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3. Robustness to operating conditions — It is relatively easy to design conventional hinged control surfaces
that maintain effectiveness over a range of Mach numbers, aerodynamic attitudes and rates. Flow control
maneuver effectors, on the other hand, are typically much more sensitive to the local flow conditions and
thus there may be additional cost in order achieve acceptable levels of robustness.

4. Linearity — The nature of the fluid mechanic coupling at the heart of flow control devices means that the
control response obtained tends to be considerably more nonlinear than that obtained from conventional
hinged controls. In order to achieve adequate stability margins for the overall flight control system it will
typically be necessary to linearize the actuator characteristics by appropriate use of inner control laws. Of
particular concern is the presence of non monotonic control response, bistability and hysteresis.

The aim of this paper is to document the design, development and initial testing of a single degree of freedom
roll/pitch wind tunnel model for dynamic demonstration of flow control based maneuver effectors. It is anticipated
that the demonstrator will address some of the flow control issues identified above. The actuation methods
considered are:

1. Co-flow Fluidic Thrust Vectoring (FTV)
2. Compliant Aerodynamic Technology (CAT)

The demonstrator model is based on a generic low observable blended wing/body planform typical of many current
UCAYV studies.

Il.  Fluidic Thrust Vectoring

Thrust vectoring may be defined as the ability to vary the orientation of a vehicle thrust vector independently of the
vehicle attitude. Mechanical thrust vectoring is achieved by altering the geometric boundary conditions of a jet exit.
For fluidic thrust vectoring, the nozzle geometry remains fixed, however the boundary conditions are varied via flow
control inputs.

Various methodologies for fluidic thrust vectoring (FTV) have been investigated including:

1. Co-Flow***/Counter Flow®"#?

Asymmetric secondary flow injection or removal between a propulsive jet shear layer and a curved reaction
surface produces a reduced pressure over the surface. The propulsive jet attaches to the surface by means of the
Coanda phenomenon.

2. Shock Vector Control®

Asymmetric secondary flow injection into a supersonic primary flow produces an oblique shock. The oblique
shock can produce large vector angles, but at the expense of thrust efficiency due to losses through the
otherwise unnecessary shock.

3. Throat Shifting’

Asymmetric secondary flow injection near a sonic plane shifts the sonic plane from a geometric minimum area
to an aerodynamic minimum area created by the injection. Flow vectoring occurs in the subsonic region thus
minimizing thrust losses.

The actuation method used for FTV is highly influenced by the range of application nozzle pressure ratios. For
pressure ratios up to 3 the thrust produced by a convergent nozzle is as large as that produced by a convergent-
divergent nozzle, even when the latter has an exit to throat area ratio matched precisely to the working pressure
ratio™. For pressures ratios above 5 it usual to use a convergent-divergent nozzle. The present work focuses on
application of FTV to convergent only nozzles and seeks to demonstrate the result of research recently conducted at
Manchester University®> which has successfully demonstrated hot and cold gas co-flow fluidic thrust vectoring over a
range of representative primary pressure ratios on geometrically fixed rigs with no external (free stream) flow. The
co-flow technique relies on the injection of a secondary planar jet between the primary jet and a Coanda reaction
surface. Shear layer mixing occurs between the primary and secondary flows but the presence of the reaction surface
inhibits mass entrainment. Flow in the vicinity of the reaction surface accelerates and the pressure drops vectoring
the primary thrust towards the reaction surface.
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I11. Compliant Aerodynamic Technology

Compliant flows are defined as those which are particularly receptive to low energy flow control inputs
providing the potential for high gain flow control solutions. The wing design methodology builds upon the work of
Stratford™. Stratford developed a method to predict when a turbulent boundary layer would separate with the
objective of designing high lift aerofoils over which the flow in the pressure recovery region is close to separation.
Key innovations in the present development of the technology are design such that the region of flow control
receptivity is maintained over a useful range of incidence corresponding to a useful range of lift coefficient, and the
extension of the technigque to swept wings with highly three-dimensional flow regimes.

IV. Demonstrator Specification

The requirements of the research necessitate the development of an instrumented wind tunnel model capable of
providing quantitative performance assessments of flow control maneuver effectors in a representative environment.
The system should allow demonstrations of the effectiveness of each technology and facilitate real time, hardware in
the loop control development and validation with variable pitch/roll stability.

