for each of the attributes, and
summing the indices, a relative preference and ranking was established for the four
concepts. Each of these nozzle concepts has its own merits. The SCFN (pitch only) is
the lightest and least complex, offering advantages in several areas. All of the pitch
and yaw vectoring concept have a significant edge in maneuvering capability over the
pitch only concept. As shown, the SCFN (pitch only) concept is preferred, with the
Clamshell concept the preferred pitch and yaw vectoring concept. As shown in the
figure, the clamshell concept has advantages over the other two-axis concepts in
several areas.

Thrust vectoring concept

gig:ifrgnly gi%tfr;nd yaw ;l;trjli%?g Hiar Clamshell
Nozzle weight 1,186 1,253 1,730 1,270
Figures-of-merit | Life-cycle cost ($1,000) 12,000 12,500 12,300 12,200
Range factor 4,000 4,000 4,000 4,000

-AdS

Figure 4.4-3. Thrust Vectoring Figures-of-Merit

The integration issue discussed here are for completeness only. Integration of thrust
vectoring into the vehicle was not part of this study.
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Concept attributes (figures of merit) Concept | Concept Concept
Performance|Maneuver|Signature] RMS | Cost | Vulnerability | Risk Pfeff,;g nce Pfefg;gnce rank
index index index |index|index index index

SCFN 1 1 1 1 1 1 1 1 0.19 1
pitch only

SCFN 1 1.33 0.8 0.8710.74 0.67 0.67 0.85 0.13 2
pitch and yaw

Trianguiar 1 1.33 04 0.92|0.64 0.33 0.33 0.64 0.11 3
fluidic

Clamshell 1 1.33 1.0 0971074 1 0.67 0.92 0.15 1-
Imfortanoe 0.20 0.10 0.15 ]0.10}0.30 0.05 0.10

()

X?)gability 0 0.17 0.28 }0.03]0.15 0.32 0.27

l()De)tcerminance 0 0.02 0.04 0 |0.05 0.02 0.03

a. The attribute importance weights must add up to 1. .

b. The variability is measured by the standard deviation of the numbers in each column.

c. The determinance is found by multiplying each importance weight by the corresponding

standard deviation. A determinance score of 0 indicates a nondeterminant attributer,

and the greater the determinance score, the more determinant the attribute,
d. Concept preference accorqubto the importance weights is found by muitiplying

each concept's attribute scores by the corresponding importance weights.

e. Concept preference according fo the determinance scores is found by multiplying each

concept’s attribute scores by the corresponding determinance scores.

-Ad6

Figure 4.4-4. Determinant-Attribute Model
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4.5 Radar Cross Section Analysis

The Radar Cross Section (RCS) characteristics of the Model-24F configuration have
been estimated using high fidelity computational electromagnetic methods. These
characteristics have been calculated for several configurations, elevations,
frequencies and polarization for the full range of azimuths. Since the main focus of this
study was to determine the RCS characteristics of the control effectors, major RCS
contributors such as the propulsion system were not included in the computational
modeling. The results of this study are summarized in Figures 4.5-1 and 4.5-2 and
included in Appendix C.

50% probability sector, 9.0 GHz, 0 elevation

Forward sector Aft sector Side sector
-30 to +30 150 t0 210 60 to 120
H-POL | V-POL H-POL | V-POL H-POL | V-POL
Baseline -37.0 -30.0 -22.0 -22.4 -10.3 -11.7
No vertical tails -40.4 -40.5 -23.0 -23.0 -11.7 -142
No verticals& horizontal | -38.6 -39.3 217 -22.9 -11.4 -13.3
tails @ +20° dihedral
No verticals -36.1 -36.5 -21.3 -22.3 -12.1 -139
strakes dep{oyed
No verticals, split -32.3 -26.8 -9.0 -13.1 -8.9 -6.8
ailerons deployed

Figure 4.5-1. Signature Comparison - 50%
96% probability sector, 9.0 GHz, 0 elevation

Forward sector Aft sector Side sector
-30 to +30 150 t0 210 60to 120
H-POL | V-POL H-POL | V-POL H-POL | V-POL

