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While operating at low airspeeds with nominal static margins, the controls on a blended-wing-body aircraft begin
to saturate, and the dynamic performance gets sluggish. Augmentation of aerodynamic controls with the propulsion
system is therefore considered in this research. Two aspects were of interest: namely, thrust vectoring and flap
blowing. An aerodynamic model for a large blended-wing-body transport aircraft with blown flap effects was
formulated using empirical and vortex lattice methods and then integrated with a Trent 500 turbofan engine model.
To enhance control effectiveness, both internally and externally blown flaps were simulated. For a full-span
internally blown flap arrangement using intermediate compressor flow, the amount of engine bleed and the resulting
blowing coefficients were limited. However, even with a reduced bleed mass flow, the pitch control effectiveness
increases by 15.9% at 85% fan revolutions per minute. For an externally blown flap arrangement using bypass air,
much higher blowing coefficients can be achieved. For instance, at 100 % fan revolutions per minute, there is a 44%
increase in pitch control authority at low dynamic pressures. The main benefit occurs during takeoff, where both
thrust vectoring and flap blowing help in achieving early pitch rotation, reducing takeoff field length and liftoff speed
considerably. With central flap blowing and a limited thrust vectoring of 10°, the liftoff range reduces by 48 %, and

liftoff speed reduces by almost 26 %.

Nomenclature
Ajer = wing nozzle, exit area
C.,Cp, C, = Ilift, drag, and pitch moment coefficient
C, = blowing momentum coefficient
M, = aerodynamic pitching moment about c.g.
Mg = pitching moment about main landing gear
Mg = wing nozzle, jet mass flow
q = dynamic pressure
Viet = wing nozzle, jet velocity
x/1 = bleed location (x) along compressor length (/)
Xa» Xgo Xg = X-body axis aero, gravity, and thrust forces
Z,,Zy, Zp = Z-body axis aero, gravity, and thrust forces
a, B = angle of attack and sideslip
84> 8p» O = aileron, elevator, and throttle position

I. Introduction

HE flying wing design is potentially an attractive configuration

due to the aerodynamic performance advantages it offers over
its conventional counterpart [1]. However, the omission of horizontal
and vertical stabilizers leads to stability and control authority issues.
The blended-wing body (BWB) is a special kind of tailless aircraft
that has gained renewed interest despite these stability and control
deficiencies. The following are some of the potential benefits of the
aircraft:

1) Absence of a tail and a fuselage implies lesser wetted area and,
therefore, less drag. From the aerodynamics point of view, this
means lesser power is required at cruise condition and, therefore,
potentially fewer engines for the same payload. For an envi-
ronmental perspective, it means lower emissions per passenger or a
greener aircraft.

2) Low landing speeds are desirable for all types of aircraft. In the
BWB concept, the fuselage also produces a significant amount of lift
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in addition to the outboard wings. Therefore, at low airspeeds, it
might not be necessary to use high-lift devices, which add weight and
complexity into the system.

3) Another concept that has been gaining interest is to mount the
engines above the fuselage reference line (FRL). The blended
fuselage will then act as a noise shield, reflecting most of the energy
away from ground. This has led to the Silent Aircraft Initiative [2], a
joint project undertaken by the Massachusetts Institute of Tech-
nology and Cambridge University. Although still in its infancy, use
of thrust vector control (TVC) is already being considered for the
pitch axis [3].

Despite these, the BWB concept has many technical challenges,
such as 1) optimization of the planform for a higher lift-to-drag ratio
than conventional configurations, 2) structural design of a non-
cylindrical pressurized fuselage, 3) provision of adequate stability
and control authority over the full flight envelope, and 4) a low-
emission/low-noise propulsion system. This research, however,
focuses just on the stability and control aspects and evaluates if they
can be modified/improved by means of the propulsion system.

The use of a propulsion system to augment aecrodynamic controls
extends the role of the propulsion system beyond that of provision of
thrust to sustain flight. The research methodology was therefore set
so as to model both the aerodynamics and the propulsion system as
accurately as possible and achieve optimum controls performance
without compromising the efficiency of the propulsion system. In
this context, both jet/blown flaps and TVC were evaluated:

1) For jet flaps, if a certain amount of air from a pressure source
(such as the engine compressor) is blown onto the upper trailing edge
of the aerodynamic control surface (as shown in Fig. 1), itreenergizes
the boundary layer, and both the lift curve slope and flap effectiveness
increase [4]. Explanations of the effect can be found in several
sources [3,6]. Englar et al. [7,8] states that this concept has the
potential of generating lift comparable to that of the mechanically
complex high-lift configurations. In fact, Englaret al. [7,8] dispensed
with the conventional controls completely in favor of differential
blowing for control on all three axes for a Boeing B737-100.

