110
Mexanika 2ipocKoniunux cucmeum

UDC 621.431.75
DOI: https://doi.org/10.20535/0203-3771502025347474

Ortamevzi Gurkan® Ph.D.

EFFECTS OF GYROSCOPIC FORCES ON THE AIRCRAFT ENGINE
MOUNT IN CASE OF ACROBATIC MOVEMENTS

Ua VY mi cTarTi AOCHIKYEThCS MIIHICTh MOTOPAMH YacTO BHKOPHCTOBYBAHHX
HAQ/IJIETKUX TBUHTOBUX JBUT'YHIB. BUXi/HI MOKa3HUKM HANpYru Ta Koe(ilieHTy 3a-
nacy OIliHeHi, 30Cepe/DKYI0UYHCh Ha 30HaX 3BapIOBaHHSI MOTOPaMH, Ha SIKY BILIMBA-
I0Th 3yCHJIIS Ta CUJIA TATH, SIKI BAHUKAIOTh OCOOJIMBO Tij Yac mitotaxy. Po3poobie-
HO MOTOpaMmy JUIs 4acTO BHKOPHUCTOBYBAHOTO JIBHTYHA, CTBOpeHO ii 3D-momens i
po3paxyHKoOBY CiTKy. CTBOpEHa pO3paxyHKOBA CiTKa MOTOpPaMH 3MOJIENIbOBAaHA MIPH
PI3HUX HABAaHTAXXCHHSX METOJIOM CKIHYCHHUX EJIEMEHTIB.

En In this article, the strength of the engine mounts of frequently used propeller
ultralight engines was investigated. Especially, the stress and safety factor outputs
of the mount, which affects the forces and thrust force generated during acrobatic
movements, were evaluated by focusing on the welded areas. A mount was
designed for a frequently used engine, a 3D model and a mathematical mesh model
were created. The mathematical mesh model created was simulated at different
loads using the finite element method.

Introduction

When designing engine mounts, thrust force is the most important force.
Especially in flights where aerobatic movements, i.e. hard yaw, pitch and roll
movements are intense; these forces can push the limits of the strength of the
engine mounts. Even in an aircraft not designed for aerobatic movements, if
hard pitch and yaw movements are made, the data in this article will shed light
on the control of weak areas of the mount. When choosing a propeller, aircraft
manufacturers and users should pay attention to the fact that the effect of the
propeller weight will affect the strength of the mount as well as the engine.

Aircraft manufacturers should be very careful about the gyroscopic forces
that can be very variable, especially the Coriolis force, which has a great effect
on the strength of the engine mount [1, 2, 3, 4]. The mount is one of the most
critical parts affected in an aircraft subjected to acrobatic movements. The
mount is a part that directly affects flight safety. Especially in hard pitch and
yaw movements, the welded areas of the mount are under intense stress. This
situation can cause cracks that cannot be easily detected, or the integrity of the
mount is damaged. In addition, the increase in the weight of the propeller
increases this stress [5, 6, 7]. The Coriolis force, which is one of the gyroscopic
forces, does not occur in the roll movement if the propeller shaft is on the
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longitudinal axis or very close to it, or it occurs in a very small amount.
Therefore, the forces created by the roll movement will not be simulated in this
study. The rotation of the propeller shaft 90° around the lateral axis and the
vertical axis by the yaw and pitch movements will create large Coriolis forces.
The centrifugal force, which is one of the forces acting on an aircraft propeller
without dynamic balance, is ignored for this study because the resultant force on
the shaft will be zero [8, 9, 10].

Statement of the problem

This article aims to investigate the effects of a different weighted aircraft
propeller change on the engine mount when the aircraft operator or
manufacturer makes a change for an aircraft performing aerobatic movements
and the distribution and magnitude of stress to which the engine mount is
subjected during aerobatic movements. Although the weak areas of the engine
mount against cracks or breaks when an aircraft not designed for aerobatic
movements is subjected to hard pitch, yaw and roll movements.

3D Model and Mathematical Mesh Model

Let’s consider an engine mount manufactured for a commonly used
single-engine aircraft and analyze the strength of the welded areas (weak areas)
of this mount.

In the study, a mount for an engine manufactured for a frequently used
single-engine aircraft will be designed. The strength status of the welded areas
or weak areas of this mount against the forces to which the mount is exposed
will analyzed. A 3D model and mathematical mesh model of this mount will be
created. The force package consisting of the thrust force created by the engine
and theoretically created gyroscopic forces, Coriolis force, and other inertial
forces will be applied to the mount from the welded areas. The behaviors of the
mount will be examined under these forces and the weak areas will be
determined, and especially the areas joined by welding will be increased by
using dense mesh for analysis details. The stress status of the mount and the
safety factor indicator will be reported for these weak areas.

