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Abstract: Effective control of aerodynamic loads, such as maneuvering load and gust load, allows for

reduced structural weight and therefore greater aerodynamic efficiency. After a basic introduction in

the types of gusts and the current gust load control strategies for aircraft, we outline the conventional

gust load alleviation techniques using trailing-edge flaps and spoilers. As these devices also function

as high-lift devices or inflight speed brakes, they are often too heavy for high-frequency activations

such as control surfaces. Non-conventional active control devices via fluidic actuators have attracted

some attention recently from researchers to explore more effective gust load alleviation techniques

against traditional flaps for future aircraft design. Research progress of flow control using fluidic

actuators, including surface jet blowing and circulation control (CC) for gust load alleviation, is

reviewed in detail here. Their load control capabilities in terms of lift force modulations are outlined

and compared. Also reviewed are the flow control performances of these fluidic actuators under

gust conditions. Experiments and numerical efforts indicated that both CC and surface jet blowing

demonstrate fast response characteristics, capable for timely adaptive gust load controls.

Keywords: gust load alleviation; active flow control; blowing jet control; circulation control

1. Introduction

It is undeniable that air travel makes fast long-distance transportation possible and
brings significant economic growth and improvement of quality of life. However, in the
meantime, the negative impacts on the environment and climate [1] have become more
and more pronounced and have posed a significant challenge to the aviation industry.
For economic and ecological considerations, reduction in fuel consumption and exhaust
emissions is very urgent task for future air transportation. For this purpose, the aviation
industry is facing stringent ‘Green Aviation’ goals in their future product. For example,
the primary goal of Europe’s Fight-path 2050 is to reduce CO2 emissions of aircraft by 75%
relative to 2005 levels [2]. In the US, the N+3 goal proposed by NASA is to reduce Nitrogen
oxides (NOx) emission by up to 80% in the landing–take-off process and reduce fuel burn
by 60% for an airliner entering service in 2030–2035 [3]. To achieve these objectives, a
number of technologies, such as shock control [4–7], laminar flow control [8–14], turbulent
drag reduction [15–18], as well as novel aircraft concepts, such as BWB or hybrid wing body
(HWB) [19], ‘double-bubble’ [20], truss-braced wing (TBW) [21] and box-wing [22], have
been proposed and investigated to explore a better aerodynamic performance. However,
there are significant challenges in applying these technologies mentioned above on future
aircraft, especially in terms of practical application. Meanwhile, with the increasing de-
velopment and maturity in computational fluid dynamics (CFD) and aerodynamic design
optimization, the aerodynamic efficiency of modern swept supercritical wings has almost
reached its limit with diminishing return from large research investment. Therefore, it
is urgent to explore game-changing technologies for drag reduction associated with the
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reduction in exhaust emissions. Load control is an important topic in aerodynamics, as
it can potentially provide an alternative way for drag reduction through decreasing the
aircraft structure weight. Figure 1 shows the relationship among flow control, load con-
trol, aerodynamic performance and energy efficiency. It is well known that the structure
mass is not determined by the cruise condition but the critical load cases such as gust
and manoeuvring loads. Guo et al. [23] highlighted that the gust loads can be larger than
the manoeuvring loads, and generate the most critical load cases that some aircraft will
experience in flight. Figure 2 demonstrates the spanwise load distributions on a typical
civil transport aircraft under cruise and gust encountering conditions, respectively.

Figure 1. Relationship among flow control, load control and energy efficiency.

Compared to the cruise condition, the spanwise loading especially on the wing ex-
periences a significant increase when the aircraft encounters a gust. This increase will
affect the riding comfort of the passengers, and sometimes can be detrimental for the
aircraft structure safety if the gust load is severe enough. For the safety of large commercial
aircraft, airworthiness authorities have specified typical gust models as a requirement for
the certification specifications of large commercial aircraft covered by European Union
Aviation Safety Agency Certification Specifications (EASA CS-25) [24].

To cope with these critical load cases, aircraft structures need to withstand the forces
and stress caused by gusts with a large amount of mass penalty, since it is challenging
to build the structure that is both light and robust. However, if the load can be effec-
tively alleviated through a control means, lighter structures may be used, resulting in the
reduction in lift-induced drag and fuel consumption as shown in Figure 1. In the late
1970s, flaps, spoilers and ailerons were investigated to perform the additional task for
gust load alleviation. Gust load alleviation (GLA) systems were studied and tested. The
first commercial airplane to incorporate a GLA system using ailerons is the Tristar L-1011
from the 1980s [25] after the successful implementation of GLA technology on C-5A [26].
The effectiveness of GLA systems consisting ailerons and spoilers were tested on Airbus
A300 [27] and firstly implemented on Airbus A320 [28]. The implementation of a GLA
system on the Airbus A300 was shown to mitigate gust load significantly [25]. A baseline
wing of a transonic transport aircraft integrated with a GLA system can lead to a reduction
in the direct operating cost of nearly 6% and fuel savings of 9% [29]. A 15% wing root
bending moment was relieved by the GLA system during unsteady wind encounters on
A320 [28].
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Figure 2. The sketch of the spanwise load distributions under cruise and gust encountering conditions

(from [30]).

