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A Study on the Vibration of Shafting System
for Propulsion and Lift in Air Cushion Vehicle

Seon — Tae Son

Department of Marine System Engineering
Graduate School

Korea Maritime University

Abstract

A propulsion and lift shafting system in the air cushion vehicle (ACV) is
a flexible multi—elements system which consists of two aeroderivative gas
turbines with own bevel gears, four stage lift fan reduction gear, two
stage propulsion reduction gear, air propeller and lifting fans of large
capacity.

In addition, the system includes the multi-branched shafting with
multi-gas turbine engines and thin walled shaft with flexible coupling.
Such a branched shafting system has very Iintricate vibrating
characteristics. Especially, the thin walled shaft with flexible couplings can
lower the torsional natural frequencies of shafting system to the extent

that causes resonances in the range of operating revolution.

_xi_



In the first part of this study, to evaluate vibrational characteristics some
analytical methods for the propulsion and lift shafting system are studied
and calculating equations are derived. Also torsional natural frequencies
and mode shapes of the system are analyzed and the results are compared
with potential sources of excitation.

The analysis, including natural frequencies and mode shapes, for five
operation cases of the system is conducted using ANSYS code with a
equivalent mass-elastic model. The results of torsional vibration analysis
are compared with the results of the vibration test conducted during Sea

Trial.

In the second part of this study, axial vibration analysis is conducted on
a propulsion and lift shafting system for the air cushion vehicle using
ANSYS code. The shafting system 1is totally flexible multi-elements
system including wood composite material of air propeller, aluminum alloy
of lift fan and thin walled shaft with flexible coupling.

The results of analysis contains the axial natural frequencies and mode
shapes of the shafting system taking into account an equivalent
mass—elastic model for shafting system as well as the three—dimensional
models for propeller blade and fan impeller. Such a flexible shafting system
has very Intricate vibrating characteristics. Especially, axial natural
frequencies of flexible components such as propeller blade and impeller of
lift fan can be lowered to the extent that causes a resonance in the range
of operating revolution. The results for axial vibration analysis are
presented and compared with the ones of axial vibration test for lift fan

conducted during Sea Trial.

In the third part of this study, for the study of lateral vibration on a

- Xii -



propulsion and lift shafting system for an air cushion vehicle, lateral
vibration analysis is conducted using ANSYS code. The analysis includes
lateral natural frequencies, mode shapes and harmonic analysis of the
shafting system taking into account a three-dimensional models for
propulsion and lifting shaft system. In case of ACV the yawing and
pitching rate of craft will be quite high. During yvawing and pitching of
craft, significant gyroscopic moment will be effected to the shafting and
will generate high amplitude of lateral vibration. So, such a shafting
system has very intricate lateral vibrating characteristics and natural
frequencies of shafting must be avoided in the range of operating
revolution. The control method of lateral vibration is also included in this

study.

This thesis includes evaluation of excitation frequency source and
analysis, measurement and control of torsional, axial and lateral vibration
on a propulsion and lift shafting system for an air cushion vehicle.

It is considered that the performed study and the derived approach on
the vibrational problems for ACV can be used for future development of

ACV shafting system.
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Table 2.2 Axial exciting source and frequency

No. | Excitation frequency Excitation source
1 1x shaft speed unbalance

2 No. of impeller blade x shaft speed lift fan impeller
3 No. of propeller blade x shaft speed propeller

4 Axial natural frequency of impeller lift fan impeller
5 Axial natural frequency of propeller blade propeller blade

Table 2.3 Lateral exciting source and frequency

No. Excitation frequency Excitation source
1 1x shaft speed unbalance
2 2x shaft speed misalignment
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Table 3.1 Equivalent quantities of branched system

Geared branch
Reference
Description branch Value referred
actual value Actual value to revolution of
reference branch
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n
Order number i, ig ni.q
Moment of inertia J, J, n2Jq
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. Propulsion shafting, propulsion reduction gear and propeller

. Lift shafting, lifting reduction gear and lift fan (2 ea)
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Fig. 3.4 Reduction gear ratio
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Table 3.3 Torsional exciting frequency of system