Baseline -31.5 -31.6 47 3.7 -1.1 -1.6
No vertical tails -31.5 -34.1 -1.0 -1.5 40 1.2
No verticals, horizontal | -31.1 -33.4 438 34 42 1.0
tails @ +20° dihedral

No verticals, -20.3 -22.9 -1.0 -1.5 4.0 1.0
strakes depfoyed

No verticals, split 10.8 12.3 8.4 9.5 7.0 15.6
ailerons deployed

-Ad7

Figure 4.5-2. Signature Comparison - 96%
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The computational analysis was performed using the ARBSCAT code to estimate the
primary scattering components. This code uses equivalent current sources with input
for RCS treatment based on measured data. The analysis shown here is for untreated
configurations. The code can also make corrections for edge radii and wedge angle
for an accurate representation of the total vehicle signature. Additional RCS
contributions such as multi-bounce and cavities were analyzed using a 3-D ray trace,
physical optics code, XPATCH. For the data shown, the effects of traveling waves
have been ignored. However, contributors that affect the trade study, such as strake
deployment doors and the trailing edge control surface gaps have been accounted for.
The study was performed by analyzing each component separately and then adding
the pieces using the RCS budgeting code PLTSUM to obtain the total vehicle
signature.

The resuits of the RCS study are summarized in Figures 4.5-1 and 4.5-2. The data are
presented for O degrees elevation, 9.0 GHz, both polarization's, for the five study
configurations listed below: ‘

1) Baseline configuration

2) Baseline with vertical tails removed

3) (2) with Horizontal Tails @ 20 degrees dihedral

4) (2) with nose strakes deployed

5) (2) with Split Ailerons deployed @ 45 degrees
Additional analysis for +30 and -30 degrees elevation, 2.0 and 16.0 GHz are included
in Appendix C. -

100




4.6 Summary of Integration Resuits

Incorporating a control effector into an existing design can have significant adverse
consequences. Most tactical aircraft do not have the volume available to easily
integrate additional systems onto the airframe without degrading performance in other
areas. Accommodating innovative devices early in the vehicle design process can
preclude integration concerns and result in acceptable design compromises. The
devices investigated during this effort may offer significant advantages to future aircraft
designers if the devices are included early enough in the design process to preclude
many of the problems noted in the previous sections. A quick look summary is
included in table 4.6-1.

Summary Table

Split Aileron Chine Strake Rotating Tail
A Weight 483 |bs 72 lbs
A Signature
Fr_om 3.7V 81H 4V 43H 13.7V 81 H
Side 74V 28H 3V 4H 74V 28H
Aft 99V 14H JV17H 99V 14 H
Structural Integration Moderate Extensive Extensive
Actuation Significant Fairing Moderate Difficulty Complicated
Reliability Proven Proven Technology similar to
other concepts
Subsystem Trades Radar Operation/ Weight/Replacement
Effector Location Schedule
Table 4.6-1
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5.0 Task 4 - Risk Assessment and Reduction Plan

Based on the results of the performance and integration efforts, a risk reduction plan
has been proposed to minimize the risk of trasitioning any of these concepts to an
advanced development project. The major risk elements identified for each of the
effector concepts were aerodynamic performance, the integration aspects and the
signature contributions for each device. This section evaluates the performance and
integration risks associated with these effectors and proposes additional efforts which
could reduce the risk in incorporating these devices onto future aircraft. The risk
assessment summaries in Figures 5.1-2 and 5.2-1 are based on the risk rating guide

shown in Figure 5.0-1.

Factors In probabliity of failure

102

rind At
ailure
level Maturity factor | Complexity factor Dependency (availability) factor

Low Existin Simple design Independent of existing system, facility, or

9 plo desig subcontractor s ﬂy
Minor Minor redesign | Minor increase Schedule dependent on existi em, facility,
N b complexity or subcontractor. Less than 1%03% deliveryuy
slip.

Moderate | Major change Moderate increase | Performance/supportability dependent on

fogsiblo ang in complexity oxisting systam,%ggil' A gry su&ntrador.
1-3 months delivery siip.

Significant | Tech Significant increase | Schedule d ent on new system schedule
available, = in complexity tacility, or subcontractor. Greater than 3 months
compiex design delivery slip.