2) For thrust vector control, an alternate method for control
augmentation is the use of vectored thrust by limited deflection of the
exhaust jet. TVC provides an additional control force but with a
corresponding loss in the net axial thrust.

This research considers some aspects of flight controls and
propulsion systems integration for a large transport BWB aircraft
[9,10]. The aircraft is summarized in the next section. The previous
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Coanda effect over
curved surface

blown jet
Fig. 1 Flow control through a trailing-edge blown flap [5,6].

study of this aircraft [9] showed that the lack of a tailplane and
resulting low moment arms means that the aircraft has some
deficiencies in terms of the handling and flying qualities. The aim of
this work is to determine the potential for these deficiencies to be
rectified by use of the propulsion system, using jet flaps and TVC,
and to determine the resulting effect on the propulsion system. It
should be noted that this work is not intended to provide a definitive
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statement on the subject, as there are a number of important
engineering considerations that have not been considered at all in this
paper. Basic integration of the propulsion system with the airframe in
itself is a complex process, involving many aspects such as the fuel
system integration, engine system monitoring and control, engine
weight, noise and c.g. considerations, etc. However, when the role of
the propulsion system is extended beyond that of provision of thrust
to that of controls augmentation, a number of additional aspects must
also be considered; these include: 1) the weight of the ducting if
internally blown flaps are used, 2) the ducting arrangement, 3) effects
of hot gas impingement on the control surfaces and ducts themselves,
and 4) the increase in structural complexity and resulting difficulties
with manufacture and maintainability.

This work included the development of a turbofan engine model
and a BWB aircraft model with blown flaps. The purpose of the
engine modeling effort was to evaluate the effects of engine bleed and
vectored thrust on engine performance. This engine model is covered
in detail in [11]. The BWB aerodynamic model with blown flap
effects was formulated using empirical and vortex lattice methods
[12] and is discussed in the next section.
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Fig. 2 BWSB transport aircraft general layout [9,10].
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Fig. 3 BWB wing sections: centerbody and inner and outer profiles [10].
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II. Blended-Wing Body Aircraft Model

with Blown Flaps

A. Blended-Wing Body Model Formulation

This research considers the flight controls and propulsion systems
integration for a large transport BWB aircraft. The planform shape
and the airfoil profiles have been obtained from Castro [9] and Qin
et al. [10]. A general layout of the aircraft is shown in Fig. 2. The
aircraft has a span of 80 m and has 12 control surfaces numbered from
left to right. Two of these surfaces, 6S (starboard) and 6P (port), are
on the vertical fins and provide the rudder function. The remaining 10
control surfaces are located on the trailing edge of the lifting body
and provide for lateral (roll) and longitudinal (pitch) control
functions. A maximum takeoff weight of 371,280 kg was assumed,
whereas the maximum landing weight was set at 322,599 kg. The c.g.
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variation is from 29.4 to 33.4 m, with the neutral point being at
approximately 31.6 m. Design point cruise is at Mach 0.85 at an
altitude 10,059 m and the landing speed is between 150-160 kt.

The BWB planform considered in this work had variable twist
along the span and different sweep back angles for the inboard and
outboard wing sections. In addition, it had an aerodynamic camber
section profile that varied from reflexed camber for the inboard
sections, nearly symmetric for the midspan and supercritical for the
outboard wing (see Fig. 3). This made the aerodynamic estimation
problem complicated, so a strip element model for this aircraft was
built so that the contribution of each strip to lift drag and pitching
moment could be individually calculated. Extensive use of
Engineering Sciences Data Units (ESDU) was made to develop this
airframe model. The model was then validated against the available
[9]. The effect of flap blowing was incorporated using the jet-flap
theory as illustrated by Spence [4] and Williams et al. [13].

