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Abstract

The system and method of the present application relate to a lead/lag damper
for a rotorcraft. The lead/lag damper is configured to harvest power from the
lead/lag oscillatory motions of rotor blades with an electromagnetic linear
motor/generator. Further, the lead/lag damper is configured to treat the
lead/lag motions with the electromagnetic linear motor/generator. The system
and method is well suited for use in the field of aircraft, in particular,

helicopters and other rotary wing aircraft.
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SYSTEM AND METHOD OF HARVESTING POWER WITH A ROTOR HUB
DAMPER

BACKGROUND
Technical Field:

The system and method of the present application relate to a damper for an aircraft.
In particular, the system of the present application relates to a lead/lag damper for

helicopters and other rotary wing aircratft.

Description of Related Art:

Certain rotorcraft have multi-bladed rotor hub configurations that may require
lead/lag dampers to treat forces associated with the oscillatory acceleration and
deceleration of each rotor blade during operation. During forward flight of the
rotorcraft, unequal drag forces on the advancing and retreating rotor blade positions
typically cause oscillating forces that if left untreated, negatively affect the rotorcraft.
For example, untreated lead/lag oscillating forces can severely limit the life of
structural components through fatigue. Furthermore, untreated lead/lag osciliating
forces have even been known to cause catastrophic results in a “ground resonance”
phenomenon, in which the oscillation frequency is similar to the resonant frequency
of the aircraft while resting on its landing gear. There can be other unequal forces in

the rotor system, such as those that arise from rotor blade flapping motions.

Certain rotorcraft may require electrical energy to power one or more electrical
subsystems located on the rotor blades and/or rotating portion of the rotor system.
Typically, the electrical energy Is generated by a generator positioned near the
rotorcraft engine, which can create technical issues when channeling the electrical
energy to one or more electrical subsystems located on rotating components of the
rotor system. Conventionally, a slip ring and/or other suitable devices are used
when transferring the electrical energy from the non-rotating components to the
rotating components on the rotor hub. However, slip ring devices are typically heavy

and unreliable, which can negatively affect the efficiency of the rotorcraft.
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Although the foregoing developments represent strides in the area of rotorcraft

systems, many shortcomings remain.
SUMMARY

In one aspect, there is provided a lead/lag damper for an aircraft, comprising: a first
connection member; a second connection member; a plurality of magnets rigidly
associated with the first connection member; an electrically conductive member
rigidly associated with the second connection member, the electrically conductive
member being located approximate to the plurality of magnets; wherein the lead/lag
damper is configured such that a lead/lag force causes a transiation of the plurality of

magnets relative to the electrically conductive member, thereby generating electrical

energy.

In another aspect, there is provided a system for a rotor hub assembly, the system
comprising. a lead/lag damper having an electromagnetic linear motor, the
electromagnetic linear motor being configured to generate electrical power when
subjected to a lead/lag force; an energy storage device electrically coupled to the
electromagnetic linear motor; and a controliler associated with a circuitry for
selectively changing a resistance between ftranslating components in the

electromagnetic linear motor.

In a further aspect, there is provided a method of using a lead/lag damper in an
aircraft, the method comprising: generating an electrical energy by converting a
mechanical lead/lag motion to the electrical energy with an electromagnetic linear
motor In the lead/lag damper; storing the electrical energy generated by the
electromagnetic linear motor; powering a system in a rotating portion of a rotor

assembly with the stored electrical energy.
DESCRIPTION OF THE DRAWINGS

The novel features believed characteristic of the embodiments of the present
application are set forth in the appended claims. However, the embodiments

themselves, as well as a preferred mode of use, and further objectives and
advantages thereof, will best be understood by reference to the following detailed

description when read In conjunction with the accompanying drawings, wherein:
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Figure 1 is a side view of a rotorcraft, according to an embodiment of the

present application;

Figure 2 is a top schematic view of a rotor hub, according to an embodiment

of the present application;

Figure 3 Is a top schematic view of a rotor hub, according to an embodiment

of the present application;

Figures 4A and 4B are top schematic views of a rotor hub, according to an

embodiment of the present application;

Figure 5 is a perspective view of a lead/lag damper, according to the preferred

embodiment of the present application;

Figure 6 is a cross-sectional view of the lead/lag damper, taken from section
lines VI-VI in Figure 5, according to the preferred embodiment of the present

application;

Figure 7 Is a schematic diagram of a system, according to an embodiment of

the present application:;

Figure 8 is a perspective view of a lead/lag damper, according to an

alternative embodiment of the present application; and

Figure 9 is a method of using a lead/lag damper in a rotorcraft according to an

embodiment of the present application.