. Exciting
Operating range [rpm]
No Parts frequencylHz] Remark
Idle Normal Idle | Operating
Rev. | operating range | Rev. range
Shaft of
1 ) 9,600 13,000~16,000 | 160 |216.7~266.7
gas turbine
Shaft of
2 |engine gear| 3,480 4712~5,800 58 78.5~96.7
output
3 S.h?ft of 1,020 1,381 ~1,700 17 23.0~28.3
lifting fan
65 | 88.0~108.3 | 5 blade*1
Shaft of
4 780 1,056~ 1,300 130 |176.0~216.6| 5 bladex*2
propeller
13 17.6~21.7 Shaft
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344 dH1 dExA=

A AAS A 949 A=E AEYstd Table 3.4 9F 2t}
Table 3.4 Input data for torsional vibration analysis

Mass | Stlffn.ess Speed

No. Mass Name (klge.r‘;e; ) No (kls\ltl.ﬁ;e/iz 9 Ratio

J1 0.15 k1l 1260.0 1/4.462

J2 | propeller 95.5 k2 305.0 1/4.462

J3 | propeller shaft 2.52 k3 196.0 1/4.462

J4 | propulsion gear 27.7 1/4.462

J5 | propulsion gear 0.183 k4 503.0

J6 0.007 k5 230.0

J7 0.17 k6 71.4

J8 0.0122 K7 24.2

J9 0.0443 k8 425.0

J10 0.08 k9 42.8

J11 0.012 k10 169.0

J12 0.0087 k11 2 300.0

J13 0.013 k12 1 100.0

J14 0.012 k13 425.0

J15 0.04 k14 20.9

J16 0.11 k15 77.9

J17 | lifting gear 0.13

J18 | lifting gear 1.293 1/2.79

J19 | lifting gear 1.293 1/2.79

J20 | lifting gear 8.92 k16 79.0 1/3.412

J21 0.43 k17 23.3 1/3.412

J22 | lift fan 92.6 k18 828.0 1/3.412

J23 0.272 k19 40.3 1/3.412

J24 | lift fan 92.6 k20 828.0 1/3.412
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Mass Stiffness

Inertia Stiffness Spe.ed
No. Mass Name (kg - m?) No (kN * m/rad) Ratio
J31 1.80 k31 1 000.0
J32 0.04 k32 236.0
J33 0.82 k33 236.0
J34 0.02 2.759
J35 | Gas turbine 0.01 k34 11.2 2.759
J36 | Gas turbine 0.027 k35 23 500.0 2.759
J37 | Gas turbine 0.082 k36 2680.0 2.759
J38 | Gas turbine 0.072 k37 6 760.0 2.759
J39 | Gas turbine 0.056 k38 9980.0 2.759
J41 1.80 k41 1 000.0
J42 0.04 k42 236.0
J43 0.82 k43 236.0
J44 0.02 2.759
J45 | Gas turbine 0.01 k44 11.2 2.759
J46 | Gas turbine 0.027 k35 23 500.0 2.759
J47 | Gas turbine 0.082 k36 2680.0 2.759
J48 | Gas turbine 0.072 k37 6 760.0 2.759
J49 | Gas turbine 0.06 k38 9980.0 2.759

345 1 A3 2 HE

Al 2~dle] 7} CASE 4
o AHANEF HA A
o] o =]

- T T . X

s £ EE AR 49 el EAsE nFlEsoe

A2 ANSYS code® Fst o, 71X F34
i Table 3.5 ¢ 2. ¥olA MEZE 0¥ F
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Table 3.5 Natural frequencies of torsional vibration

Mode Natural Frequency [Hz]

(order) Case 1 Case 2 Case 3 Case 4 Case 5
1 2.6 2.7 2.6 7.7 3.5
2 44 44 4.7 34.1 6.2
3 6.4 6.5 7.6 46.6 135
4 9.7 13.6 10.0 72.3 38.8
5 13.6 23.5 34.4 161.9 135.7
6 34.4 39.0 46.9 251.1 144.3
7 38.9 68.5 54.4 258.3 151.3
8 47.8 72.4 72.3 - 2779
9 72.3 121.9 124.2 - -
10 135.7 135.7 135.7 - -
11 148.4 148.4 167.0 - -
12 203.9 204.1 222.1 - -
13 251.5 254.3 249.1 - -
14 2771 2771 263.3 - -
15 282.7 - -
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300 — Idle speed Operating