High Some research | Extremely complex | Performance/supportability dependent on new

9 complete, never y o system, facility, or subco'r%acte%?. Delivery slip
done before precludes use at IOC.
Factors in consequencas of failure

Impact lavel | Technical factor | Supportability factor Cost factor Schedule factor

Low Minimal or no Minimal or no Budget estimates Negligibie impact on program.
consequences consequences notdgxceoded Sl?lg_rﬁgd\ ) compe%sgad by

available schedule slack.

Minor Small reduction | Small reduction | Cost estimates exceed | Minor slip in schedule (less than
in technical in supportability | budgetby 1105 1 monthlf Some adjustment in
performance performance percent milestones required.

Moderate | Some reduction { Some reduction | Cost estimates Small slip in schedule
in technical in supportabilty | increased by 5 o 20 {1 to 3 months)
performance performance percent

Significant | Significant Significant Cost estimates Development schedule
degradation degradation in increased by 2010 50 | slip in excess of 3 months
in fechnical supportability percent
performancse rmance

High Technical goails | Supportability Cost estimates Large schedule slip that
cannot be gga s cannot increased in excess affects segment
achieved achieved of 50 percent AdB

Figure 5.0-1. Risk Rating Guide




5.1 Aerodynamic Performance Risk Assessment

The performance risks are associated with the limited test database associated with
each of these effectors, and the interaction with the airframe the device is intended to
be installed on. Expanding the knowiedge database for each of these effectors will
significantly enhance the possibility of success in including any of these designs on
future fighter concepts. The greatest potential for exploration is in the low speed high
angle-of-attack region. Figure 5.1-1 shows the current configuration test database and
the region of proposed testing that should enhance the understanding of these
devices. Of particular interest is the post-stall flight region, where improvements in
control technology could provide future aircraft with advantages in air combat.

The performance risk assessment for each of the final study effectors is summarized in
Figure 5.1-2. For each of the selected devices the risk rating reflects the concerns
inherent in the device. For the forebody nose strake, the geometry of the forebody can
significantly affect the performance of the device. The ability to locate the device close
to the nose will directly affect the resulting vehicle capability. The split ailerons, while
posing little risk, have significant disadvantages that may pose problems when
incorporated onto future aircraft. For low aspect ratio vehicles, performance of these
devices at low speed could fall well below requirements. The rotating horizontal tails
~ have not been explored throughout the entire flight envelope, and may need to be
larger than originally anticipated in order to achieve the acceptable results throughout
the entire flight envelope.

+70
+30 +30 g ,
§ Regions of interest
3 : _ for future testing
5 +0f P +20
] 2 I
- 2
E +10 § g +10
- g § e
: N N
N 720NN
-10 B : RO "
0.0 0.5 1.0 1.5 20 25 100.0 05 1.0 15 2.0 25
Mach number Mach number
Angle-of-attack requirements Sidesiip requirements <7

Figure 5.1-1. Future Testing
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Probabili Consequence
of failurelty of failure Comments
Nose strake Moderate Signiticant Need to better define high angle-of-attack performance.
Interaction effects need to be understood, concept forebody
configuration dependent.
Split aileron Low Minor Control capability fairly well defined. Concept operating on
the B-2. Short span l|¥nits capability. Pt ope
Rotating tail Minor Significant | *V" tail concepts have been tested before. Current estimation
basis is CFD, however.

Figure 5.1-2. Performance Risk Assessment
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5.2 Integration Risk Assessment

The integration risk summary is shown in Figure 5.2-1. Because of the nature of each
of the selected effectors, the integration risks vary considerably. For the forebody nose
strake, placement of the device and accompanying systems could compromise the
effectiveness of the antennas which are normally installed in the forebody.
Accommodating the antennas could degrade the performance of the device to the
point that it is not useful. For the split ailerons, on fighter aircraft the wing thickness
outboard poses a significant challenge. Integrating actuators into the outboard wing
will probably require a fairing which will adversely affect the drag and thereby the
performance of the vehicle. Other installation concepts may also compromise the
overall vehicle design by either thickening the wing or reducing the spar box chord.
For the rotating horizontal tails, weight and balance could be a consideration, and the
proximity to the wing trailing edge could also adversely affect performance.