Currently, for gust load alleviation, active control flaps are deflected to create forces
and moments to attenuate gust loads. Ailerons, elevators or spoilers are normally used as
the control surfaces for gust load alleviation. Fluidic actuators, such as blowing or suction,
synthetic jets and oscillating jets, have been studied for many decades in the field of active
aerodynamic flow control. Most of the studies focused on changing the momentum balance
in the boundary layer to achieve aerodynamic improvement, such as lift augmentation,
drag reduction and stall delay.

Recently, there have been renewed interest in fluidic actuators for their potential
application for modern aircraft flight control. Being able to fly and control aircraft without
conventional control surfaces (namely flapless control) is one of the targets for future
aircraft design with benefits including fewer moving parts, possibly less weight [31], less
maintenance and enhanced stealth characteristics [32]. Apart from the steady load control
capability, the dynamic responses of these fluidic actuators for unsteady load control,
such as gust load, are the key factor for successively replacing the traditional flaps for
flight control.

This paper focuses on an overview of the research progress of flow control on gust
load alleviation. Gust load definitions and the types of gusts aircraft may be subjected
to are introduced. Current gust load alleviation techniques are discussed, followed by a
focus on the overview of the studies on gust load alleviation by fluidic actuators including
the surface jet blowing and circulation control via Coanda effect. The effects on gust load
alleviation through traditional flaps and fluidic actuators are compared and discussed.

2. Basics of Gust Load Alleviation

2.1. Gust Load Definition

Gust, being a complicated phenomenon, is often referred to as atmospheric turbulence.
The following two idealized categories of gusts are generally considered in industry for
aircraft design, namely [33]: (1) Discrete gusts: the instantaneous gust velocity profile is
usually defined by a deterministic form, such as ‘one-minus-cosine’ and ‘sharp-edged’
shapes and (2) Continuous turbulence: the gust velocity varies randomly.

2.1.1. Discrete Gusts

‘One-minus-cosine’ gust is the typical discrete gust defined by the certification specifi-
cations of large commercial aircraft covered by the EASA CS-25 [24]. The gust profile is
shown in Equation (1) and according to EASA CS-25, the gust shape can be expressed as

wg

(

xg

)

=
wg0

2

(

1 − cos

(

2πxg

Lg

))

, 0 ≤ xg ≤ Lg (1)

where, wg0 is the magnitude of the peak gust velocity; Lg is the gust wavelength or twice
the ‘gust gradient’ Hg. According to EASA CS-25, the gust wavelength is in the range from
9 to 107 m. In practice, the typical value is 12.5 c (c is the mean aerodynamic chord length).
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The design gust velocity wg0 changes with gust wavelength and altitude which is expressed
in relations of the gust gradient Hg (in m), the reference gust velocity wre f and the flight
profile alleviation factor Fg, as

wg0 = wre f Fg

(

Hg

106.17

)
1
6

(2)

where, wre f decreases linearly from 17.07 m/s equivalent airspeed (EAS) at sea level
to 13.41 m/s EAS at 4572 m and then again to 6.36 m/s EAS at 18,288 m. The flight
profile alleviation factor Fg is related to the aircraft weight and the maximum operating
altitude [33].

Fg =
1

2

[

Fgz + Fgm

]

=
1

2

[

(
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Zm0

76, 200

)

+
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R2 tan

(

πR1

4

)

]

(3)

R1 =
WMLW

WMTOW
, R2 =

WMZFW

WMTOW
(4)

where, Zm0 is the maximum operating altitude, WMLW is the maximum landing weight,
WMZFW is the maximum zero-fuel weight and WMTOW is the maximum take-off weight.

Assuming an aircraft cruising with the speed U∞ and encountering a one-minus-cosine
gust, the gust penetrating distance is xg = U∞t, and Equation (1) can be rewritten as

wg

(

xg

)

=
wg0

2

(

1 − cos

(

2πU∞t

Lg

))

=
wg0

2
(1 − cos(ωt)) (5)

An equivalent gust frequency can be obtained as ω = 2πU∞

Lg
in radians or ω = U∞

Lg
in Hz.

2.1.2. Continuous Gusts

Unlike the discrete gusts with a deterministic-form gust velocity profile, the continuous
gust velocity varies randomly. The spectrum is normally expressed as a power spectral
density as:

Φ(ω) = σ2 Lg

π

1 + 8
3

(

1.339Lgω
)2

π
[

1 +
(

1.339Lgω
)2
]11/6

(6)

where, the typical wavelength of the continuous gust is defined in EASA CS-25 [24] as
762 m and the frequency is given by ω, rad/m. σ is the root mean square value representing
the fluctuations of the gust velocity.