Range
282.7 [Hz]
- 277.1
1
250 / (13 orden) 51 5
Gas Turbine
Speed 4
12 order
200 = ( ) 203.9
Propeller Blade
. Frequency * 2
N
T
"~ 150 4 148.4
%) >/
% 135.7
=]
? T Propeller Blgde
L Frequency*1
Engine Gear
100 Output Shaft
Spe%/
i 72.3
50 — Propeller Lift Fan 478
Shaft Speed | Shaft Speed ’
X X 3
4.4
—
] T 136
/—/ .
———o (5 order) gz
i 4.4
(=== T T T T T T Q03 ™ 26
0 4 8 12 16

Gas Turbine Speed [rpm ]

Fig. 3.6 Campbell diagram of shafting excitation (twin engines)
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B—-203.9H
40 z
A—251.5 Hz
-50

(b) Shafting between gas turbine and engine gear

Fig. 3.7 Mode shapes of propulsion and lift shafting

(twin engines,
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Frequency [Hz]

277.1 [Hz]

(13 order) 2543

300 — Idle Speed gperating
ange
250
7 Gas Turbine
Speed \ /
200 /

. Propeller Blade

(12 order) 204.1

Frequency * 2
150 >< N 148.4
135.7
1 121.9
Propeller Blade
Frequency*1
Engine Gear
100 Output Shaft /
Spee% /
] 72.4
68.5
Lift Fan
S0 Shaft Speed
Propeller \ 200
Shaft Speed A//A/ :
4 5 ord
\ /ﬂ v35
(4 order) 13.6
0 I L) I L] I L] I L] Q.03 I‘\ 2.7
0 4 8 12 16

Gas Turbine Speed [rpm ]

Fig. 3.8 Campbell diagram of shafting excitation

(forward engine)
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Fig. 3.9 Mode shapes of propulsion and lift shafting
(front engine, 13.6 Hz, 23.5 Hz)
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Fig. 3.10 Mode shapes of propulsion and lift shafting
(front engine, 204.1 Hz, 254.3 H=z)
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300 — Idle Speed Operating
Range

(14 order)

263.3[Hz]
250 (13 order) 249.1

2221
(12 order)

200 — Gas Turbine
Speed

N

N 167.0
T Propeller Blade
— Frequency * 2
_. 150 -
&)
5} 135.7
>
g 124.2
LI Propeller Blgde
Frequency*1
Engine Gear
100 Output Shaft )/
] 72.3
54.4
50 Lift Fan 6.9
Shaft Speed '
Propeller \
Shaft Speed \ . — 34.4

Il
|

0 4 8 12 16 Go
Gas Turbine Speed [rpm ]

Fig. 3.11 Campbell diagram of shafting excitation (rear engine)
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o s ! (owt),
1 : Gas turbine
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-35

Fig. 3.12 Mode shapes of propulsion and lift shafting
(rear engine, 222.1 Hz, 249.1 Hz, 263.2 Hz)
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Operating
Range
./(7 order)
258.3[Hz]
250 - 4 [Gorden 5277
J Gas T urbine
Speed
200 —
E (5 order) 161.9
— Propeller Blade
> 150 Frequency * 2
G
S
g 4 Propeller Blade
II Frequency*1
Engine Gear
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50 — 46.6
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Shaft Speed 4.1
4 —
—
7.7
0 T
I L) I L) I L) 3 1
0 4 8 12 16 G0

Gas Turbine Speed [rpm ]

Fig. 3.13 Campbell diagram of propulsion shafting excitation

(separate operation)
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Fig 3149 2= A% By A7) 5% 7bAgulRo)A xEo] zx &

omz atx BAG HAE 9% Aow 4748
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—A— 258.3Hz
1.0
05

Gas turbine

Relative amplitude

0

05

-1.0 Relative Enbine
amplitude 1 gear

-5 (in)

2.0

Fig. 3.14 Mode shapes of propulsion shafting
(separate operation, 251.1 Hz, 258.3 Hz)
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Idle Speed

300 Operating
Range
i 277.9 Hz
250 —
Gas Turbine
Speed
200 —
‘N
I
— 150 4 251.3
a 144.3
5 133.7
S
g 4
L.
Engine Gear
100 Output Shaft
Speed //
Lift Fan
50 — Shaft Speed
\ 38.8
| —
T
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0 g%
T T T T T T T 3 1 :
0 4 8 12 16 GO

Gas Turbine Speed [rpm ]