DESCRIPTION OF THE PREFERRED EMBODIMENT

llustrative embodiments of the system and method of the present application are
described below. In the interest of clarity, not all features of an actual

implementation are described in this specification. It will of course be appreciated

that in the development of any such actual embodiment, numerous implementation-
specific decisions must be made to achieve the developer’s specific goals, such as
compliance with system-related and business-related constraints, which wiil vary

from one implementation to another. Moreover, it will be appreciated that such a
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development effort might be complex and time-consuming but would nevertheless be
a routine undertaking for those of ordinary skill in the art having the benefit of this

disclosure.

In the specification, reference may be made to the spatial relationships between
various components and to the spatial orientation of various aspects of components
as the devices are depicted in the attached drawings. However, as will be
recognized by those skilled in the art after a complete reading of the present
application, the devices, members, apparatuses, efc. described herein may be
positioned in any desired orientation. Thus, the use of terms such as “above,”
‘below,” “upper,” “lower,” or other like terms to describe a spatial relationship
between various components or to describe the spatial orientation of aspects of such
components should be understood to describe a relative relationship between the
components or a spatial orientation of aspects of such components, respectively, as

the device described herein may be oriented in any desired direction.

The system and method of the present application relate to a lead/lag damper for an
aircraft, such as a rotorcraft. Further, the lead/lag damper is configured to harvest
power from the lead/lag oscillatory motions of rotor blades with an electromagnetic
linear motor/generator. Even further, the lead/lag damper is configured to treat the
lead/lag motions with the electromagnetic linear motor/generator. The system and
method of the present application is well suited for use in the field of aircraft in

particular, helicopters and other rotary wing aircratft.

Referring to Figure 1 in the drawings, a rotorcraft 101 according to the present
application is illustrated. Rotorcraft 101 has a fuselage 109, a main rotor mast 113,
and a main rotor assembly 103 having main rotor blades 105. Rotorcraft 101 has a
tail member 107 and a landing gear 111. Main rotor blades 105 generally rotate
about an axis defined by main rotor mast 113. It should be appreciated that the
system and method of the present application may also be utilized on other types of

rotary wing aircraft.

Referring now also to Figure 2, main rotor assembly 103 includes a plurality of rotor
blades 105 coupled to a central yoke 117, via a rotor grip 119. Yoke 117 is coupled

to rotor mast 113 such that rotation of rotor mast 113, in a direction 115, causes the
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yoke 117 and rotor blades 105 to rotate about the rotor mast axis of rotation. The
pitch of each rotor blade 105 is selectively controiled in order to selectively control
direction, thrust, and lift of rotorcraft 101. Each rotor blade 105 is preferably hinged
about a hinge axis 121. Hinge axis 121 can be the resuit of a discreet hinge, or
alternatively from a virtual hinge, or combination of discreet hinges and/or virtual
hinges. A lead/lag damper 201 is coupled between each rotor blade 105 and the
rotor yoke 117. Lead/lag damper 201 is configured to harvest energy as well as treat
lead/lag oscillations during operation of the rotorcraft, as further described herein. It
should be appreciated that the even though main rotor assembly 103 is illustrated
with four rotor blades 105, the system and method of the present application is

equally applicable to rotor systems having an alternative number of rotor blades 105.

Referring now to Figure 3, main rotor system 103 is further illustrated. For clarity,
only a single rotor blade 105 is shown; however, it should be appreciated that the
discussion regarding the rotor blade 105 is equally applicable to other rotor blades
105 that are not shown for clarity. During operation of rotorcraft 101, main rotor
system 103 is subjected to a variety of aerodynamic forces, as well as mechanical
dynamic forces. Main rotor system 103 rotates around the rotor mast axis at
approximately 300-350 revolutions per minute (RPM). However, it should
appreciated that the rate of rotation of main rotor system 103 is implementation
specific, accordingly, the present application contemplates rotor hubs that rotate at
other RPM's as well.