2.2. Gust Load Control Strategies

As mentioned previously, flaps, such as ailerons, elevators or spoilers are normally
used as the control surfaces for gust load alleviation. A complete gust load control system
includes controllers, actuators and sensors. This control system is commonly called as
Gust Load Alleviation (GLA) system. Sensors, such as air data sensors and accelerometers,
are located on the aircraft body or wing to sense the incoming wind conditions and to
provide feedback of dynamic loads. The general principle of gust load alleviation is to
use sensors to provide motion feedback signals for the controllers. The controllers then
initiate corresponding deflections of the control surfaces to create the aerodynamic forces
and moments needed for attenuating the extra load induced by the gusts. Activating
the control surfaces timely can determine the effectiveness of a GLA strategy. Detection
of incoming gusts ahead of the aircraft to create a feedforward input is important. This
provides control surfaces with additional time to respond. Currently, to compensate the
lag of the control surface, it is common to locate the sensors ahead of the wings, along
the fuselage, to provide the hydraulic actuators longer time to respond. A high-resolution
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direct-measuring short-pulse ultraviolet (UV) Doppler lidar system was designed and
tested on an Airbus A340 [34]. It was shown that a forward detection range of 50 m of
the atmosphere disturbances was achieved, which translates to a lead time of 300 ms for
control surfaces to perform.

Control methods can be categorized as either passive or active. Currently, the widely
used gust load control system is active. Passive gust load control devices are more attractive
as no extra energies are required compared to the active ones, and initial research has been
conducted as being introduced in the following section. Open and closed-loop controls
are commonly used by the GLA system. Closed-loop control utilizes feedback to compare
the actual output with the desired output. For a successful closed-loop control system,
the effective control laws [35,36] play an important role. Various control laws for GLA
system have been investigated, such as the linear quadratic regulator theory [37,38], linear
quadratic Gaussian method [39,40], and optimal control algorithms [41]. As this article
focuses on the overview of the flow control devices for gust load alleviation, the progress
in the control laws will not be covered further here.

3. Flow Control Devices for Gust Load Alleviation

Flow control devices for gust load alleviation are categorized into two parts here,
i.e., control surfaces or control flaps and fluidic actuators. As being discussed in the
following section, traditional control flaps have been revealed to be ineffective for typical
high-frequency gust load controls [42,43]. More effective and novel gust load alleviation
methods with fast response, such as passive control methods with control surfaces and
active control methods using fluidic actuators have been explored and investigated.

3.1. Traditional Control Surfaces

The research on GLA systems was initially motivated by aircraft manufacturers to
find ways for structural weight reduction so as to improve fuel efficiency. In 1975, the
Lockheed-Georgia Company incorporated a GLA system using wing-outboard ailerons
on the C-5A military aircraft. As shown in the flight tests, approximately half of the wing
root bending moments was reduced under gust conditions. The dramatic effectiveness and
benefits of the GLA system shown on C-5A attracted much attention of the commercial
aircraft manufacturers. Later, the GLA system using ailerons was installed on Tristar
L-1011 from the 1980s [25], making it the first commercial airplane to incorporate a GLA
system. Implementation of a gust load alleviation system incorporating ailerons, spoilers
and elevators was then studied for Airbus A300. The effectiveness of different control
surfaces was investigated.

3.1.1. Trailing-Edge Flaps

Trailing-edge flaps, known as plain flaps such as ailerons and elevators encompass
the aft portion of the wing [44]. The trailing-edge flaps operate by rotating up or down
to achieve a desire change in camber, and thus results in a desire change in lift [45]. Lift
enhancement is realized by rotating the flap downward, which can be considered as an
effective increase in the airfoil camber. When the flap is rotated upwards instead, a negative
camber with mitigating lift is realized. On the commercial aircrafts, these trailing-edge
flaps play a more important role as the high-lift device. It has been shown that the change
in lift achieved by the flaps depends on the chordwise extent of the flap. Unsurprisingly,
larger flap sizes have been shown to create larger changes in lift [46]. Therefore, to make
a significant lift change, they tend to be relatively large sized and therefore heavy, taking
up a large portion of the wing. As a high-lift device, the capability of the steady-state
lift augmentation under a constant flap deflection angle is the key. However, as a gust
alleviation device, apart from the capability of the lift reduction achieved by the flaps, the
characteristics of these flaps under dynamic activations are also vitally importance.

On a supercritical airfoil equipped with a spoiler and a flap for a two-dimensional
flow, Costes et al. [47] investigated the unsteady aerodynamic performance under subsonic
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flow. It was found that for the trailing-edge flap, the lift coefficient decreases significantly
with the flap rotating frequency, therefore reducing the range in lift coefficient change
to the steady state. Bak et al. [48] also noted that the amplitude of lift change decreases
with frequency. Hysteresis loops of the lift changes were present as a function of the flap
deflection angle, indicating time lags in the dynamic responses. It was found that for the
oscillating the aileron in a sinusoidal pattern, the range of lift coefficient change becomes
smaller with angle of attack. For example, at a low angle of attack of α = 4.6◦, the total
lift change is 0.11, while this value is only 0.01 when the angle of attack is 19◦, for a fixed
reduced frequency of k = 0.082.