Figure 4 shows two strip elements (1 and 2) with the elemental
body axis forces acting ahead and behind the c.g., respectively. For
point 1, an upward Z force generates a positive pitching moment and
negative rolling moment. Similarly, for point 2, an upward Z force
generates a negative pitching moment and a negative rolling moment.
The elemental lift and drag forces [L,, D,], when converted to body
axis, generate elemental [X,, Y,, Z,] forces in the body axis as

X

¥ cosacosf —cosasinf —sina]| —D,
Yy | boay = sinf cosf 0 0 (1)
z, sinwcosf —sinasinf cosa Ly | i

Each of these forces can be summed up to generate thenet X, Y, and Z
forces in the body axis due to the wing alone.

Similarly, the sectional pitching moment about the quarter-chord
point is transformed from wind to body axis to get [L,, M, N,]. The
net moments about the c.g. can then be calculated as

(@)

where the distance x is defined as (x ., — Xpos, /4) and is positive toward

the nose, y is the lateral distance of the strip from the centerline
positive starboard, and n is the number of strips.
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Fig. 5 Model validation and effect of blown flaps 1, 2, 4, and 5 (pitch axis).



898 RAHMAN AND WHIDBORNE
0 0.04 T - T
—e— ESDU
10l 0.03 ~ & - Baseline [
ﬁé 0.02f 1
—20} o
= 001} ~
E £ N I
£ L ominal
= -301 1 2 0
g -ooif
@
mﬁﬁﬁﬁ | <
O -0.02F
_50 H ‘ H } } m T Increased Roll Control
Blowing on Flap 3 -0.03;  power with blown flaps ¢, =02
-60 8 8 s n . . . -0.04 - -
-30 -20 -10 0 10 20 30 -20 -10 0 10 20
spany [m] Flap Deflection [deg]

Fig. 6 Model validation and effect of blown flap 3 (roll axis).

1. Lift Estimates with Blowing
The sectional lift coefficient with blown flap effects included is

[C.ly =[Cro, + ACy,, + AC5,, |y + K\Cp, (ey + Aar

+ Alyyis) (3)
where C,, is the basic lift coefficient at zero « for a clean airfoil,
ACyy,,, is the change in lift coefficient due to flap deflection, and
ACLOC“ is the increment in lift coefficient for a blown flap. This
increment is based on experimental results by Williams etal. [13] and
is also verified theoretically by Spence [4]. For a two-dimensional
section,

ACpy, =Cp,8 )

Cp, =[4nC,(1 + 0.151CY* +0.139C,)]'/2 @®)
where § is the flap deflection. In Eq. (3), factor K is incorporated to
simulate the effect of increase in lift curve slope with blowing.
Williams et al. [13] suggests that K is approximated by

K, = (1.0 + 0.151C)/* + 0.219C,) ©6)
The effective angle of attack «, for each strip along the span is
modified by local dihedral I'; on account of sideslip (Aa = BI') and
the sectional twist Aq,,;y. Both wing sweep and taper induce a
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Fig. 7 BWB Aircraft with IPC bleed for internally blown flaps. (LPC: low-pressure compressor, HPC: high-pressure compressor, LPT: low-pressure

turbine, IPT: intermediate-pressure turbine, HPT: high-pressure turbine).
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spanwise downwash, which modifies the effective angle of attack, as
seen by an airfoil section along the span. This variation in the
spanwise angle of attack due to three-dimensional effects was
estimated using a vortex lattice/panel code, TORNADO [12], and
incorporated in Eq. (3) to obtain a corrected spanwise lift
distribution.

2. Drag Estimates

The sectional drag coefficient was calculated as a sum of two parts:
1) the profile drag coefficient Cp, , and 2) the drag due to lift or vortex
drag Cp, . Thus,

[CD]y = CD0 + CDl, = CDQB + ACDWP + KC% @)

where Cp,, is the profile drag coefficient of a clean airfoil, and the
increment in profile drag due to flap deflection is given by ACp,
and is a function of flap chord length and flap deflection. The lift-
dependent drag term K was approximated using the drag polar
obtained from [14] computational fluid dynamics runs.

3. Pitch Moment Estimates

The sectional pitching moment coefficient about the quarter-chord
position was calculated as

[Conly = [Croilesa + [AC,0lnap — (CL = Cro, )y ®)

where [C,,]./4 is the pitching moment about the quarter-chord
position for a clean airfoil at zero &, [AC,,lg,, is the increment in
pitching moment at zero « due to the deflection of a plain trailing-
edge flap, and £, is the location of center of lift due to angle of attack
and flap deployment, aft of the ¢/4 position.