Probabili Consequence
of falluro'ty of fall:?e Comments

Nose strake Minor Moderate Rasizing of actuators could be limited by volume constraints.
Interference with radar could be problem.

Split aileron Minor Minor Actuator size is a problem. Famng likely required. Vehicle
moments not well defined.

Rotating tail Moderate Moderate Hinge moments not well defined. Smaller actuator would
help the integration problems.

-Ad10

Figure 5.2-1. Integration Risk Assessment
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5.3 Risk Assessment and Reduction Summary

Additional wind tunnel testing of these effector concepts will reduce the risk in
transitioning them to advanced development projects. Additional integration
investigation on a more detailed level of these concepts will also reduce the risk in
proposing these effectors as devices on future fighter aircraft. The Boeing model BMA-
S-1798-6A shown in Figure 5.3-1 is a 5% scale model of the baseline configuration
and accomplishing the additional proposed testing would significantly enhance the
database for these effectors and reduce the risks inherent in incorporating these
devices onto future aircraft. A description of this model is included in Appendix E.
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6.0 - Concluding Remarks

The ICE contract has provided a focus for development and assessment of innovative
controls technology that will be relevant to future fighter aircraft studies. The
performance and integration efforts undertaken during this study have demonstrated
that these devices have the potential for eliminating the vertical tails from future
configurations.

The aerodynamic effectors chosen for this study have provided some insight into the
performance enhancement capabilities of these devices and their potential for
integration into the vehicle flight control system. By the judicious selection of a suite of
control devices, and an advanced design control system, the full potential of innovative
devices may be exploited.

The integration study has provided additional insight into the challenges associated
with incorporating these candidate devices onto future fighter aircraft. The
effectiveness of the devices are certainly configuration dependent and must be
carefully integrated to achieve desired control power.

An effector such as the rotating tail may buy its way onto a vehicle only with sufficient
integration design effort. The design philosophy will effect the relative weight cost
thereby impacting the trade-off with other devices.

Retrofit to existing vehicles seems unlikely to have benefit, but incorporation into the
design of new vehicles at an early stage offers serious potential. The trade-off
between the agility of the vehicle and the observable requirements will be dependent
on many factors such as weapon agility and operational strategies for future aircraft.

Aircraft for the Navy have stringent requirements that are best evaluated with a vehicle
designed initially for carrier operations, but the estimates made by some scaling and
aerodynamic data modifications as done here give reasonable indications of
effectiveness. (Control lows)

Clearly thrust vectoring has a great potential for reducing or eliminating the vehicle tail
(it is proven technology). Additional operational experience will give more design
guidance and confidence.
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Further exploration is required to provide confidence for application of new control
approaches on weapons systems. The data bases need to be extended through wind
tunnel testing of models, and computational methods for stability and control

assessment must be matured.
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APPENDIX A

Summary of Candidate Control Effectors

This appendix contains descriptions, diagrams, and summary data for a number
of candidate control effectors.

Figure A-1 Porous forebody

Figure A-2 Pneumatic forebody vortex control
Figure A-3 Nose yaw vanes

Figure A-4 Vortex flaps, differential

Figure A-5 Differential horizontal tail

Figure A-6 Differential canard deflections
Figure A-7 Pivoting wing tip fins

Figure A-8 Pivoting fins

Figure A-9 Differential leading edge flaps
Figure A-10 Seamless TEF and LEF

Figure A-11 Wing tip split panel flaps

Figure A-12 Wing leading edge blowing
Figure A-13 Circulation control (wing trailing edge blowing)
Figure A-14 Moving Chine/Strake

Figure A-15 Aftbody flap (upper and lower)
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Porous Forebody

Primary control function
Yaw and pitch control.

Benefits
Improves yaw control at moderate and high alphas. This control is used to roli
around the velocity vector.

Risks
Operating phenomena not well understood. Supersonic characteristics are
unknown. Limited database. Stealth may be poor and this concept may be
difficult to integrate with radar.

