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Active anti flutter control

Fig. 2 . Sensors

Fig. 3 . Synthetic Jet and electrohydraulic actuators

Besides, some other new technologies such as

fiber bragg grating (FBG) sensors are also used for

flutter detection [7]. As explained in [8] and [9], since

the wavelength of maximum reflectivity depends on

several parameters such as fiber temperature or me-

chanical strain, Bragg gratings can be used as strain

sensors.

4.1 Actuators

As stated in [10] the main decisions that must be made

to design a flutter suppression system are the selection

of an actuator, of a control objective and of a control

law.

Closed loop action of control surfaces possible

with high band width actuators. Electrohydraulic ser-

voactuators are often employed to deflect control sur-

faces. However, active flow control emerging tech-

niques such as synthetic jets actuators (SJA) at the

walls are also used to change the flow around the wing

either by blow or suction. These technologies rely on

adding or removing fluid at the wing surface which is

equivalent to shape modification.

Some of the advantages of SJAs for flow control

over control surfaces are: less complicated mecha-

nisms, less weight and control reversal is avoided.

As explained in [11] the actuator consists of a

spanwise slot on the upper part of the wing through

which air is sucked in and then blown out with added

momentum. This way the flow around the wing can

be changed for gust alleviation.

5 Testing

Prototype testing on scaled models have been taken

up both in experimental flight tests for validation

of mathematical models, ground vibration tests and

wind tunnel tests. The identification, in flight, of the

aeroservoelastic characteristics of a flight vehicle pose

a challenge due the input and output used for system

identification would be noisy.

Fig. 4 . few of the testbeds used for Active flutter suppression

system (from top)NASA DAST.Lockheed X56,B-52 and F404

6 Current developments

In the year 2000, rapid developments occurred in

computational structural dynamics simulations and

Assessment of fatigue life of structures due to aeroe-

lastic oscillations. The years leading to 2010 demon-

strated optimized aircraft structures to overcome low

speed flutter characteristics by composite materi-

als. From the year 2012, investigations were car-

ried out for composite materials behaviour using ad-

vanced computational tools against the AFS associ-

ated problems.[12]

7 Challenges in Active Flutter Supression

From a certification point of view, AFS increases the

complexity in the certification process mainly due to

multidisciplinary nature and requiring uncompromis-

ing reliability.

Secondly, availability of test data to the aeroelas-

tic community is largely varying due to import restric-

tions and defense issues. Thirdly, inconsistent and

widely accepted equations for active control applica-

tions.

Other challenges and research areas include

designing control laws by means of higher order

multi-degrees of freedom mathematical models,

along with validation and verification. Also a trans-

parency in approaches and reduction of sensor noise

and error [7].

Proceedings of the 3rd TMAL02 Expert Conference 2018 8



Active anti flutter control

Authenticity and Plagiarism

By submitting this report, the author(s) listed above declare that

this document is exclusively product of their own genuine work,

and that they have not plagiarized or taken advantage from any

other student’s work. If any irregularity is detected, the case will

be forwarded to the University Disciplinary Board.

REFERENCES

[1] FAA. Faa federal aviation regulations(section 629:aeroelas-

tic stability requirement.

[2] FAA. Mil-a-8870c, military specification: Airplane strength

and rigidity vibration, flutter, and divergence (25 mar 1993).

[3] Robert V Doggett J J L T T B C. Flutter suppression by

active control and its benefits. Proceedings of the SCAR

Conference, Part 1, 1995.

[4] Earl Dowell J E and Strganac T. Nonlinear aeroelasticity.

Journal of Aircraft, 2003.

[5] MCRUER D and GRAHAM D. Eighty years of flight con-

trol - triumphs and pitfalls of the systems approach. Journal

of Guidance, Control, and Dynamics, Vol 4, No 4, 1981.

[6] Siva M Mangalam P M F and Brenner M J. Higher level

aerodynamic input for aeroservoelastic control of flexible

aircraft. American Institute of Aeronautics and Astronau-

tics, 2007.

[7] Livne E. Aircraft active flutter suppression: State of the

art and technology maturation needs. Aerospace Research

Central, 2017.

[8] Hill K O and Meltz G. Fiber bragg grating technology fun-

damentals and overview. Jornal of Lightwave Technology,

1997.