A 3D model and mathematical mesh model of this mount were created.
The force package consisting of the thrust force created by the engine and
theoretically created gyroscopic forces, Coriolis force, and other inertial forces
were applied to the mount from the welded areas. The behaviors of the mount
were examined under these forces and the weak areas were determined, and
especially the areas joined by welding were increased by using dense mesh for
analysis details. The stress status of the mount and the safety factor indicator
were reported for these weak areas.
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Inertial and gyroscopic forces acting on a propeller [11]: The change in
the speed vectors adverts to the accelerated motions of the rotating propeller
mass that generate their inertial and gyroscopic forces f;, and the inertial torque
Ti, acting around axis oy that is expressed by the equation (1).

Tin = finXm =Ma,x (1)

n'm Z'm

where Tj, is the torque generated by the inertial force of propeller mass Fi,; a; is
the acceleration of the blade’s mass m; along axis 0z; and x,=rcoso Is the
distance to the mass location along axis OX.

Coriolis forces acting on a propeller [11]: Coriolis theory is used to
determine the forces occurring during the roll, yaw and pitch movements of the
aircraft. The absolute acceleration a of a point undergoing compound motion is
equal to the vector sum of; the relative acceleration a,., the translational (or
transport) acceleration d, and the Coriolis acceleration d,:

d=d,+8 +4. (2)

The last term in the acceleration addition theorem is called the Coriolis

acceleration:
a.= 2Cﬁ‘)e Xﬁr’ (3)

where: a,: Coriolis acceleration (vector form), w,: Angular velocity of the
moving reference frame, v, : Relative velocity of the particle in the moving
frame and x: Vector (cross) product.

The magnitude of the Coriolis acceleration is given by:

a. = 20,v,5in(0), (4)

where: w,: Magnitude of angular velocity, v,.: Magnitude of relative velocity, 6:
Angle between vectors w, and v,.

The resistance torque generated by the Coriolis force of the blade’s mass
Is expressed by the equation (2).

Ter =— 1:cr Ym =—Ma, Y, (5)
where T is the torque generated by Coriolis force fg of the rotating blade’s
mass m; a, is the acceleration of the mass along axis 0z; and y,, =rsina, is the
distance to the mass location along axis oy; the sign (-) means the action in the
clockwise direction.

As seen in Fig. 1, a, since 0 angle is equal to O for the roll motion of the
aircraft,
sin()=0= 0a,=0 and f, =0.

According to the 4-th formula for the pitch movement of the aircraft in
Fig. 1. b,

sin(0)=1= a, =2, xV, and f, =ma, .
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According to the 4-th formula for the yaw movement of the aircraft in
Fig. 1. c,

sin(0)=1= a, =2, xV, and f, =ma, .
The Coriolis force does not occur in roll motion in an aircraft because
vectors w, and v, are parallels.
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Fig. 1. The Coriolis forces; a)for roll, b)for pitch and c)for yaw
movements

The force package that will act on the mount can be calculated using
formulas (1), (2). According to formulas (1), (2), the biggest factor that increases
the size of the force package will be the acceleration of the mass. The
acceleration of acrobatic movements is very variable. However, propeller
dynamic balance tolerances and/or propeller assembly error tolerances will also
increase this force. Therefore, it was deemed logical to simulate these force
packages in a high range of 0-2000 N.

An example of an aircraft engine’s connection areas and mount, L1-L6 are the
connecting bolt holes and P is the axis of the propeller commonly used on
single-engine aircraft, is shown in Fig. 2.

The 3D model and mathematical mesh model of the mount were created
to determine the stress state and safety factor to be simulated under specified
forces. Since the weld regions were predicted as weak regions, they were
meshed more densely. The weld regions were numbered so that the regions
could be evaluated separately. The 3D model and mathematical mesh model of
the mount are shown in Fig. 3. and Fig. 4. The statistics of mesh for the
mathematical mesh model consists of 777495 nodes and 438763 elements.
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Fig. 2. Attachment points of engine and an example of a mount
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Fig. 3. 3D Model of mount (junction areas are defined with numbers)

Fig. 4. Mathematical mesh model of mount

The thrust force increased by 400 N between 0-2000 N as 2000 and
1000 N, and the Coriolis forces generated during pitch and yaw movements
were applied to the mount only to the left for yaw movement and as remote
force for both up and down for pitch movement. Combinations of these forces
were made and 36 different situations were simulated [11]. The resultant force
for the largest force combination in the pitch up movement is shown in Fig. 5.