V. Model Design

A target planform was identified based on a generic blended wing low observable unmanned combat air vehicle with
a lambda planform and leading sweep of 50°, figure 1. Design work was then undertaken to implement a free to
pitch/roll capability and systems for FTV and CAT. An isometric view of the model identifying the main features is
shown in figure 2. Detailed discussion of the design of each of the model components is discussed in more detail
below:

A. Air supply strut
During the iterative design process it became clear that only a single air supply was required to meet the
specifications. The air could be transferred to the model via the pivot and then distributed to the primary/secondary
supplies as required. The air supply strut serves several purposes:

1. To connect the demonstrator to the force balance

2. To secure the model structurally in the wind tunnel and take all aerodynamic/inertial/pressure loads.

3. Tosupply cold primary/secondary air to the model

The tubular steel strut is designed such that air is passed to the model through symmetrical (y-axes for pitch force
measurements, x-axis for roll) ports so as to cause minimal pressure tare effects when taking pitch or roll force data.

B. Pivot

The pivot was designed to be of very low friction. It allows the passage of air to the model with minimum friction
via two high quality bearings located at either end of an aluminum spindle. The spindle passes air to the model via
an inlet at the strut and an outlet machined through the centre of the spindle at one side (to leave room for pipe work
and electronics on the other side). The bearings are sealed as much as possible using high tolerance gaps between
components and labyrinth seals designed using ESDU® machined into the spindle and aluminum bearing housing
face. Leakage can be determined prior to experimentation by sealing the manifold and measuring leakage mass flow
at different supply pressures. The pivot supplies air to the manifold via a short length of flexible pipe work.

C. Manifold

The aluminum manifold is designed to serve as a central reservoir within the model. It was designed to a safety
factor of 2 for pressures up to 8 bar. Air is delivered to the manifold from the pivot and is distributed to 4 electronic
pressure control valves and 2 primary propulsion nozzles.

D. Primary Supply with Orifice Plates

The supply pressure to the primary nozzles is dropped by the inclusion of orifice plates the supply lines. The orifice
plates are changeable between tests to vary nozzle pressure ratios for a constant manifold pressure. The plates allow
the primary nozzle pressure ratios to be reduced below that available to the secondary FTV nozzles, which has been
found to be a requirement for successful vectoring in the past.
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E. Secondary Supply Valves
The supply to the secondary flow system is distributed via four independent Hoerbiger-Origa CRE-1/2 electronic
pressure regulating valves.

F. FTV Nozzles

The FTV nozzles are of welded steel construction. The exit geometry is based on that used in previous successful
FTV tests at Manchester University. The nozzles are of high aspect ratio rectangular exit geometry, shown in figure
3. The primary nozzle area ratio (inlet area/exit area) is 2.6, and the secondary area ratio is 11. The primary nozzle
aspect ratio is 10; the secondary aspect ratio is 106. The primary nozzle exit area is 1000mm?; the secondary nozzle
exit area is 106mm?. The lip between primary and secondary nozzles is 1mm. The secondary reaction surface radius
is 30mm. Note that the use of a lambda planform leads to swept nozzle trailing edges. This gives the potential for
using thrust vectoring for yaw control as well as pitch control. Roll control can be obtained by differential operation
of the thrust vectoring nozzles.

G. CAT Wing

The wing section geometry was optimized using CFD to give a compliant aerodynamic region on the outboard upper
surface towards the trailing edge. Optimization worked was undertaken by QinetiQ*’. The wing is CNC machined
from composite model board/Aluminum honeycomb.

VI. Experimental Methods and Apparatus

The primary jet flow parameters were calculated using ESDU™. Supply line internal diameters were calculated to
prevent choking in the supply lines. The jet flow parameters were used in conjunction with the aerodynamic centre
(approximated using ESDU'*™) to determine at what pitch angles trim would achievable for various primary
pressure ratios and wind tunnel velocities.

Primary/secondary nozzle and pivot bearing leakage mass flows measured with an orifice plate rig as described in
ref. 17, and calibrated individually against manifold pressure.

Primary and secondary jet velocities measured to allow calculation of momentum flow rates and velocity ratios.
Primary jet velocities measured with three total pressure probes mounted at each primary jet exit and averaged.
Secondary jet velocity measurements calculated using exit area and secondary plenum pressure measurements
(assuming total pressure in the plenum and isentropic expansion to atmosphere). Momentum flow rates will be
compared with direct 6-component force measurements from an ATI force balance. Thrust vector angles will be
determined from reaction surface static pressure distributions and compared with direct force measurements. Model
aerodynamic derivatives will be determined through parameter identification.

All pressure sensors are range interchangeable (for greater accuracy over a range of measurements) and from the
Sensor-Technics fully conditioned HCX range, buffered with National semiconductor LMV324 operational
amplifiers. Sensors are calibrated against a laboratory Furness precision pressure meter.

Model attitude is determined from a precision potentiometer mounted on the pivot and powered by an on board
voltage regulator. The model angle is calibrated using a precision inclinometer.