[9] Paschotta D R. Fiber bragg gratings.

URL https://www.rp-photonics.com/fiber_bragg_

gratings.html

[10] Karthik Palaniappan A J Pradipta Sahu and Alonso J J. De-

sign of adjoint based laws for wing flutter control. Journal

of Aircraft, 2011.

[11] Preetham P Rao T W S and KRediniotis O. Control of

aeroelastic response via synthetic jet actuators. American

Institute of Aeronautics and Astronautics, 2000.

[12] et al B R R J. A study on aeroelastic flutter suppression and

its control measures –past and future. International Journal

of Engineering and Technology (IJET), 2014.

Proceedings of the 3rd TMAL02 Expert Conference 2018 9



Proceedings of the 3rd TMAL02 Expert Conference 2018 10



Proceedings of the 3rd TMAL02 Expert Conference 2018 11



fication rate. When the transition regions for Mach

0.55 to M 2 were studied, it was found that transi-

tion Reynolds number varied T−7
w , with Tw being wall

temperature[6]. This method is feasible for aircraft’s

using cryogenic fuels such as liquid hydrogen, liquid

methane as large heat sink is available and the weight

of the required cooling system is less than thee fuel

saved due to drag reduction[7]. The heating of wa-

ter by the heat produced due to propulsion in the sub-

marines results in less skin friction drag.

2.5. Acoustic

Sound at particular frequencies and intensities could

change the transition process of boundary layer[8].

This study focuses on the effectiveness of internal

acoustic excitation in which the sound originates

from a narrow opening on the wall surface and aero-

dynamic characteristics of NACA 23015 airfoil have

been investigated experimentally and numerically.

The solution of the flow equations are presented

for different angle of attack range degrees, at some

excitation frequency values, with the two-excitation

location from the leading edge (6.5% and 11.5%) of

chord. The experimental tests are separately con-

ducted in two sections, open-typed wind tunnels at

the Reynolds number 3.4×105 for the measurements

and 104 for the visualization[9].The results indicate

the enhancement of the flow mixing and momentum

transport due to internal acoustic excitation produces

a suction peak at the leading edge of the upper

surface of the airfoil and that suction peak results in

an increase of lift and narrower wake. By the flow

visualization, it is found that the locally introduced

unsteady vorticity causes the separated boundary

layer to be reattached to the surface and the internal

acoustic excitation energizes the boundary layer, this

leads to decrease in the turbulent kinetic energy at the

upper surface of the airfoil. The excitation location

was the most affected parameter on the internal

acoustic excitation technique and the results indicated

that, the excitation location close to the leading

edge is the more efficient and the internal acoustic

excitation at 6.5% of chord lead to increase lift by

45%, while at 11.5% of chord results in increase 35%

increase[10].

3 Conclusion

In the presented work, different techniques to actively

control the boundary layer have been under scrutiny

through different research. Result of each study

has been illustrated through graph which shows the

values of Cl and Cd enhanced using active control

techniques. Results show lift enhancement of 9%,

14%, 35% and 45% for blowing, SVGs , Suction

and acoustic techniques respectively. However, in

some techniques such as blowing due to complexity

of design and manufacturing in will not be easy to

implement it in an actual flight[4]. However, as the

further work it is possible to work on techniques with

smaller actuators and less complexity to make it more

practical.
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Forward swept wings

Fig. 5 . Stall-progression patterns for a forward swept and back-

ward swept wing [1].

numbers and at high-angles of attack. As it occurs in

all swept wing distributions, a swept angle helps to

postpone compressibility effects. Indeed, the shock

wave which occurs on the upper surface is delayed

until almost the trailing edge, so it becomes as detri-

mental as possible. Comparing BSW and FSW with

the same leading edge sweep angle, the shock wave

occurs closer to the trailing edge for FSW, therefore it

lowers down the shock strength and wave drag. More-

over, FSW have higher aspect ratio than similar BSW:

this decreases induced drag. As it has been said be-

fore, the flow goes from the tip to the root. This phe-

nomenon leads to better maneuverability due to the

effectiveness of the aileron even at high angles of at-

tack [1].

Furthermore, FSW have a smaller effective sweep

angle than geometrical one at the leading edge (which

is the other way around for BSW). This condition

leads to a favourable behaviour for laminar flows.