3.1.2. Spoilers

Spoilers are multifunctional control devices on the upper wing surface, serving a
variety of tasks in the fight control system of modern airliners [49]. Spoilers are typically
positioned along the upper surface of the wing. Unlike the high-lift devices mentioned
above, spoilers are mainly used as an inflight speed brake by rotating to induce a controlled
flow separation and thus reducing the lift and increasing the drag. For the inflight speed
brake system, the deflection rate of spoilers is rather low, and the dynamic characteristic
is not the key factor. However, for an effective GLA system, the deflection rate should be
much higher to counteract the high-frequency gusts. Therefore, the dynamic performance
of spoilers under unsteady activations requires better understanding. On a 2-D airfoil,
Mack et al. [50] found that the incremental lift loss of the spoiler with the increasing
deflection angle is quite nonlinear.

Wentz et al. [51] conducted parametric influences of the spoiler geometry on its
aerodynamic characteristics. It was found that the vertical distance from the spoiler tip
to the trailing edge of the airfoil acted a more important role than that of the chord or
deflection angle of the spoiler. For the spoiler location, Maskell [52] found that placing the
spoiler at x/c = 0.4 failed to reattach flow along the surface, unlike the spoiler at x/c = 0.2
for a given deflection angle of δ = 40◦ at α = 4◦. Croom et al. [53] suggested spoilers to
be located downstream on swept wings in order to achieve analogous effects like that on
unswept wings.

Siddalingappa and Hancock [54] conducted a comprehensive study of 2D and 3D
spoilers on the unsteady flow patterns. Transient lag effects were observed during spoiler
deployment and the lagging effects increased with the spoiler hinge line locating forward
to the airfoil leading edge. Additionally, an initial lift overshoot rather than lift reduction
was noticed during their experiments with fast spoiler deployment. This was later called as
adverse lift effect by Mabey [55]. During their experiments, it was also found that spoilers
on 3D wings had higher effectiveness than that of the 2D aerofoils. It was pointed out that
it was due to reduced reattachment length behind the spoiler because of the interaction of
vortices from spoiler tip and edges.

The time lag during dynamic spoiler deployment was also observed by Hancock [56],
who also revealed a hysteresis effect. Mabey [55] introduced a non-dimensional time to
quantify the spoiler deployment rate as s = U∞t

c , with c being the chord length of the airfoil
and U∞ the incoming flow velocity. It was found that the adverse lift effect is dependent to
the non-dimensional time. When the non-dimensional time was less than 5, the adverse lift
effect would be observed. However, during the experiments on harmonically oscillating
spoilers by Consigny et al. [57], the adverse lift was observed for deployment times up to 9.
During the experimental work to investigate the adverse lift by Kalligas [58], no adverse
lift was observed for deployment times above 8.

Consigny et al. [59] also found that larger deflection angles did not mean greater
changes in lift. It was found that lift remained relatively constant until the spoiler was
sufficiently inclined to prevent separated flow downstream of the spoiler from reattaching.
However, the low spoiler angle (δ = 1◦) was shown to be ineffective at separating the flow.
This is due to the height of the spoiler being too small, which is mentioned previously that
the extent of the separated region being proportional to the spoiler height. The finding was
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opposite by Costes et al. [47], as lower deflection angles produce greater force variation
than larger deflection angles. Meanwhile, this statement was given under the result of the
unsteady force variation with δ = 5◦ which was greater than twice the amplitude observed
at δ = 10◦. From these findings, it can be seen that the deflection angle should be high
enough to make sure a certain degree of spoiler height.

Harmonic oscillations of spoilers were also investigated by Nelson et al. [59]. During
their studies, it was found that the nonlinearities of a rapidly deploying spoiler increased
with reduced frequency (oscillating rate). The reduced frequency also has influence on the
spoiler effectiveness. It was found by Consigny et al. [57] that the amplitude in change in
lift coefficient became smaller with larger reduced frequencies, accompanied by greater
phase delays. Mineck [60] extended the investigations of spoilers to transonic conditions
with a consideration of Reynolds effects up to a flight Reynolds number of 30 million.
It was found that the effectiveness of the spoiler increased with the Reynolds numbers
increasing from 3 million up to 22 million. Meanwhile, a further Reynolds number increase
up to 30 million saw almost no changes. To provide validation data of manoeuvring flaps
for CFD methods, the German Aerospace Center (DLR) developed a wind tunnel model
with an active spoiler [49,61] to investigate the aerodynamic characteristics of static and
dynamic spoiler deflections.

3.2. Non-Traditional Control Surfaces

As mentioned previously, traditional control surfaces commonly take up a large
portion of the wing section and thus tend to be heavy with slow responses. This prevents
the control surfaces from high-frequency activations. Therefore, the effectiveness of the
traditional control surfaces for high-frequency gust load alleviation is rather limited. As
these control surfaces have other tasks for flight control, such as high-lift devices or inflight
speed brakes, the size of these control surfaces should be balanced for their functions.
Non-traditional control surfaces are relative to the above-mentioned flaps. These control
surfaces use newer technology and ‘smart’ materials for fast activation. These control
surfaces have been investigated mainly for wind turbines for gust load alleviation, such
as the compact trailing-edge flap [62], the adaptive compliant wing [63], the adaptive
trailing-edge geometry [48,64] and the microtabs [65,66]. Comprehensive overviews of
these active flow control methods for wind turbines are presented by Johnson et al. [67,68].