A centrifugal force 123 acts upon rotor blade 105 when rotor blade 105 is rotating
around the rotor mast axis. Further, an aerodynamic drag force 125 imparts a
restraining force upon the rotor blade 105. The centrifugal force 123 and

aerodynamic drag force 125 create moments that act upon rotor blade 105. When
the moments from the centrifugal force 123 and aerodynamic drag force 125 are

balanced, then the rotor blade 105 is an equilibrium position, such as equilibrium

position 127.

Referring to Figure 4A, rotor blade 105 is shown in a lead position 127’ in which the
position of rotor blade 103 has deviated forward from equilibrium position 127.

Referring also to Figure 4B, rotor blade 103 is shown in a lag position 127" in which
the position of rotor blade 103 has deviated aft of equilibrium position 127. These
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illustrative deviations can be the result of a lead/lag oscillatory force acting upon
rotor blade 105. The deviation of rotor blade 105 into lead position 127, or lag
position 127", can be the result of a lead/lag force that imparts a once per revolution
(1/rev) oscillatory force facilitating the temporary positioning of rotor blade 105 in
lead position 127’ or lag position 127°. When airflow resulting from a translation of
the rotorcraft, or a wind gust, aligns with a directional position of rotor blade 105,
then the temporary decrease in drag acts to accelerate the rotor blade 105 during
that rotational phase of the rotor blade 105, resulting in the temporary lead position
127°. In contrast, when the translation airflow direction opposes the directional
position of rotor blade 105, then the temporary increase in drag acts to decelerate
the rotor blade 105 during that rotational phase of the rotor blade 105, resulting in
the temporary lag position 127°. These lead/lag forces act to accelerate and
decelerate each rotor blade 105 within a single revolution (1/rev) about the rotor
mast 113.

Referring now to Figure 5, a lead/lag damper 201, according to the preferred
embodiment is illustrated. Lead/lag damper 201 inciudes a first connection member
203 coupled to a shaft 207. A plurality of magnets, such as magnets 209a-209c, are
attached circumferentially around shaft 207 such that an axial translation of shaft 207
also results in a translation of magnets 209a-209c. lLead/lag damper 201 further
Includes a second connection member 205 coupled to a housing 211. In the
preferred embodiment, first and second connection members 203 and 205 are each
a rod end with a spherical bearing located therein. However, it should be
appreciated that first and second connection members 203 and 205 may be of any
configuration capable of providing a structural connection between rotor blade 105

and central yoke 117.

Housing 211 is preferably cylindrically shaped with a conductive member 213
associated with an interior portion of housing 211. Conductive member 213 is a
winding of a conductive wire, such as a copper wire, to form a solenoid. It should be
appreciated that even though conductive member 213 is illustrated and describing as
an actual winding of conductive wire, conductive member 213 can alternatively be
any conductive specimen that allows currents to be generated. For example,

conductive member 213 can be a plurality of disk members. A heat sink 215 is In
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thermal connection to an outer portion of housing 211. Shaft 207 is resiliently
coupled to housing 211 with a first elastomeric bearing 217 and a second
elastomeric bearing 219. In the preferred embodiment, first elastomeric bearing 217
and second elastomeric bearing 219 are each adhesively bonded to shaft 207 and
housing 211. First elastomeric bearing 217 and second elastomeric bearing 219
each preferably include a laminate of aiternating layers of resilient cylindrical
elastomeric members separated by rigid cylindrical shim layers. First elastomeric
bearing 217 and second elastomeric bearing 219 each deform when subjected o a
shear force, thereby providing damping to the lead/lag motion of rotor blade 105, as
discussed further herein. It should be appreciated that first elastomeric bearing 217
and second elastomeric bearing 219 may have a wide variety of implementation
specific configurations for tailoring of stiffness and damping characteristics. Further,
the requisite size of first elastomeric bearing 217 and second elastomeric bearing
219 I1s implementation specific and depends in part on the predicted rotor hub and
blade loads. The geometry and composition of first elastomeric bearing 217 and
second elastomeric bearing 219 may be configured to provide linear or non-linear

strain properties.

One of the first connection member 203 and second connection member 205 is
coupled to the central yoke 117, while the other of the first connection member 203
and second connection member 205 is coupled to the rotor grip 119 of rotor blade
105. It should be appreciated that lead/lag damper 201 may be associated with the
main rotor assembly 103 In a variety of configurations. For example, lead/lag
damper 201 may alternatively be coupled between adjacent rotor blades 105,
iInstead of being coupled between the rotor blade 105 and central yoke 117.