B. Model Validation and Effect of Blown Flaps
1. Lift, Drag, and Pitching Moment: (C,,Cp, C,,)

Figure 5 shows the net lift, drag, and pitching moment coefficients
at a blowing coefficient (C,) of 0.1 and 0.2, respectively. A constant
flap deflection of +20° is assumed on all flaps except flap 3, which is
used as an aileron. Two points can be noted from Fig. 5: 1) the lift
coefficient C; increases with an increase in blowing coefficient, and
2) the negative increment in pitching moment due to flap blowing is
significant. Also shown for comparison are the results of the baseline
BWAB aircraft from [9] for the unblown flap case.

2. Rolling Moment: (C;)

Figure 6 shows a comparison of roll control powers for the
baseline [9] and the ESDU models for the inboard aileron (flap 3).
The increase in roll power with blown flaps is indicated. The control
power almost doubles for a blowing coefficient of 0.2. As elaborated
later, this proves to be of great advantage in achieving better/faster
roll performance at landing and takeoft speeds.

III. Results: Propulsion and Flight
Controls Integration

As discussed in the previous section, the lift and pitching moment
characteristics for the BWB can be modified by use of blown flaps.
The source of bleed air can either be the low-pressure (LP), the
intermediate-pressure (IP) or the high-pressure (HP) compressor,
depending upon the wing duct pressure requirements. However, for
the three-spool turbofan considered, 20% of the HP mass flow is
already used for HP turbine cooling, and the wing nozzle pressure
requirements for flap blowing purposes are usually less; it was
therefore decided not to bleed the HP stage further, and only the IP
and LP stages are considered for flap blowing.

A. Internally Blown Flap Arrangement Using Intermediate-Pressure
Compressor Bleed

Figure 7 shows bleed offtake from the IP compressor (IPC) in an
internally blown flap arrangement. In this case, the blowing

coefficient C, will be determined by 1) the slot height that sets the
actual wing nozzle exit area, 2) the bleed offtake location along
compressor length, which sets the total pressure and temperature
[P, T] of the source reservoir in combination with the throttle setting,
and 3) the dynamic pressure. To see the effect of slot height on the
stripwise blowing coefficient, [C, ], consider

|
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Table 1 Engine/airframe parameters and IPC bleed location at 85% throttle (TET denotes turbine entry temperature.)

Case Bleedloc., (x/l) ATET,K Py, atm  T,,, K riye, kg/s Vi, m/s C,, average AC./Ap,,  AC, /A,
relative relative

A No bleed - SN — S S 0.0000 1.000 1.000

B 0.25 +39 2.58 371 21.1 352 0.0057 1.092 1.116

C 0.50 4100 3.52 418 27.1 374 0.0078 1.107 1.135

B 1.00 +241 4.71 495 334 407 0.0103 1.119 1.159

m]etvjet (ijlA]el et) Jet pjelwh jet pjelh‘/Je[ 0.35 T T T T T

[Cu]y S 7S = we c (9) External Flap Blowing with Bypass Air
q a 4 a Y q 4 8> 03r Port <«—  —— Starboard 7

where mjﬂ is the exiting mass flow for each strip, V. et is the jet é 0.25} yNve—
velocity, g is the freestream dynamic pressure, and S|, is the local strip 3 B Throtte s
area. Also, 1t = pieiAietVier» Ajr = wh, and S, = wc,, where w is g 02 e e
the strip or slot width and 4 is the slot height. In Eq (9), for a constant % 015l |
slot height &, the spanwise blowing momentum coefficient varies £ ’ Blowing Cosficent
with local chord c,. For the following analysis, a constant slot height 2 o1} Thote Setting J
of h = 2 mm is assumed along with a throttle setting of 85% and an 2
airspeed of 200 kt. 3 0.05¢ 1

Figure 8 shows the spanwise blowing momentum coefficient and § «— Flap 1 (26m)
the effect of IPC bleed offtake location. The curve marked as B N e A |
represents the IPC (x/l=0.25) bleed case, where x/I is the ~0.05 . . oo . . .
nondimensional bleed location along compressor length. Cases C -40 -3 -20  -10 0 10 20 30 40
and D represent IPC(0.5) and IPC(1.0), respectively. As the bleed span y[m]
location is moved aft (end of IPC), the jet mass flow 7, and velocity Fig. 12 Spanwise blowing coefficient: externally blown centerbody
Vier increase and, therefore, the blowing momentum coefficient. flap.