3.3. Passive Control Devices

Comparing with the active control system, a passive control device is usually sim-
pler and does not rely on extra energy. Guo et al. investigated the effects of a passive
twist wingtip as a gust-load alleviation device on a flying-wing configuration [69] and
a 200-seater airliner [23], respectively. This concept is to use a separate wing-tip section
connected to the main wing by a spring. As the shaft is located ahead of the aerodynamic
centre, this device will have a nose-down twist under the gust-induced aerodynamic force
resulting in gust load alleviation. The results showed significant reduction in gust-induced
wing-tip displacement and root bending moment. Compared to the current active control
methods, this passive control concept is attractive as it requires no energy input.

Similar to the ideas by Guo et al., Castrichini et al. [70–72] investigated the effects for
the alleviation on wing root bending moments at gust conditions by a flexible wing-fold
device. The key idea was to introduce a hinge line which was not parallel to the incoming
flow direction but was rotated outboard with a hinge orientation Λ to allow the wing tip to
rotate. Therefore, folding the wingtip with the angle of θ will reduce the local angle of attack,
which can be calculated as ∆α = −tan−1(tanθsinΛ). The results indicated that suitable
designs of the control device are capable for gust load alleviation. It was also observed that
the load alleviation capabilities are highly sensitive to the stiffness of the hinge spring and
the wing-tip mass. It will be a problem in application as it is very challenging practically to
change the mass or the hinge spring stiffness according to different incoming flows.
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3.4. Fluidic Actuators

As a means for active aerodynamic flow control, fluidic actuators, including syn-
thetic jets, circulation control using Coanda effects, jet blowing and suction, have been
investigated extensively. These methods have been shown to be effective for aerodynamic
improvements through boundary-layer modulation, such as drag reduction [73,74], de-
lay of transition [75,76] and flow separation control [10,77,78], flow improvement for air
intakes [79,80], stall control and lift augmentation [81,82].

Flow control for load control is currently attractive for modern aircraft design, as it has
the potential for flapless control with benefits including fewer moving parts, possibly less
weight [31], less maintenance and enhanced stealth characteristics [32]. A few studies have
been carried out to evaluate the capability of fluidic actuators known as jet flaps. The jet flap
consists of a narrow slot extending across the wing surface, which ejects high momentum
air [83]. For blowing tangentially near the trailing edge on an airfoil surface, the airflow
will closely follow the profile of the surface due to the Coanda effect. The control method
making use of the Coanda effect at the trailing edge can directly manipulate the airfoil
circulation and is therefore called Circulation Control (CC).

3.4.1. Surface Jet Blowing

For normal surface jet blowing, the jet flow disrupts the main flow, leading to flow sep-
aration [84]. A separation bubble emerges to encompass the surface up to the trailing edge.
An alteration in the Kutta condition is then realised as the separation bubble encourages
flow to be entrained from the freestream flow around the wing surface, thereby modulating
the circulation created by the wing [85]. Consequently, the load on the wing is modified.

Jet actuators have been investigated experimentally for load control on NACA0015
aerofoil for reshaping aeroelastic responses including limit cycle oscillation and flutter by
Rao et al. [86]. The results showed an improvement of more than 15% of the flutter speed
by the jet actuators using a PID controlled loop [87]. Microjets being small pneumatic jets
using high-speed flow blowing normal to the aerofoil or wing surface have been studied as
approaches for load control.

de Vries et al. [88] conducted numerical studies of a non-rotating NACA0018 aerofoil
with microjets located near the trailing edge under freestream Mach number of 0.176.
Significant changes in lift were observed for the angle of attack ranging from −10◦ to
10◦. Moreover, the results also showed that approximately 50% of the total change in
the lift could be obtained within the non-dimensional time s = U∞∆t

c = 1, indicating its
rapid load control response characteristic. Blaylock et al. [66,85] compared the load control
effects of microjets and microtabs deployed on the NACA0012 aerofoil trailing edge. The
results showed that both concepts had a similar load control mechanism by affecting the
trailing-edge flow, and therefore produced very similar aerodynamic load control effects.

Heathcote et al. [89] conducted wind tunnel tests for comparing the effects of blowing
(microjets) and microtabs, and pointed out that blowing and microtabs were viable methods
for load control but with very different behaviours: the blowing deflected the wake upwards
thereby reducing lift, conversely the microtabs promoted separation over the upper surface
resulting in lift reduction. They also noted the nearly constant lift change across all angles
of attack by microjet blowing located at the trailing edge, which was constant with the
result drawn by de Vries et al. [88].