Temperature measurements are made using Sifam k-type thermocouples with amplification and cold junction
compensation from analogue devices AD594 integrated circuits.

Data acquisition and control is via Measurement Computing PCIM-DAS 1602/16 and PCIM DDAO06/16
Analogue/Digital 16 bit input/output boards. Software interface is Matlab/Simulink running real time workshop
toolbox.

Wind tunnel experiments were performed in the 2.1 x 2.8 m closed return wind tunnel at the Goldstein research

laboratory at the University of Manchester. The tunnel has a maximum velocity in the working section of 70m/s, and
has free stream turbulence levels of 0.5% at a free stream velocity of 20 m/s.
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During preparatory studies of the CAT wing used on the present model it has been shown that separation and hence
roll control is achieved by introducing a momentum deficit into the boundary layer ahead of separation (noting that
for 3D separations ‘ahead’ does not necessarily mean upstream in a chord wise sense). This deficit can be produced
either via injection of momentum using air jets orientated in a direct opposing the local flow, or by physically
altering the surface geometry, e.g. through deployment of a small tab-like control surface. Clearly, a fluidic
actuation system offers benefits in terms of minimal observability, however, for the present wind tunnel experiments
it was decided to use a small tab device as the actuator on the basis that it was easier to implement on the model. It is
assumed that a similar effect can be achieved using fluidic actuation. The geometry and location of the tab control is
illustrated in figure 4. By means of comparison, the tab used for the present experiments was approximately 5% of
the area of a 10% chord, 50% span aileron.

For the free to roll tests, the model is mounted at an incidence of zero degrees relative to the body reference line.
This gives a wing lift coefficient of around 0.2, consistent with a cruise-like operating condition. The model centre
of gravity is located just below the roll axis with the model mounted inverted in the tunnel. This provides a
gravitational restoring moment of approximately 0.05Nm/degree in roll.

VIl. Experimental Results

A. Roll control

A sequence of photographs demonstrating the successful use of the flow control tabs for ‘flapless’ roll control is
shown in figure 5. Note that tab deflection on a given wing promotes separation on that wing and hence reduces the
lift on that wing. By way of comparison, these roll angles are equivalent to what would be obtained with a single
10% chord, 50% span aileron deflected at 4°.

A key requirement of CAT is that it functions over a range of lift coefficients and under reasonably unsteady
conditions. Figure 6 shows the dynamic roll response with respect to a step input in tab deflection for each wing.
The response is slightly under damped second order. The rise time of the system depends both on the control
moment and the model inertia. Increasing wind speed increases the control moment and hence reduces the rise time
for a given step change in roll angle demand. Other results (not included here) show that the control response from
the tab controls is approximately proportional to tab deflection. This provides evidence to suggest that roll control
via a CAT wing is a potentially viable proposition.

Flow visualization of the FTV in operation under quiescent conditions is shown in figure 7. The primary jet is
operating at a pressure ratio of 1.6, i.e. an exit Mach number of around 0.85. The secondary jets are operated at a
velocity ratio of 2, giving a secondary jet exit Mach number of around 1.7. Evidence of primary jet vectoring up to
the nozzle design values of +/-30° are obtained from the orientation of the wool tufts.

Evidence of the response of the model to thrust vectoring inputs is shown in the video stills in figure 8. For this test,
the model was set up with a positive static margin of approximately 5% mean aerodynamic chord and the wind
speed was 30m/s. Note that due to time constraints there was no fuselage fairing on the model during these tests.
These results clearly demonstrate successful operation of both the model free to pitch system and FTV system,
giving confidence to the viability of future quantitative experiments.

VIIl. Conclusion

A free to pitch/roll flow control demonstrator wind tunnel model of a UCAV configuration has been
successfully designed, developed and tested

A key design challenge was porting significant quantities of high pressure air on to a model with a
rotational degree of freedom without introducing significant pressure tare effects on balance readings. The
problem was solved by using an integral strut/air supply and by passing the air through a sealed, low
friction bearing within the model
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A data acquisition and control system has been designed and implemented that allows real time control of
the model and flow control systems via a Matlab/Simulink interface

The model has been designed with Compliant Aerodynamic Technology wings such that control roll
moments can be produced by relatively low magnitude flow control inputs. The system has been
successfully validated using small actuated tab controls to simulate a flow control input.

A Fluidic Thrust Vectoring system has been implemented on the model and successfully used to
demonstrate dynamic pitch control of the model under wind tunnel conditions
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Figure 1. Wind tunnel model planform geometry
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Figure 2. Isometric view of wind tunnel model
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