Figure 9 shows the corresponding spanwise lift coefficient. On
Fig. 9, the Tift curves for 2 mm slot height and bleed locations of IPC
(1. 0) IPC(0.5), and IPC (0.25) are grouped quite close together and 0.8 : : . . T T T
the change AC; isrelatively small. This indicates that even at smaller Extemal Flap Blowing Using Bypass Air
blowing coefficients of IPC(0.25) or IPC(0.5), significant changes in 0.7f ~
flap effectiveness can be achieved with much lower penalties on (—; Port «— | —> Starboard
engine performance. Since the flap/elevator deflection is assumed U 1
negative (8g,, = —10°) as required for pitch trim at low speeds, the 8 A= NoBlowing
effect of flap blowing appears as a greater increase in the flap g 05¢ G Throttle 50% 1
effectiveness (ACy /Agyy). § D = Throttie 100%

Figure 10 shows the spanwise pitching moment about sectional £ 04 - |
¢/4 positions for the ESDU model at a flap deflection of §,, = —10° 2 oal [ - e No Blowing |
and o = +8°. From Fig. 10, the spanwise pitching moment is E o~
positive for the centerbody section relative to the outboard wing g ool |
sections. This is due to the reflexed cambered airfoil for the @ =
centerbody, and it is vital for pitch trim and reduction in trim elevator 0l __‘ — Flapt (26m) ]

40 30 20 -10 0 10 20 30 40
span y[m]

CG

@

—13.0 m —>

—ie] [}

Flap 1

Vi

Full Exhasut
(1 jer)

Fig. 11 Flap 1 in a fully blown external flap arrangement.

Engines burried
in fuselage

Fig. 13 Spanwise lift coefficient: externally blown centerbody flap.

> 0.14

Spanwise Pitch Moment Coeff. about ¢/4 — Cm

0.1

0.08

0.06

0.04

0.02

-0.02

240

T T T T
External Flap Blowing Using Bypass Air

—> Starboard

Port <—

Increasing b
Flap Effectiveness
with Blowing

A = No Blowing
B = Throttle Idle
———C =Throttle 50%
——D =Throttle 100%

‘ | ‘ ‘ ‘
-10 0
span y[m]

-30 -20 40

Fig. 14 Spanwise pitch moment coefficient: externally blown center-
body flap.



RAHMAN AND WHIDBORNE

901

Table 2 Externally blown centerbody flaps using bypass flow (B = bypass, C = core)

Case Throttle Thrust, kN B flow, kg/s C flow,kg/s Bvel,m/s Cvel,m/s [C,]p,average AC,/Ap,, relative AC,,/Ay,,, relative
A Idle —_— —_— —_— —_— —_— 0 1.000 1.000
B Idle 475 5234 54.8 182.0 220.0 0.0734 1.248 1.264
C 50% 116.0 683.4 88.6 238.7 386.2 0.1262 1.317 1.352
D 100% 2385 840.5 135.1 297.2 567.8 0.1930 1.385 1.442

Central Flap Blowing| ]

Trim Elevator [deg]

5 =-14.1"
—1af T 1
_16} ]
_18} ]
~20F 5 - 208 INERR’ 7
L e,
V.
_oo . . . . . o . .
120 140 160 180 200 220 240 260 280 300

Calibrated Airspeed [ki]

Fig. 15 Trim results: aerodynamic flight control and central flap
blowing, trim elevator, x., = 29.4 m, level flight.

Nose Gear
Zg
Fig. 16 Forces and moments on the BWB during takeoff.

deflections for a tailless design. The effect of blown flaps appears as
greater increase in positive pitching moment when flaps are deflected
negative, as marked by the positive shiftin curves B, Cand D. Table 1
summarizes these results.

For the three-spool turbofan considered, IPC bleed locations from
0.25t00.50 are enough to sustain high jet velocities (374 to 352 m/s)
and mass flows (27.1 to 21.1 kg/s) per engine. The average blowing
coefficient is reduced from 0.0103 to 0.0057; however, the relative
flap effectiveness is still 11.6% higher than the unblown case.