During operation, lead/lag damper 201 is configured to harvest energy as well as
treat lead/lag oscillations during operation of rotorcraft 101. Electrical energy is

created by the lead/lag forces effecting an oscillatory translation, in a direction 223,
of magnets 209a-209c relative to conductive member 213. The oscillatory
translation of magnets 209a-209c through the interior of conductive member 213
creates an alternating current in conductive member 213 by induction. Leads 221
are electrically coupled between conductive member 213 and a circuitry of a system

701 (shown in Figure 7). Any residual heat created in the inductive generating of
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electrical energy can be dissipated into the ambient atmosphere by heat sink 215. In
the preferred embodiment, system 701 includes an energy storage device, such as a
battery or capacitor. Furthermore, the electrical energy created by lead/lag damper
201 can be used to power systems on the rotating portion of main rotor assembly
103. Exemplary systems can include rotor blade de-icing systems, diagnostic

systems, actuated rotor blade flaps, and rotor blade lights, to name a few.

Lead/lag damper 201 Is configured to treat lead/lag oscillations in a variety of
measures. Firstly, first elastomeric bearing 217 and second elastomeric bearing 219
each deform when subjected to a shear force through translation in direction 223,
thereby providing damping to the lead/lag motion of rotor blade 105. Secondly, the
resistance Iin the translation of magnets 209a-209c relative to conductive member
213 provides damping of the lead/lag oscillatory motions. It should be appreciated
that the resistive damping can be actively and/or passively varied in order to optimize
the amount of resistive damping, as discussed further in regard to Figure 7. Thirdly,
a capacitor, an inductor, or other energy releasing device, can be controllably used
to impart a desired force reaction between magnets 209a-209c relative to conductive
member 213, thereby treating the lead/lag motions of rotor blade 105, as discussed

further in regard to Figure 7.

Referring to Figure 7, an exemplary system 701 and circuitry coupled to leads 221,
Is schematically illustrated. System 701 can include a resistor 703, a battery 705, a
switch 711, a capacitor 709, a switch 713, and an inductor 715. Resistor 703 is
llustrative of a wide variety of resistive configurations that can be used to selectively
vary the resistance in the translation of magnets 209a-209c relative to conductive
member 213, thereby providing variability in the damping effect upon the lead/lag
motions of rotor blade 105. Resistor 703 can be a plurality of resistors and switches,
the switches being controlled by a controller 717. In another embodiment, resistor
703 is In a duty cycle configuration such that the resistor is rapidly switched on/off to
efficiently and selectively provide damping effect upon the lead/lag motion of rotor
blade 105. Further, capacitor 709 can be selectively charged and released so as to
generate a force reaction between magnets 209a-209¢ and conductive member 213,
the force reaction being synchronized to push against the lead/lag movement. In

such an emboadiment, the electric energy generated by the translation of magnets
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209a-209c relative to conductive member 213 is stored and released by capacitor
709, so as to further treat the lead/motion. Similarly, an inductor 715 can be
selectively used to store and release energy to generate a force reaction between
magnets 209a-209c and conductive member 213, the force reaction being

synchronized to pull against the lead/lag movement.

Still referring to Figure 7, a battery 705 can be used to store electrical energy. A
power consuming system 707 is illustrative of a power system on the rotating portion
of main rotor assembly 103. It should be appreciatea that system /7071 can Include
other system and circuit related components configured to further tailor the

functionality of lead/lag damper 201.

Referring now also to Figure 8, an alternative embodiment lead/lag damper 801 is
llustrated. Lead/lag damper 801 is substantially similar to lead/lag damper 201,
except for the differences noted herein. A housing 807 is used In lieu of shaft 207.
Housing 807 is a cylindrical member that contains magnets 209a-209c, the magnets
209a-209c being located on an Interior portion of housing 807. Further, lead/lag
damper 801 includes a flexible boot 825 configured to protect otherwise exposed

elements of lead/lag damper 801.