However, for microtabs, optimal location varied according to the angle of attack. At
small ones, it is preferable to place the microtabs near the trailing edge, while locations near
the leading edge were better when the angle of attack is high. de Vries et al. [88] performed
numerical studies at the steady condition on the NACA0018 aerofoil at M∞ = 0.176 with
a normal jet placed on the upper surface trailing edge and a significant lift reduction
was obtained. Al-Battal et al. [43] assessed the capability of blowing for lift reduction
experimentally. Two different blowing directions, normal and upstream, from the upper
surface of the NACA0012 aerofoil under the steady incoming flow velocity of 20 m/s
and a range of angles of attack from 0◦ to 20◦ were compared. The results indicated
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that the chordwise location of normal blowing had a dramatic influence on the load
control effectiveness in terms of lift reduction. Normal blowing at x/c = 0.95 induced
a lift coefficient decrease of 0.15 under the maximum blowing momentum coefficient

(momentum coefficient is defined as Cµ =
.

mUjet

q∞ A . where,
.

m is the mass flow rate through

the jet slot exit, q∞ is the dynamic pressure of the freestream, A is the surface area of the
wing and Ujet is the jet velocity). However, moving the microjet further forward, the lift
change was negligible and even no lift decrease was induced when normal blowing was
placed near the leading edge.

For the influence of jet-slot location and jet-slot width on the lift reduction effects by
normal blowing, the authors conducted numerical studies based on the NACA0012 air-
foil [30]. Figure 3 gives the results of lift coefficient reduction (∆CL = CL, with jet − CL, without jet)
against the jet-slot locations under Mjet = M∞ = 0.3 at α = 0◦ and 3◦. It is clear that the
magnitudes of the reduction in lift coefficient increase with microjets moving towards the
trailing edge, and this trend is captured both at α = 0◦ and 3◦. The trend of positioning the
jet towards the trailing edge enhancing lift is consistent to the findings by Lockwood and
Vogler et al. [90], Mikolowsky and McMahon [91]. At α = 0◦, the reduction in lift coefficient
of ∆CL = −0.09 is obtained due to the microjet blowing at x/c = 0.4, and this value reaches
to ∆CL = −0.33 when the microjet moves to x/c = 0.95. Noticeably, the magnitudes of
lift coefficient reduction increase almost linearly with the microjet location moving from
x/c = 0.7 to 0.95 for both α = 0◦ and 3◦. For the influence of jet-slot width, it is shown
that the magnitude of lift reduction increases with the increase in jet slot width. It is more
obvious when the jet slot width is below 0.5%c, as the value of lift reduction tends to be
stable when the slot width increases from 0.5%c to 1.0%c. Meanwhile, it is undeniable that a
smaller width of the jet exit will be preferable since it is undeniably that the slots will bring
discontinuity to the wing surfaces [92]. Figure 4 presents the comparisons of the surface
pressure coefficients between the baseline model and the models with microjet blowing.
Figure 5 displays the velocity flow fields of the models with microjets located at x/c = 0.4
and x/c = 0.9 at α = 0◦.

∞

∞ α

Figure 3. Influence of Microjet location on lift coefficient reduction with Mjet = M∞ = 0.3 (from [30]).
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∞

  
(a)  (b)  

∞ α
Figure 4. Comparisons of pressure coefficients between the baseline model and microjet blowing

models at M∞ = 0.3, α = 0◦ (from [30]). (a) Lower surface; (b) Upper surface.

∞

∞ α

  
(a) 

  
(b) 

∞ α
Figure 5. Velocity flow fields and streamlines of the baseline model and models with microjet blowing

for Mjet = M∞ = 0.3, at α = 0◦ (from [30]). (a) Microjet blowing, x/c = 0.4; (b) microjet blowing, x/c = 0.9.

Also shown is the region of interest around the microjets and the trailing edges. From
these results, it can be concluded that blowing generates a separation region near the jet
location, and the separation region is more apparent after the jet location than that before it.
This separation region deflects the streamlines upwards near the jet location and blocks the
flow over the upper surface. This increases the upper surface pressure coefficients ahead
the blowing slot. However, behind the jet slot, the pressure recovers rapidly. From Figure 5,
it can be seen that this separation not only deflects the streamline above the upper surface,
but also entrains the flow from the lower surface upwards. This entrainment accelerates the
flow under the lower surface and results in a reduction in the pressure coefficients on the
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lower surface. Also shown is that the entrainment capability is stronger when the blowing
is placed towards the trailing edge, as slight decreases in pressure coefficients are noticed
with blowing slot moving towards the trailing edge as demonstrated in Figure 4b. The
combined effects explain the reduction in lift coefficient with the normal microjet blowing
relative to the baseline model. In [92], the authors also demonstrated that normal microjet
blowing has a stronger capability for load control at transonic incoming flow as normal
microjet blowing show strong influence on the shock strength on the airfoil upper surface.
For a 3D wing with jet slot only deployed near the wing tip, the effects of blowing have an
extension to the whole wingspan.

For the properties of blowing under unsteady actuations, a further experiment of the
upstream blowing was conducted by Al-Battal et al. [93]. The time lag in lift responses
corresponding to blowing actuation frequency has been observed due to the change in
the circulation and the vorticity shedding. The time delay became more significant with
increasing angles of attack because of more separated flow. The effects of the slot blowing
on unsteady aerodynamic load control with a freestream velocity from 6.7 m/s to 22.2 m/s
on NACA0018 aerofoil was experimentally evaluated by Mueller-Vahl et al. [94]. The
results showed that the lift oscillation due to the unsteady incoming flow can be effectively
counteracted by dynamically adapting the slot blowing velocity. For the further under-
standing of the behaviour of the dynamic actuations, the responses of microjet blowing
with periodic actuations are evaluated at by the authors in [92]. It was demonstrated that
the microjet blowing is also effective under dynamic actuations. However, the load control
effect is reduced with the increase in blowing frequency.