B. Externally Blown Flaps Using Bypass/Main Flow

The bleed mass flow from the LP compressor/fan stage can either
be blown over the full span, as in the case of a distributed propulsion
concept, or the full exhaust, including the bypass, and the core mass
flow can be blown over selected flaps directly, without the need for
internal wing ducting. For the BWB, many researchers are already
proposing to embed the engines within the fuselage to enhance noise
shielding [15]. This means that the engine’s vertical offset from the
FRL would be small, and it is theoretically possible to place a
rectangular engine exhaust just before the trailing-edge flap,
specifically flap 1, which has a span of 26 m. This will result in an
externally blown flap arrangement. Such a configuration is shown in
Fig. 11.

Figure 12 shows the increase in blowing coefficient for flap 1 due
to external flap blowing. At 100% throttle setting and using a
4 % 275 kN Trent 500 engine configuration, the average value of C,,
for flap 1 is 0.2. This may seem to be a bit low, keeping in view that
full bypass air is blown over the flaps; however, the local chords for
the centerbody are unusually large (48 m for the root section) which
makes it difficult to achieve high blowing coefficients. In addition,
flap 1 has alength of 26 m, which reduces the mass flow per unit span.

A = Nominal Unassisted Takeoff

B = Takeoff with TVC of 10 deg

C = Takeoff with TVC of 10 deg and Cu = 0.2 ‘
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Fig. 17 Takeoff performance with limited TVC and flap blowing.
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Fig. 18 Pitch moments about main landing gear with TVC and blown flaps.

Figure 13 shows the corresponding spanwise lift coefficient for
o = +8° and spanwise flap deflection of —10°. The increase in flap
effectiveness due to blowing for the centerbody are marked by
curves B, C and D for various throttle settings. Similar results can be
seen for spanwise pitching moment coefficient on Fig. 14. Flap 1 is
now more effective and the nose up pitching moment is greater than
the unblown case.

The results have been summarized in Table 2. Even at idle throttle
settings, the increase in flap effectiveness is +26.4% relative to the
unblown case. At full throttle, this increases to +44.2%. It may be
noted here that only the centerbody flaps are blown; the flap
effectiveness is, however, considered for full span or the overall
moment generated about the c.g. and not for individual flaps, which is
considerably higher and is illustrated in Fig. 14. The reduction in trim
elevator with externally blown flaps is shown in Fig. 15.

IV. Takeoff Performance with Thrust Vectoring
and Flap Blowing

Figure 16 shows a BWB aircraft in takeoff run. During takeoff,
additional forces come into play, such as ground friction and
reaction. In addition, the pitch rotation takes place about the main
landing gear and not the c.g.. This means the weight of the aircraft
along the Z-body axis Z, and the Z-axis aerodynamic force Z, also
exert a moment about the landing gear. The distance of the c.g. from
the main landing gear /, thus becomes an important consideration.
The pitching moment equation used for takeoff analysis is listed
below. Note that the reaction force from the nose landing gear has
been neglected:

MLG = Ma - (Za + Zg)ll - (Xa + XE)h + ZEIZ (10)

In Eq. (10), M, represents the aerodynamic moments about the c.
g., including the blown flap effects, and the term Z [, is the pitching

moment due to vectored thrust. For takeoff analysis, /; was set at
4.0 m, [, was set at 16.0 m, and the perpendicular distance of the
thrust line from main landing gear (k) was set at 3.0 m. The nose
wheel pitch setting angle was zero, and it is assumed that there is no
ground effect.

Figure 17 shows the results of TVC of 10° and flap blowing on the
centerbody at C,, of 0.2. The unassisted takeoff occurs at liftoff range
of 2590 m and liftoff speed of 253 kt. With 10° of TVC, this reduces
to 1998 m and 227 kt, respectively. Using external flap blowing on
central flaps, with C, = 0.2 in addition to 10° of TVC, the liftoff
speed reduces to 187 kt and the range to 1330 m. These results could
be better explained by a review of the pitching moment distribution
about the main landing gear (Fig. 18).

With reference to Fig. 18, the pitching moment due to vectored
thrust (Zl,) is positive and corresponds to a TVC angle of 10°. The
effect of blown flaps appears in the form of increased aerodynamic
pitch moment about the c.g. (M,,). This, in combination with the
positive pitching moment from TVC, is enough to rotate the nose,
even at an airspeed of 160 kt. Table 3 presents a summary.