« NASA Langley 12 foot tunnel 0.07
Sym|{Run| Control | Type
0. = 48°, B = 0°, Xp = 100%, ¢p = 6-12 006 L[5 T 6Tnone
o | 79{VG3 Strake
oos | ¢ [113lvae  |strake
: A {196 |¢p = 6-12| Porous
4 | 7818R = -30°]| Rudder
0.04

Cn 0.03

0.02

0.01

-0.01 1 1 1 1 Il 1 1
-5 5 15 25 35 45 55 65 75
Alpha
— x=o* °*NASA %eneric « Boeing -24F model
. model 0.3 12 ASVC modulation
— x=3"  strake modulation 1 ]
0.10 — - 0.06 —— r
10 N Note: |
! Porosity initiated at
005 — i 9 6 o'clock position
= 0.04 ./
(i o =50 ‘ é o =60 /
Cn cn
005 //‘ / y
g -
/ 0.02 A
-0.10 r/‘ /
/ y
.15 0—1
0 0.5 1.0 1.5 2.0 2.5 3.0 0 % 10 11 12
X (in) Porosity termination clock position

Reference: "Low Speed Wind Tunnel Investigation . . .",
NASA CR4685, August, 1995.

Figure A-1 Porous Forebody
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Pneumatic For V x Control

Primary control function

Yaw and pitch control.

Benefits
Improves yaw control at moderate and high alphas. This yaw control is used to
roll around the velocity vector.

Risks
Limited success on chined forebodies. Unknown supersonic characteristics.
Signature impact unknown and hard to integrate with radar.

(E Aft_—Front—"
Right Front and Right Aft Blowing
012 Blowing Cgemglgg‘t
=—O— Cu=% Effect of blowing momentum
008 ‘@‘ "A"'Cﬂ“":g coefficient on yaw control
ACn —U—C“=0.
0__. Aft . Front —
0 8 16 24 32 4 48 56 ¢ 0.12 Outward Upward  Downward
Angle of Attack - deg Right Front and Right Aft Blowing
. 0.08
AC
«Effect of blowing
direction 0.00
-0.04
012 Blowing Location
Cy =004 wwOwmem  Right Front -0.08
AC 0.08 wdre  Right Aft
‘n.u (‘——\ '0'121Yl'('r'l'i'l'|*
) AR __ From = 0 8 16 24 32 40 48 56 64
0.00 Angle of Attack - deg
£0.04
Effect of blowing
-0.08 -~ location
i
PR Ll I

0 8 16 24 32 40 48 56 64
Angle of Attack - deg

Reference: "High AOA Stability and Control Concepts for Supercruise Fighters",
Boalbey, Ely, and Hahne.

Figure A-2 Pneumatic Forebody Vortex Control
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Nose Yaw Vanes

Primary control function
Yaw and pitch control.

Benefits
Improves yaw control at moderate and high angles-of-attack. This control is

used to roll around the velocity vector.
Risks
Stealth may be poor, integration with radar is difficult.

08 Strake off

A-A
Side _
T\ J [ T I |
A -10 l_ 10 20 40 50 60

o Run 121

CYMS475C
o
R

06 X8 - quadra lateral
/{p/' 8
~
\E\ 5
=
> S
O T T | 1 1
-10 10 20 30 40 50 60
~02 a Run 124
06 X12 - low AR vented
55 02+ &% Y S
Siot =
P
QT T T T T T 1
-1002 10 20 30 40 50 60

a Run 131
« Slotting the vane improves post stall control power

Reference: Unpublished Boeing Aerodynamic Test Data,
BTWT 235 and BRWT 241, 1989.

Figure A-3 Nose Yaw Vanes
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Vortex Flaps, Split Inboard/Qutboard. Symmetric/Asymmetric

Primary control function

All axis — using combinations of inboard/outboard, symmetric and asymmetric.

Benefits

Exploits features of leading edge vortex on swept wings.

Risks

May not be effective at low angles-of-attack or supersonic region.