Based on the load control capabilities of microjet blowing under steady and unsteady
actuations, its capabilities for gust load alleviation was evaluated by the authors in Ref. [92]
on the 2-D NACA0012 and 3-D BAH wing. The test cases show that normal microjet
blowing is a promising approach for gust load alleviation with a fast frequency response
characteristic. The results of gust load alleviation on both the 2-D airfoil and the 3-D
BAH wing verify that microjet blowing is able to suppress the gust load disturbances.
Due to the fast response characteristics, it is capable for timely adaptive gust load control.
For the test cases of rigid BAH wing, a significant reduction in gust-induced lift and
root bending moment coefficients has been achieved. Because of the alleviation in gust
load, significant suppression of the gust-induced disturbances in the displacement and
acceleration has been obtained in the case study on the elastic BAH wing. Due to the
fast-response characteristics of microjet blowing, a near constant lift response under gust
condition is obtained by adaptively adjusting the blowing momentum coefficients. Another
gust load alleviation study using synthetic jets on the NACA0012 aerofoil was conducted
by De Breuker, et al. [95]. It was demonstrated that synthetic jets also have the potential for
gust load control.

3.4.2. Circulation Control by Jet Blowing through the Trailing-Edge Coanda Device

Circulation Control (CC) using Coanda effect uses tangential surface jets to change the
aerodynamic properties of the aerofoil or wing. The Coanda effect describes the tendency
of a high-speed jet flow staying attached to a convex surface due to the balance between
centrifugal forces and low static pressures created by the high-speed jet [96]. The high-
speed jet flow entrains the external flow to follow it as to ‘bend down’ over the curved
surface which generates the circulation increase, and thus results in lift augmentation.
Similarly, lift reduction can be obtained through placing the jet slots on the lower surface.
Conventionally, a CC device system consists of an air plenum, a rounded trailing edge and
an orifice which is the slot exit of the CC jet.

The initial intention for the development of the CC system was for short landing
and take-off capability, especially by the US Navy, looking for ways to improve aircraft
operation from carriers [97]. Many tests including a full-scale flight test and design works
have been carried out on the A-6 Intruder [98]. The effectiveness and efficiency of CC
for manoeuvrability control of fixed and rotary-wing aircraft have also been researched



Appl. Sci. 2022, 12, 10537 12 of 18

through various experiments and numerical studies. After the wind tunnel test on a
diamond wing tailless aircraft, Cook et al. [99] pointed out that the CC device exhibited
good aerodynamic performance similar to a traditional flap with an equivalent size on a
fixed wing under modest blowing momentum coefficients, and the response characteristic
was essentially linear.

Experimental and computational work seeking for a design using trailing-edge blow-
ing to eliminate the trailing-edge flaps, or use leading-edge blowing to eliminate the need
for leading-edge slats have been carried out on a Boeing 737 aircraft [97,100]. A joint
project [32,101,102] has been carried out by University of Manchester, Cranfield University
and BAE Systems to demonstrate new technologies for flapless control, and a drone has
been designed named MAGMA which finished its first flight trial in 2017. Instead of tradi-
tional control surfaces, this project assessed the manoeuvrability of two novel technologies.
One is to deploy CC on the wing sections and another one is to use the fluidic thrust vector-
ing (FTV) placed on the centre body. Engine bleed air is used for the pneumatic supply of
the CC and fluidic thrust vectoring effectors. It is shown that the critical flight conditions
are climb turns and descending flight where geometric and effort/power saturation limits
are met, respectively [103].

To investigate the capability of CC for rolling control on the flying-wing configuration,
Hoholis [104] extended a numerical study of CC as a roll effector on the generic SACCON
UCAV configuration. This work was performed with a freestream Mach number 0.145 and
was concluded that CC can produce similar rolling moments to flaps at low angles of attack.
The effects for providing manoeuvrability by CC on a tailless vehicle was evaluated by
Wilde et al. [105]. The results show that CC units could provide similar three-axis control
effects relative to the split flap elevons.

To explore novel method for gust load alleviation to keep pace with the fast develop-
ment in control system designs using CC. The feasibility and effects of gust load alleviation
by means of CC is firstly numerically studied by Li and Qin [106]. The NACA0012 airfoil
was chosen for the study from subsonic to transonic speeds. In this study, CC via steady
blowing with different momentum coefficients are firstly tested for the gust load alleviation
effects in terms of lift coefficients under a ‘one-minus-cosine’ gust. The results demon-
strated that CC can effectively suppress the maximum gust-induced lift increment, but is
not feasible for suppressing the unsteady gust-induced lift perturbations. Based on the
verified fast-frequency response characteristics of CC, unsteady blowing with dynamically
adaptive momentum coefficients proportional to the vertical gust velocities is proposed
and tested. The results as shown in Figure 6 demonstrate that a near constant lift coefficient
can be achieved under gust condition for subsonic incoming flow indicating its potential
for real-time adaptive load control. This study also demonstrated that CC is able to reduce
gust load at transonic speed, but it is less effective as compared with that at subsonic speed.