V. Roll Performance with Blown Flaps
at Low Airspeeds

Owing to the planform shape and the mass distribution about the
longitudinal axis, the roll axis inertia for the BWB aircraft is higher
than for the conventional configurations. This, in combination with a
high value of roll damping from the wing, limits the maximum
achievable rate of roll. Low-speed bank angle performance therefore
becomes sluggish and is a problem for the BWB aircraft.

Whereas the Boeing 747 aircraft uses the outboard aileron in
addition to the inboard (high speed) aileron to improve the low-speed
bank angle performance [16], implementation of a similar strategy
for the BWB aircraft means a further reduction in pitch control

Table 3 Takeoff performance with TVC and central flap blowing

No. TVC C,  Vgorkt  Rige.m ARy op, % Viomkt  AVior, %
1 0 0 160 2590 0 253 0

2 100 0 160 1998 —22.86 227 -10.28
3 100 0.20 160 1330 —48.65 187 —26.10
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Fig. 19 Time to reach 30° bank angle, with and without flap blowing.

authority. An alternate option is, therefore, to enhance flap
effectiveness of the aileron section using an internally blown flap
arrangement.

Figure 19 shows the improvement in roll response obtained with
an internally blown inboard aileron at a blowing coefficient of
C, = 0.2. The time to reach —30° bank angle at a speed of 200 and
300 kt with full aileron deflection of +25° is greatly improved and
now almost meets the category C flight phase requirements for a large
transport aircraft.

VI. Conclusions

Flap blowing causes a significant increase in flap effectiveness and
therefore the pitching moment produced by it. However, bleed
offtake from a compressor stage is expensive. With a 4 x 275 kN
Trent 500 engine configuration, bleeding from the end of
intermediate compressor IPC(x// = 1.0) at 85% fan revolutions
per minute and a 2 mm full-span flap slot height causes almost 40% of
IPC net mass flow to be bled and a significant degradation in engine
performance. The resulting blowing coefficients were just below the
critical value to prevent flow separation (C, , = 0.02 to 0.03) and
varied along the span with chord length. The degradation in engine
performance can be avoided by either matching the engine for
additional IPC bleed or bleeding the IPC at an earlier station along its
axial length.

If the fan stage is used for external flap blowing, the fan exit/
blowing pressure would be relatively less, and therefore the exit jet
velocities will be low; however, there is theoretically no limit on the
amount of mass flow that could be used for flap blowing. A feasible
option is, therefore, to consider all of the bypass/core mass flow for
external flap blowing on the centerbody section, which has a span of
+13 m. Blowing coefficients in excess of 0.25 were shown to be
easily achieved in this way. For the longitudinal axis, it is suggested
to use external flap blowing directly, not only providing larger
blowing coefficients but also a possible mechanism to deflect thrust.

The main benefit of augmentation of aerodynamic controls with
the propulsion system occurs in the takeoff phase, where both TVC
and flap blowing help in achieving early pitch rotation, thus reducing
the takeoff field lengths and liftoff speeds considerably. Similarly for
the roll axis, it was shown that control effectiveness can be enhanced
if selected flaps, such as the inboard ailerons, are blown using an
internally blown flap arrangement.

What has not been shown in this paper is the consequence of
engine failure. Clearly, this is an important consideration for a
vehicle relying on the propulsion systems for some of the controls.
For the roll axis, it was shown that, at low airspeeds, the roll
performance can be considerably improved by use of internally
blown flaps. Some analysis of single-engine failures can be found in
[17]. Upon onset of a single-engine failure, the roll performance

would degrade in accordance with the reduction in the blowing
momentum coefficient. However, for a two-engine failure condition,
because of the degradation in the remaining operative engines
resulting from the bleed, it is recommended not to use propulsion
system augmentation but to fly on pure aerodynamic controls. For the
pitch axis, a single-engine failure during the takeoff rotation phase
would mean that a higher value of TVC/flap deflection shall be
required to achieve the same takeoff length.

To conclude, it may be said that both flap blowing and TVC have
comparable advantages in provision of additional control authority;
however, there are a host of integration issues that would need to be
considered before any conclusions could be made about the practical
feasibility of this technology.
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