01 I
-135° 0 © Baseline .
{]
45 Cp -l )‘olnbamm:znapsonli?
45° - -2 O Outboard vortex flaps on @ -45°
3 A Inboard and outboard vortex
. " flaps on @ 45°
Section A-A 150 | :
L5 7
1.00
6n
.50 -
]
0
A 5 0510152025300.1.2345.6.7.8.9L0
] a, deg CD
. -1 © Baseline
m -g O Inbaard and outhoard vortex flaps on @ 45°
=2 <© Inboard and outboard vortex fiaps on @ -&5°
.JL F A Inboard and outbaard vortex flaps on @ -135°
1.50
L5 l) JPA “—1’
a5
_” —vq
5 /A
0
S5 0510WI5205%200.123A45.6.7.89L0
a,deg cn

Reference: "Advanced Fighter Tested for Low-Speed Aerodynamics With Vortex Flaps™,
G. Gatlin, Vortex Flow Aerodynamics Conference, October 8-10, 1985.

Figure A-4 Vortex Flaps, Differential
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Differential Horizontal Tail
Primary control function

Yaw and roll control.
Benefits
Enhances roll capability, roll around the velocity vector.
Risks
Large actuator range required. Compiex control software probiem.

S b, . MOMENTY meFsmemcy . ;. i o i . B

Reference: "AFTI-F-111 Mission Adaptive Wing . . .", F33615-78-C-3027,
February, 1983.

Figure A-5 Differential Horizontal Tail
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Differential Canard Deflections for Yaw Control

Primary control function

Yaw and roli control.
Benefits

Enhances yaw capability, yaw and roli around the velocity vector.
Risks

Signature levels are higher.

Fuu: [}
statios
0.0 center T

Vd 7 -
Fafred 1810t

13,50~

(3) X = 0.40.

« Effect of differential canard-panel deflection
on model lateral aerodynamic coefficlents

Reference: "An Investigation of a Close-Coupled Canard . . .",
Re and Capone, NASA TN D-8510, July, 1977.

Figure A-6 Differential Canard Deflections
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Pivoting Wing Tip Fins For Side Force
Primary control function

Side force.

Benefits

Exploit flat turns for heading and alignment agility.

Risks

Heavy, defeats concept.

Reference:

AUN Undefiected

STABOO1 o
aag 5

All moving

1!BjIuset/nerth/
data_sth.sed

Unpublished Boeing Data, D. Nelson, WSU Wind Tunnel Test,
December, 1994.

Fgure A-7 Pivoting Wing Tip Fins
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Pivoting Fins for Side Forc
Primary control function

Side force.

Benefits
Exploit flat turns for heading agility.

Risks
Heavy, defeats the concept (case shown is for a deflected pair of rudders ~ side
force is shown).

(wa)2

P ;
s et oforce 0 cale
S TR TO .

(WB)4Ve,,

A =0
=5

-
\

Reference: Unpublished Boeing Data, G. Letsinger, BRWT 211 and 198,
October, 1986.

Figure A-8 Pivoting Fins
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Differential Leading Edge Flaps
Primary control function

Roli control.

Benefits
Improves roll control.

Risks
Not very effective for highly swept configurations; roll reversal occurs at
angles-of-attack approaching stall, requiring a complete database of
characteristics to define reversal effects.

RUN BETAC LELO LEL! LERI LERD

o————RUNST 0. 0. o. 0. 0
B----=--—-RUN130 0. 60. 60. -80.° -60.

=

Split
flaps

Reference: Unpublished Boeing Data, Merker, February, 1990.

Figure A-9 Differential Leading Edge Flaps
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Seamless TEF and LEF Hinges

Prim ntrol function
L/D and stealth improvements.
Benefits

Extrapolation of maw technology. Eliminates the seams associated with
conventionally hinged flaps.

Risks
4 bar linkages are heavy and complex.

LOAD
DISTR. 7 N

BENDING MLC
MOoM - 'A.‘gh‘

INCREASED MANEUVER ~ 93 ¢'s

Y

8
{
g
E
-t
»
|3
£
E
a
N

n
N

&

LOAD RELIEF (-2.4x30%

" N

WING ROOT MOMENT, IN.-LBS/188

SYM MAN LIMIT
T 1T

+ Leading edge concept Utlli smisoulu crnctln

L]
$ 1 2 3 4 5% ¢ 1 3

Ba.8

- Maneuver load control benefits

Reference: "Development of a Mission Adaptive Wing System . . .",
W. Gilbert, AIAA-80-1886, August, 1980.