Referring now to Figure 9, a method 901 for using lead/lag dampers 201 and 801, as
well as system 701, in rotorcraft 101 iIs illustrated. Method 901 includes a step 903
of generating electrical energy from lead/lag motion of rotor blade 105. As further
described herein, the lead/lag motion causes a transiation of magnets 209a-209c
relative to conductive member 213, thereby creating electrical energy. Method 901
further includes a step 905 of storing the electrical energy harvested in step 903. As
further described herein, battery 805, capacitor 709, and inductor 715 are illustrative
components that can be used for storing the electrical energy. A step 907 includes
treating the lead/lag motion of the rotor blade with the harvested electrical energy
stored in step 905. As further described herein, system 701 includes circuitry for
selectively generating resistance and inertial forces between magnets 209a-209c
relative to conductive member 213 for treating the lead/lag motions. Step 907 can
include can include changing the damping characteristics during operation of
rotorcraft 101. For example, system 701 can be used to increase damping In

lead/lag damper 201 during startup and shutdown periods to avoid ground
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resonance issues. System 701 can then be used to decrease damping In lead/lag
damper 201 during normal flight operation to reduce performance losses in main
- rotor assembly 103. Further, system 701 can be controlled to selectively vary the
treatment of lead/lag motions in accordance with varying rotor RPM’s. Similarly,
system 701 can be controlled to selectively vary the treatment of lead/lag motions in
accordance with varying ambient conditions, such as temperature or altitude, for
example. A step 909 includes powering a system in the rotating portion of main rotor
assembly 103. As further described herein, exemplary power consuming systems

can include rotor blade de-icing systems, actuated rotor blade flaps, and rotor blade

lights, to name a few.

It should be appreciated that any of the components of system 701 may be

redundant of other components in order to improve reliability and/or fault tolerance.

The system and method of the present application provide significant advantages,
Including: (1) providing lead/lag damper that is configured to generate electrical
power from the lead/lag motions of the rotor blade; (2) generating the electrical
power in the rotating part of the main rotor system so to alleviate electrical power
requirements that would otherwise need to be communicated from the non-rotating
part of the rotorcraft; and (3) providing a lead/lag damper with a electromagnetic
linear motor/generator that is configured to not only generate power, but also impart
resistance for damping, as well as impart forces (such as spring-like forces), for

treating the lead/lag motions.

The particular embodiments disclosed above are illustrative only, as the application
may be modified and practiced in different but equivalent manners apparent to those
skilled in the art having the benefit of the teachings herein. Furthermore, no
limitations are intended to the details of construction or design herein shown, other
than as described in the claims below. It is therefore evident that the particular
embodiments disclosed above may be altered or modified and all such variations are
considered within the scope of the application. It is apparent that a system with
significant advantages has been described and illustrated. Although the system of

the present application is shown in a limited number of forms, it is not limited to just

these forms, but is amenable to various changes and modifications.
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Claims

1 A tead/lag damper for an aircraft, comprising:

a first connection member:

a second connection member;

a plurality of magnets rigidly associated with the first connection member;

an etectrically conductive member rigidly associated with the second
connection member, the electrically conductive member being located approximate
to the plurality of magnets, wherein a lead/lag force causes a translation of the
pluratity of magnets relative to the electrically conductive member, thereby
generating electrical energy;

a circult coupled to the electrically conductive member including a resistance
in a translation of the plurality of magnets relative to the electrically conductive
member, the resistance being configured to provide damping to the lead/lag motion,
the resistance being variable so that the damping to the lead/lag motion can be
selectively varied during operation of the aircraft: and

a power storage device connected to the circuit and capable of releasing

stored electrical energy.

2. 1The lead/lag damper according to claim 1, further comprising:
a shaft coupled between the first connection member and the plurality of

magnets.

3. 1 he lead/lag damper according to claim 2, further comprising:
~a housing coupled between the second connection member and the

electrically conductive member.
4. The lead/lag damper according to claim 3, further comprising:

a hrst elastomeric bearing attached between the housing and the shaft, the

first elastomeric bearing being configured to provide damping when the lead/lag

dgamper is subjected to the lead/lag force.

ol The lead/lag damper according to claim 4, further comprising:
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a second elastomeric bearing attached between the housing and the shaft,
the second elastomeric bearing being configured to provide damping when the

iead/lag damper is subjected to the lead/lag force.

o The lead/lag damper according to claim 1, further comprising a cylindrical
member coupled to the first connection member and containing the plurality of

magnets, the plurality of magnets being located on an interior portion of the

cylindricalt member.