The stress conditions and safety factor values of the mount were analyzed
using the finite element method. The stress and safety factor values of the force
combination, where the thrust force is 2000 N and the Coriolis forces created by
the yaw left, pitch up, pitch down movements are increased by 400 N in the
range of 0-2000 N, are graphed in Fig. 7 according to the numbered welding
areas indicated in Fig. 3. The stress intensity of the mount is shown in Fig. 6.
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Fig. 5. Simulation of forces applied on the mount

Fig. 6. Stress intensity

While we can show the stress distribution only with visual colors, we can
also graph the average stress magnitude and average safety factor values
obtained from the analysis to make them more understandable in weak areas.
Graphs have been obtained for each different scenario. These situations may
occur instantaneously or for a period of time. In a scenario of a situation that is
constantly repeated, for example, propeller blades that are not mounted at equal
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angles, this static analysis may not be sufficient. In such cases, more reliable
results can be obtained if transient analysis is performed.
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Fig. 7. Stress and safety factor values according to the numbered welding
areas specified in Fig. 1

The stress and safety factor values of the force combination, where the
thrust force is 1000 N and the Coriolis forces created by the yaw left, pitch up,
pitch down movements are increased by 400 N in the range of 0-2000 N, are
graphed in Fig. 8 according to the numbered welded areas indicated in Fig. 3.

According to the analyses, Figures 5-8 show that the maximum equivalent
stress occurs in the 7 th and 8 th weld zones, with a noticeable magnitude. At an
engine thrust force of 2000 N and a Coriolis force of 400 N, the stress in these
zones reaches approximately 1200 MPa, and the factor of safety falls below 1.
Specifically, the equivalent stress in pitch-up motion is twice as high as in pitch-
down motion and four times as high as in yaw motion.



119
Mexanika enemenmie KOHCmMpPYKUIIU

Stress values at yaw left forces with 1000 N Safety factor at yaw left forces with 1000 N thrust
thrust force force
200 5
150 M- 4 o
g 3
100 h
o = 2
50 1
0 0
Mpa Mpa Mpa Mpa Mpa Mpa Mpa Mpa SF SF SF SF SF SF SF SF
1 2 3 4 5 6 7 8 1 2 k] 4 5 6 7 38
el 2000  =—f==1600 1200 800 =—=A0] =—f=(0 il 2000 == 1600 1200 800 =—E=A00 e——(
Stress values at pitch up forces with 1000 N Safety factor at pitch up forces with 1000 N
thrust force thrust force
1200 5
1000 f a
800
3
. R _-_‘/—.
et = — 2
400 [ — e
200 — _‘_/“'—__*K ) M
lp—
o 0
Mpa Mpa Mpa Mpa Mpa Mpa Mpa Mpa SF SF SF SF SF SF SF SF
1 2 3 4 5 6 7 8 1 2 3 4 5 3] 7 8
el 2000 === 1600 1200 800 =m0 e—ge—( el 7000 e 1 600 1200 800 eemd0) ===
Stress values at pitch down forces with 1000 N Safety factor at pitch down forces with 1000 N
thrust force thrust force

= -]
[
[=I-1

O R MW B OO N

0 ! S——
Mpa Mpa Mpa Mpa Mpa Mpa Mpa Mpa SF SF SF SF SF SF SF SF

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

e 2000 g 1600 1200 800 =memA00 —=—g=—(0 el 2000 e 1600 1200 800 ==imA00) w0

Fig. 8. Stress and safety factor values according to the numbered welding
areas specified in Fig. 3

The equivalent stress in weld zones 1-6 is approximately 45% less in pitch
and yaw motions than in weld zones 7-8. Theoretically, analyses have shown
that under critical loading conditions, concentrated stresses can occur in the 7th
and 8th weld zones of the engine mount.

This analysis quantitatively examines the effects of propeller weight and
the magnitude of the forces generated during aerobatic maneuvers on engine
mounting safety. The resulting stress and safety factor distribution data provide
insights for aircraft manufacturers and users in assessing engine mounting safety
in the event of propeller replacement or performance upgrades.

Conclusion

Studies have shown that the weight of the propeller, chosen by aircraft
manufacturers or users, directly affects the strength of the joint of the engine
mount in an aircraft subjected to acrobatic movements.
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The magnitude of the Coriolis force creates higher stresses and lower
safety coefficient values, especially in the 7th and 8th welded attachment zones,
as well as during pitch up and down movements, than in yaw motion. Therefore,
all welding areas of the attachment, especially in the 7th and 8th (weak areas)
zones, should be carefully checked for cracks.

During flight, where Coriolis forces exceeding 400 N are generated, the
engine mount developed in this article should not be used. It can be predicted
that the joint areas of the design should be produced with stronger materials that
IS the yield strength is higher than 500 MPa and/or larger radius geometries.

According to the results of analyses conducted using the Finite Element
Method, under a thrust force of 2000 N and Coriolis forces of up to 400 N, the
7th and 8th weld zones experience a stress of 320 MPa and a safety factor of less
than 1.2 at maximum yaw; a stress of 1200 MPa and a safety factor well below 1
during pitch-up; and a stress of 700 MPa and a safety factor close to 1 during
pitch-down. These zones are at critical risk of fracture during acrobatics. The
most dangerous acrobatic movement in these zones has been observed to be
pitch-up.
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