Due to the relationship between Reynolds number and

sweep angle shown in equation 1 (where U1 is the

slope of the normal velocity to the leading edge and

Re is the Reynolds value when transition occurs);

Re = sinΛ ·

(Re

U1

)

1
2

(1)

Then, the lower the sweep angle, the higher the

Reynolds number of the flow will be, which turns

into a higher Reynolds number before transition for

tapered FSW [3].

In addition to that, FSW allow an easier gear in-

stallation. Finally, turbulent flow from the fuselage

does not contaminate the leading edge flow of FSW

(due to inward flow, Figure 4) as it occurs in BSW,

which leads to no disturbances of the laminar flow [3].

One of the main disadvantages that forward swept

wings face consists on the structural divergence the

wings suffered, in other words, aeroelastic divergence.

At backward swept wings, the bending produced by

the lift distribution reduces the streamwise angle of

attack in the wing. The decrease of incidence angle

of the wing will oppose to the elastic twist, hence,

self reduces the possibility of structural wing diver-

gence. On the other hand, the opposite behaviour will

be faced for forward swept wings. Indeed, the span-

wise incidence angle of wing will be increased due to

the bending produced by the lift, enlarging even more

the elastic twist. Therefore, divergence speed will be

much lower for this kind of sweep configuration [4].

This effect would be mitigated by using modern com-

posite materials to manufacture the wing, increasing

the torsional stiffness, hence, the divergence velocity.

Apart from the structural issues, stability control

is a topic to discuss about. Indeed, forward swept

wing (negative Λ) will produce lateral instability.

When analyzing the roll stability, it can be ob-

served in equation 2[5], it is obtained an unstable be-

haviour ((Cnβ
)w < 0) for the wing contribution due to

the negative angle of the FSW.

(Cnβ
)w =CD

ȳ

b
sin2Λ > 0 → Stable (2)

A similar phenomenon is experienced in the jaw

stability, indeed, it can be observed in equation 3[5]

that in FSW configuration an unstable ((Clβ )w > 0)

behaviour is faced when a sideslip angle is induced.

(Clβ )w =−

1

4
CLsin2Λ < 0 → Stable (3)

In addition, a higher wing-fuselage interference

will take place since flow is developed from the tip to

the root. Implementation of winglets could be prob-

lematic too.

4 Conclusions

Forward swept wings have been an attractive configu-

ration due to some of their direct advantages such as

enhanced maneuverability, wave drag reduction and

favourable behaviour at laminar flow conditions. Be-

cause of all these reasons, its use has mainly been re-

lated to military applications.

Nevertheless, its development is currently on

stand-by since many structural and stability control is-

sues are still unsolved, making this wings concept not

as useful as backward swept wings.
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Albatross flight
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Hypersonic flight

Fig. 1 . Flow about a hemisphere cylinder moving through the

atmosphere at hypersonic speeds.

locity in the shock layer). In between the shock front

and the boundary layer is the shock layer (a region

of thermodynamic equilibrium). Finally, the wake (or

afterflow region) is a region of low density, high tem-

perature and turbulent flow.[6]

4 Problems and Solutions

4.1 Temperature

Kinetic Energy becomes heat. For hypersonic flights,

where very great speeds are reached, aircraft surfaces

get temperatures over 1,000oC. This might lead to

overheating problems and, in some cases, the aircraft

might burn. That happened, for example, to the V-

2 rocket in 1949, which burned up when reentering

into the atmosphere [7]. In order to avoid burning,

aircraft surfaces must be covered with a thermal pro-

tection system [8].

4.2 Mach cone

Hypersonic flights are the ones above Mach = 5, and

for those speeds the angle of the Mach cone is lower

than 12o [9].

µ = sin−1(
1

M
) (1)

If M=5 then µ=11.54o.

If the nose shock-wave intersects any part of the

aircraft (wing, tail. . . ), this might produce great struc-

tural problems due to the vibrations produced. So that,

aircraft must be very slender and wing must be per-

fectly designed in order to avoid collisions with the

shock-wave. In most cases, a delta wing is used in or-

der to avoid those collisions.