/. The lead/lag damper according to claim 6, further comprising a housing

coupled petween the second connection member and the electrically conductive

member.

8. The lead/lag damper according to any one of claims 3 to 5 and 7, further
COMPrising:

a heat sink located on the housing and in thermal communication with the housing.

9 The lead/lag damper according to any one of claims 3 to 5 and 7, further
comprising:
a heat sink iocated approximate to the electrically conductive member on an

exterior of the housing and in thermal communication with the housing.

10, The lead/lag damper according to any one of claims 1 to 9, wherein the power

storage device s a battery.

11 The lead/lag damper according to any one of claims 1 to 9, wherein the power

storage aevice 1s a capacitor.

2. The lead/lag damper according to any one of claims 1 to 9, wherein the power

storage device is an inductor.

Fage 12



CA 02802601 2016-08-09

13.  The lead/lag damper according to any one of claims 1 to 12, wherein the
power storage device Is capabnle of releasing the stored electrical energy to a power

consuming system associated with a rotor system.

14.  The lead/lag damper according to claim 13, wherein the power consuming
system is at least one of:

a rotor blade de-icing system;

an actuated rotor blade flap; ana

a rotor blade light.

15, The lead/lag damper according to any one of claims 1 to 14, wherein the

electrically conductive member is a coil winding.

16.  The lead/lag damper according to any one of claims 1 to 14, wherein the

electrically conductive member is a plurality of disk members.

17. A system for a rotor hub assembly, the system comprising:

a lead/lag damper having an electromagnetic linear motor, the
electromagnetic linear motor being configured to generate electrical power when
subjected to a lead/lag force;

an energy storage device electrically coupled to the electromagnetic linear
motor; and

a controller associated with a circuitry for selectively changing a resistance
between translating components in the electromagnetic linear motor;

wherein the controiler is configured to release electrical energy stored by the

energy storage device to the electromagnetic linear motor so as to treat the lead/lag

force.

18.  The system according to claim 17, wherein the circuitry includes a resistor.
189, The system according to claim 18, wherein the resistor includes a plurality of

resistors and switches, the switches being controlled by the controlier to vary a

damping effect upon the lead/lag force.
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20, The system according to claim 18, wherein the resistor Is In a duty-cycle
configuration, such that the resistor is switched on/off to provide a damping effect

upon a lead/lag motion or a rotor blade coupled to the rotor assembly.

21.  The system according to any one of claims 17 to 20, wherein the energy

storage device Is a battery.

22.  The system according to any one of claims 17 to 20, wherein the energy

storage device Is a capacitor.

23.  The system according to any one of clams 17 to 20, wherein the energy

storage device (s an inductor.

24.  The system according to any one of claims 17 to 23, wherein the lead/lag

damper further comprises an external heat sink.

25. A method of using a lead/lag damper in an aircraft, the method comprising:
generating an electrical energy by converting a mechanical lead/lag motion to
the electrical energy with an electromagnetic linear motor in the lead/lag damper;
storing the electrical energy generated by the electromagnetic linear motor;
powering a system in a rotating portion of a rotor assembly with the stored
electrical energy;
treating the mechanical lead/lag motion by using the stored electrical energy

to generate a reactive force in the electromagnetic linear motor, the reactive force
being generated by selectively generating resistance and inertial forces between a

magnet relative to a conductive member in the electromagnetic linear motor.

26.  The method according to claim 25, wherein the system in the rotating portion
of the rotor assembly powered with the stored electrical energy is at least one of:

a diagnostic system;

a rotor bladge de-icing system;

an actuated rotor blade flap; and

a rotor blade light.
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27.  The method according to claim 25 or 26, further comprising dissipating heat

produced by the lead/lag damper through an external heat sink.

28 The method according to any one of claims 25 to 27, wherein the step of
treating the mechanical lead/lag motion further comprises varying the reactive force

as a rate of revolution of the rotating portion varies.

29. The method according to any one of claims 25 to 28, wherein the step of
treating the mechanical lead/lag motion further comprises varying the reactive force

as an ambient condition varies.

30. The method according to claim 29, wherein the ambient condition is at ieast

one of:
an ambplent temperature; and

an ambient altitude.

31, The method according to any one of claims 25 to 30, wherein the reactive
force 1s changed during startup, shutdown, or during normal flight operations of the

aircraft, so as to reduce performance losses.
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