Figure A-10 Seamless TEF and LEF
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Wing Tip Split Panel Flaps

Primary control function
Yaw control.

Benefits
Can be used to reduce/replace rudders or vertical fins. Good at all alphas.
Effective throughout the entire flight envelope.

Risks
Supersonic characteristics not well known. Defeats stealth benefits when
deployed.
* Planform view of split elevon « Split elevons

» Yawing moment coefficlent
Baseline 002

Beta (degq)

-5 +5
-.002 +

20720
LHS only

Cy -.006 -

¥

Reference: "Wind Tunnel Test Report, Boeing Model BMAC-T-1549",
D180-30190-1, S. Northcratft, January, 1987.

Figure A-11 Wing Tip split Panel Flaps
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Wing Leading Edge Blowing
Primary control function

Lift enhancement and roll control.

Benefits
Maintain attached vortex flow at high angles-of-attack.

Risks
Weight/system sizing penalties, interference with high-lift system.

~~_ROLLING MOMENT
DELAYED VORTEX
/O SEPARATION
6 QBLOWING
PLENUM
(=50 DEG)

g : :”\ BLOWING ON THE RIGHT SIDE
3l ‘ \ ¢=0 DEG

<. [ C.w= 0.0
2 S | ww 2,07
~ [ ‘ .~~
sl A
s €
h-

. "‘-.,v ¢ =20 DEG

g3t 3 C.w= 0.012
) l °. pwlnlthl
sl LY
< S poosome
' 0.02 O.MACqu.DG Q.08 0.10

 Rolling moments produced by differential blowing on a delta wing -
as a function of blowing coefficient

Reference: "Controlled Vortex Fiows Over Forebodies and Wings",
Roberts, et. al., 1990.

Figure A-12 Wing Leading Edge Biowing
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Circulation Control (Wing Trailing Edge Blowing)

Primary control function

Lift enhancement and roll control.
Benefits

Increases wing circulation and lift at a given flight condition.
Risks

Weight penalty, integration with trailing edge flaps.

Suns 93, 9%

‘

g, = 0.2%

“
o
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k-

f. | ¢ - oam /\,c_...m ‘ | o.un;"\

PR A R

A - LY

Y <AESENY SRR AR
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/ ,/ /’/ ’ - \ d

- 7/ w-] 03 L4

.. 5 ; TR » i ’ l : 0 < ; e e R Y IR
Pesslegs Tnaidease, oy o So8- o Gareai-ineed Priching W,

rag Canfficiont, :.

Figure 20 - Zffect of Blowing on Longitudinal Characteristics of Configuration 9
(§, = 45°, & = 30°, § = 10°, Pences, Tall-Off)
£ n LR

Reference: "Subsonic Wind Tunnel Investigation . . .",
R. Englar, May, 1973.

Figure A-13 Circulation Control (Wing Traifing Edge Blowing)
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Moving Chine/Strake
Primary control function

Pitch and yaw.

Benefits
Improve yaw and pitch control at moderate to high angles-of-attack.

Risks
Stealth may be poor.

- Asymmetric full length deflections

* 8:”‘
8 d— 8-“‘
—de  § x90°
0.04
Left Chine Deflected
0.03
Roll and yaw —’ AC,
0.02
Pitch 001
v - \
- N
2 3 4 -0.02 j
003 '
0.1 ]
.1 0.04 e ——
ACo' 0 8 16 24 32 40 48 S6 64
m
-0.1 Angle of Attack - deg
0.2 a)
] 0.12
03 Left Chine Deflected
1Chine Positions Deflected AC 0.08
04 1 O 1&2 n
1 b 2&3 0.04
V5 1 —0— 384
| b 1,23, &4 0.00
.0'6 W SRS BELARE DL S ARE NN AL AN B
0 8 16 24 32 4 4 56 64 004
Angle of Attack - deg
.08
= Chine deflection position comparison
42 7T

0 8 16 U 32 W & 5 o

Angle of Aftack - deg
b)

» Lateral-directional control power
of asymmetric chine deflections

Reference: "High AOA Stability and Control Concepts for Supercruise Fighters",
Boalbey, Ely, and Hahne.