η

∞ ∞

Figure 6. The gust response with and without Circulation Control (from [106]).
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The study on the feasibility of gust load alleviation using CC is then extended to
a three-dimensional wing including aerodynamic and structure interaction by Li and
Qin [107]. Coanda device is deployed on the wing tip (from η = y/l = 0.74 to 0.98). The
spanwise load control effects are firstly evaluated under steady CC jet blowing at different
incoming flows as shown in Figure 7. Significant load control effect has be noticed around
CC deployment region. Also shown is that apart from this region, CC also has influence on
the span load towards the wing root, but with a reducing load control effect. Then, load
control effects under dynamic CC jet blowing and gust load alleviation under typical ‘one-
minus-cosine’ gust profiles from certification specification defined by European Aviation
Safety Agency are tested. The results show a promising capability of CC for gust load
alleviation as significant gust load alleviation effects have been achieved for both the rigid
and elastic wings. For the wing considering aeroelasticity, the displacement oscillations
induced by gusts have been effectively suppressed by CC.

η

  
(a)  (b)  

∞ ∞Figure 7. The influence of spanwise load distributions due to CC jet blowing. (a) M∞ = 0.3;

(b) M∞ = 0.7.

3.5. Summary of the Characteristics of These Flow Control Devices

Table 1 gives a summary of the advantages and limitations of the flow control devices
presented above. Although the traditional control surfaces have been applied to aircraft
for gust load alleviations, these devices do not meet the requirements of fuel efficiency
for future aircraft design due to their large size and structure weight. Although passive
control technologies have been tested in the laboratories, it is still a challenge to improve the
robustness and reliability. Active flow control using fluidic actuators show high efficiency
and have great application potential for gust load alleviation. However, as it is still a novel
technology, there is a lack of comprehensive understanding of flow control mechanism and
in-depth research on their applications in the actual flight environment of aircraft.

Table 1. Comparisons of the characteristics of the flow control devices for gust load alleviation.

Flow Control Category Typical Devices Advantages Limitations

Active flow control

Traditional control surfaces:
Trailing-edge flaps and Spoilers

Robustness for a large range
of incoming flow speeds

large size and heavy
low-frequency responses

Fluidic actuators: Surface jets
and CC

high-frequency responses
small size and less weight

decreases in gust load
alleviation effects with
increasing incoming
flow speeds

Passive flow control
wingtip twist and flexible
wing-fold devices

no extra energy required
simple structural mechanism

Poor robustness away from
design point
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4. Concluding Remarks

In the context of growing concern for environmental protection and reduction in fuel
consumption, flow control for gust load alleviation can play a vital role for future greener
aircraft design. Some main conclusions can be drawn from the review.

Currently aircraft flow control for gust load control are achieved by deflecting control
flaps, such as spoilers or tailing-edge flaps to create forces and moments that needed to
alleviate the gust load. Being unsteady aerodynamic disturbances, gusts can have very high
frequencies. For an effective gust load alleviation system, the capability of fast responses
is the key factor. However, as the traditional flaps acting mainly for high-lift devices and
flight manoeuvring, they are normally large sized and therefore heavy. These traditional
flaps tend to exhibit low-frequency responses, which are ineffective for high-frequency
gusts due to their large inertia.

In order to achieve faster responses, efforts towards smaller flap sizes have been made.
However, these efforts have focused only on wind turbines up to now. To make a simpler
system compared to the active flow control means which usually require complex actuating
systems, passive wing-tip devices have also been studied for gust load alleviation. Passive
control means can be designed to be reliable and effective at some flight conditions. It is
hard to make them reliable and effective for a wide range of gust conditions.

The flow control methodologies using fluidic actuators are shown to have good
potential for load control and flight control to replace the traditional flaps. This results
in fewer moving parts, possibly less weight, less maintenance, high-frequency actuations
and thus improved aerodynamic performance. This article has introduced two of the
most promising actuators, i.e., surface jet blowing and circulation control. It has been
demonstrated that both CC and surface jet blowing have a fast response characteristic and
the capability for adaptive gust load controls. These actuators still face many engineering
challenges. For CC, the main issue is the sharp decrease in load control capability with the
increase in freestream velocities. For surface jet blowing including normal blowing and
upstream blowing, the load control capability in terms of lift modulation is not as effective
as CC at low speeds. Therefore, for industrial applications, more efforts are needed with
in-depth investigations on these actuators.
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Nomenclature

s non-dimensional time

CL lift coefficient

Mjet the Mach number of the jet

Cµ momentum coefficient

Cµ0 peak value of the momentum coefficient with the one-minus-cosine profile

M∞ Mach number of the freestream flow

α angle of attack

U∞ freestream velocity

Cp pressure coefficient

c chord length

cre f mean aerodynamic chord length

x, y, z Cartesian coordinates in streamwise, spanwise and vertical directions
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