Instead of facing Mach cone as a problem, it can be

used to generate lift in wave-riders, for example, Boe-

ing X-51 A scramjet, which uses shock-waves to gen-

erate lift.

4.3 Drag

For hypersonic flights, the most important component

of the Drag is the pressure-wave drag. This drag is

about the 80% of the total drag, with values of the drag

coefficient near to 0.04 [10]. This fact must be taken

into account when designing the propulsion system in

order to achieve the thrust enough to equal the drag

increase.

5 Future

To sum up, engineers from all over the world have

been doing their research in order to accomplish their

purpose: making hypersonic flights possible lowering

all (or at least most) of the "problems" that they carry.

As an example, we must point out the X-60A, a

GOLauncher1 (GO1) Hypersonic flight research ve-

hicle designated by the U.S Air Force [11]. Its main

purpose is to increase the frequency of flight testing

while lowering the cost of maturing technologies in-

cluding scramjet propulsion, high temperatures and

autonomous control. Its propulsion system is the

Hadley liquid rocket engine, which uses liquid oxy-

gen and kerosene propellants in order to be able to

acces high dynamic pressure flight condition between

Mach 5 and Mach 8.
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used where electromagnetic fields are not allowed, also it
can be more efficient if the distance from the transmitter
to the receiver is much larger than its the radio of each,
whereas if the distance is smaller, they are less efficient.
For light CETS, one disadvantage is that increasing the
distance of transmission will increase losses because of
diffraction. An advantage is that it can deliver huge
amounts of energy over short distances. For the capaci-
tive CETS, the plates act as an isolating barrier, making
surroundings less of an issue. The constrained electric
field also helps to redue electromagnetic interference.

5 Future use

CETS will imply a huge gain of weight and space in
our vehicles and especially in aircraft. The only physical
transfer systems left will be flow pipes like for example
fuel pipes between the inner, outer and central tank of an
airplane. These deletions may open up new horizons in
design, aerodynamics studies or accommodations in our
vehicles and lead us to a knew era with more efficient
planes and vehicules.

The most concrete example is the Solar Impulse
project launched in 2003, it was intended to create a
plane which would be able to fly only with electrical en-
gines days and nights. By adding photo voltaic cells on
each wings (empennage included) they used a contactless
energy (solar to electric) to supply the engine.

6 Conclusion

CETS are an upcoming technology that will reduce
maintenance costs and increase reliability due to the re-
moval of cables. It will also give more freedom of move-
ment as it will help to reduce weight and space loss. De-
pending on the desired use, it is convenient to check each
of the CETS advantages and disadvantages over the rest,
to be sure that it will perform at its best. For vehi-
cles, like planes, CETS will translate into a reduction
of weight and wings might get a thickness reduction, as
connection equipment will not be required, and also the
drive range can increase thanks to the previously men-
tioned photo voltaic cells.
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1 Introduction 

Electric powered transportation has been prevalent 

in the automotive industry and the rail way industry 

for many years, but has yet to have a large impact 

within the aerospace industry. The aviation industry 

is responsible for around 2 % of all human induced 

CO2 emissions and 12% of global transportation CO2 

emissions [ 1]. 

One solution to reduce the environmental impact of 

the aviation industry is the implementation of elec

tric and hybrid electric aircraft as a means of com

mercial and private transportation. Battery technology 

bas yet to reach the point where 100% electric flight 

is sustainable in a commercial application. Some 

smaller scale aircraft and concepts, like the NASA 

X-57 Maxwell, have been created that are capable

of electric powered flight. Currently the pioneering

technology used to increase fuel efficiency and reduce

emissions include hybrid electric and turbo electric

propulsion systems.

2 Full Electrical Flight 

NASA is working on developing the first all-electric 

x-plane, called the X-57 Maxwell. The plane will

be built by modifying an already existing aircraft to

use electric propulsion, with the main purpose of val

idating and demonstrating the benefits that electric

propulsion may yield for the future of aviation. [2].

The X-57 Maxwell will use 14 electric motors pow

ered by batteries that drive propellers mounted on the

wing. Only the two primary motors mounted on each

wingtip however will be used whilst cruising. The

other 12 are high-lift motors with the sole purpose to

accelerate airflow over the wing during take-off and

landing through a technology knows as distributed

electric propulsion. By using this setup, the perfor

mance is increased in many different areas such as

fuel efficiency and handling performance. According

to NASA, they can see as much as a fivefold decrease

in energy consumption [3].