Figure A-14 Moving Chine/Strake
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Fl r and Lower
Primary control function
Pitch control.
Benefits
Enhances pitch capability.
Risks
Signature, weight, volume required.
02 + ; ;
[ Body Flap : ]
Pergmann (11" I 1 T s e ———— 1
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0.12 Toody Flap™ y y - —
0.1 + Talls Off ... ‘=:€.—‘;$ ) g £ .| —®—Basaline |}
t B= +0.4° 08§ =90°|]
0.08 } _o__s"" sor |1
006 1 et e T
o L]
- 0.04 | 1-
»
< 0.02
g
1 [}
@
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o 9
-0.04 |
-0.08 . -\G\u\“‘u
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01 1 b2
.0.12 + —
-10 0 10 20 30 40
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- Body flap, B = +0.4°
Reference: "Low Speed Investigation . . .", M. Alexander, WL-TR-94-3120,

September, 1994.

Figure A-15 Aftbody Flap (Upper and Lower)
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APPENDIX B

Summary of Performance Results:

This appendix contains a summary of the information used to evaluate the candidate effectors

from a stability and flight control performance standpoint:

Figure B-1 Longitudinal Control in Maneuvering Flight-Maximum Sustained Load Factor

Figure B-2 Longitudinal Control in Maneuvering Flight-Penetration Speed
Figure B-3 Longitudinal Control in Maneuvering Flight-Supersonic Condition
Figure B-4 Wave-Off Maneuver

Figure B-5 Air Combat Maneuver Corner Speed

Figure B-6 Maximum Sustained Load Factor

Figure B-7 Wave-Off Maneuver-Simulation Comparison

Figure B-8 Pop-Up Maneuver

Figure B-9 90 Degree ~ 30 Knot Crosswind

Figure B-10 Catapult Launch

Figure B-11 Flight Path Stability

Figure B-12 Carrier Suitability Roll Rate Summary

Figure B-13 Flight Path Stability

Figure B-14 90 Degree ~ 30 Knot Crosswind-Thrust Vectoring

Figure B-15 Dutch Roll Characterics

Figure B-16 Maximum Yawing Moment Coefficient Due to Controls

Figure B-17 Maximum Rolling Moment Coefficient Due to Controls

Figure B-18 V__with Right Engine Out

Figure B-19 Pop-Up Maneuver-Simulation Comparison

Figure B-20 Level Flight Longitudinal Acceleration

Figure B-21 Roll Control Effectiveness Landing Approach

Figure B-22 Roll Control Effectiveness Landing Approach-Thrust Vectoring
Figure B-23 Roll Rate Oscillations

Figure B-24 30 Degree Bank Control Surface Response-Ailerons, Strakes
Figure B-25 30 Degree Bank Control Surface Response-Rotating Tail
Figure B-26 30 Degree Bank Vehicle Response--Rotating Tail

Figure B-27 30 Degree Bank vehicle Response - Ailerons, Strakes

Figure B-28 2-g Coordinated Turn Entry Control Surface Response

Figure B-29 2-g Coordinated Turn Energy Vehicle Response-Rotating Tail
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Figure B-30 2-g Coordinated Turn Entry Vehicle Response-Ailerons, Strakes
Figure B-31 Longitudinal and Directional Stability Levels

Figure B-32 Longitudinal Control in Maneuvering Flight

Figure B-33 Maximum Sustained Load Factor at Mid Altitude

Figure B-34 Maximum Sustained Load Factor at High Altitude-Subsonic
Figure B-35 Maximum Sustained Load Factor at High Altitude-Supersonic Penetration
Figure B-36 Maximum Sustained Load Factor-Penetration

Figure B-37 Dutch Roll Characteristics

Figure B-38 Low Speed Lift and Pitching Moment Coefficients

Figure B-39 Level Flight Longitudinal Acceleration

Figure B-40 Landing Approach Nose Down Pitch Acceleration

Figure B-41 Carrier Suitability Roll Rate Summary

Figure B-42 Sideslip Angle Capture

Figure B-43 Departure Stall-Roll Rate Time Constant

Figure B-44 Departure Stall-Roll Performance

Figure B-45 Power on Departure Stall-Lateral-Directional Dynamics
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