Using DEP technology works especially well for elec

tric aircrafts due to the importance of efficiency as a

result of current limitations on batteries and energy

storage, and NASA hopes that their implementation of 

the distributed electric propulsion system will provide 

critical data to other companies who are also working 

towards a future of electric aircrafts. 

A major drawback of fully electric flight is the en

ergy density of batteries. With current battery tech

nology fully electric flight is not feasible for commer

cial flight. Another drawback of fully electric flight is 

that fuel weight is not consumed during flight, which 

does not reduce the required lift throughout the flight. 

3 Turbo Electric Flight 

One workaround of the cons of fully electric flight is 

turbo-electric propulsion technology. The propulsive 

and power-producing devices are decoupled and indi

vidually designed and optimized [4]. Turbo-electric 

propulsion is divided into fully turbo-electrical and 

partial turbo electric. With a fully turbo-electric 

system the thrust is completely produced by electric 

fans(e-fans). While in a partial turbo-electric system 

the energy for the e-fans is produced by another 

Turbo fan engine (compare fig. 1). 

Fig. I . Types of electric propulsion [5] 

The power is supplied by one or several gas gen

erators(turboshaft engine) and is transmitted directly 

to electric driven propulsion, that can utilize a pro

peller or ducted fan. Decoupling the propulsion sys-
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Introduction 

The technology of SABRE stands for “Synergistic 

Air-Breathing Rocket Engine” and is a concept 

under development by “Reaction Engines Limited”, 

based in Oxfordshire (England). This unique rocket 

engine concept makes it possible to fly directly into 

orbit and return in a single stage with a taking off 

and landing on a runway. All components of a 

certain aircraft would be completely reusable. 

Otherwise it is possible to reach the opposite side of 

the world in under four hours. Reason for that is the 

design of the hypersonic precooled hybrid air-

breathing rocket engine. The technology is still in 

development, but various test trials show successful 

results. [4] [5]  

Functionality 

The technology of SABRE could operate in two 

different modes. It utilizes both jet turbine for lower 

speed (taking off) and rocket technology for higher 

speed. Both modes generating thrust using the rocket 

combustion and the nozzles. The construction of a 

SABRE rocket is shown in figure 1. [4] 

Figure 1: Construction of the SABRE rocket [1] 

During the air-breathing mode in the lower 

atmosphere the oxygen component of its fuel is 

drawn in from the air like a normal jet engine. In fact 

of this, the amount of oxygen that needed to be 

stored is reducing and the thrust-to-weight ratio of 

the aircraft is increasing. At a certain speed the 

engine converts to full rocket mode. During this 

mode the engine uses only its own stored supplies 

(hydrogen and oxygen). [1] [4] 

The reason that these two technologies have not 

been combined until now is that the incoming air 

into the engine could not be cooled down quickly 

enough during the compression.  

Accordingly, normal existing jet engines cannot 

provide enough thrust to get into space without 

overheating.  

The new cooling system of SABRE overcame this 

hurdle. Now it is possible to cool the air entering 

the engine from 1000°C to -150°C in a hundredth 

of a second. The scientists have also made it 

possible that no ice forms during the cooling 

process. [4] 

In figure 2 the way of the air and the circulation of 

helium in the engine is shown. The airway can be 

divided into three sections.  

Figure 2: Way of the air and the helium in the test engine [2] 

The first section is the pre-cooler. During the flight 

hot air enters the pre-cooler and with the help of 

cold condensed helium the temperature drops 

down very fast. In the jet engine (second section) 

the chilled oxygen is compressed and burnt with 

fuel to provide thrust. For keeping the helium 

chilled, it is pumped through a nitrogen boiler. In 

this third section, called the silencer, water is used 

to dampen the noise from the exhaust gases. The 

third section only exist in the test model. [2]    

A closer look at the pre-cooler reveals the special 

structure, shown in figure 3.  

Figure 3: Pre-cooler of a SABRE [3] 

SABRE Rocket  
Naoufal Chi guerch, Marvin Raupert, Josef Sen and Quentin Fourcoual

TMAL02, Linköping University, 2018 
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