Fig. 3.15 Campbell diagram of lift fan shafting excitation
(separate operation)
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Fig. 3.16 Measuring position of torsional strain on lift fan shaft
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Polytec 4000 series rotational vibrometer
OFV-4000 controller, OFV-400 sensor head

- Non-contact laser measurement of torsional angular vibration
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- measurement range : — 7000 ~ +11 000 rpm
- Accuracy : £ 1% (£+ * 5rpm)

- Frequency range : 0.5 Hz ~ 10kHz

- Linearity error : <0.25 %

- Laser type : Helium Neon

- IEEE-488 and RS 232 interface protocol
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Fig. 3.17 Measurement of torsional vibration strain
on lift fan shaft
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Fig. 3.18 Torsional vibration strain on lift fan shaft
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Fig. 4.1 Model of shaft system for mathematical
analysis of axial vibration
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Table 4.1 Modeling method of shaft system

No. Excitation source Modeling method
1 Unbalance
2 Lift fan impeller passing frequency Mass—elastic model
3 Propeller blade passing frequency
4 Natural frequency of lift fan impeller Three dimensional model
for propeller blade and
5 Natural frequency of propeller blade impeller
Table 4.2 Model of shaft section
shaft section from to
- after end of propulsion low
1 propeller shafting
propeller shaft speed gear
. . propulsion  high lifting high speed
2 drive shafting
speed gear gear
) - lifting slow speed .
3 lift fan shafting forward lift fan
gear
M
Propulsion Gas Turbine
Propeller ~ Gear T = Dividing Point
shaft ; 5
section JL Y 4 Lifting
i i Gear
j,(: -4~ Clutch +- _
Propeller T "_EM=r— m mig—pio il Is_Lfiti fftan
it ! = = E*:(El section

Dividing Point

Engine Gear

Engine Gear

Drive
shaft

-" Lifting Fan

section

Dividing Point

Fig. 4.2 Dividing point for mass and elastic model
of propulsion and lift shafting
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sTUB PROPELLER PROPULSION
SHAFT( m” GEAR(m,5)

THRUST THRUST

BEARING(krs) BEARING(kyg,)  DEARING(Ka)
(a) Propulsion shaft section

BEARING BEARING
PROPULSION  (Kaz) ENGINE  MANUAL  (k,) ENGINE  LIFTING

GEAR CLUTCH GEAR GEAR
GEAR(mM
(mz,) ) (g ANV (o (mye)
BEARING BEARING BEARING BEARING BEARING
(kB21 ) (kB23) (kB24) (kB26) (k827)

(b) Drive shaft section

BEARING
LIFTING  (k LIFT FAN

) (Kas,) LIFT FAN
GEAR 8 IMPELLER 8% IMPELLER
(megg) (Maggy) (Mggs)
BE&\R")“G BEARING BEARING
831 (Kgga) (Kgas)

(c) Lift fan shaft section

Fig. 4.3 Mass and elastic model of propulsion and lift shafting
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Fig. 4.4 Solid model of propeller blade

_54_



Z
2

-
o
o
=)
o
o
=
=)
B

ELEMENT 2

—
o
el
)
o
o

Fig. 4.5 Solid model of lift fan impeller

422 ¥ A=

oy

2

o] AISI 4140 A

2. Table 3.2

Al A=A

=
=

o

el

~o

o

o
‘mwo
]

—_

B
oF

)

—

jut

a%)

N
Mo
Nfo

o)
el
70

o

o

ol
\ao
o]

—_—

Bl

oF

=

s

<

|

oM A

Hr

gl

-

jate]

B
)
Mo

‘mwo
el

-—

ol

ATt

3

Table 4.3 | A A|

_55_



Table 4.3 Major mass components in the model
of the axial vibration analysis

No. Item Mass [kg]
Propeller shaft section
mi Stub shaft assembly (part of propeller assembly) 210.0
mie Propeller 350.0
miz | Propulsion gearbox(low speed gear wheel) 255.0
Drive shaft section
mo1 | Propulsion gearbox(high speed gear wheel) 53.0
moo Engine gear 45.0
mo3 | Manual disconnect clutch 10.0
Moy Engine gear 45.0
mos Lifting gearbox(high speed gear wheel) 35.0
Lift fan shaft section
mai1 Lifting gearbox(low speed gear wheel) 135.0
mse Lifting fan impeller 290.0
mss Lifting fan impeller 290.0
wWojs 7 woly ol B wE Ey wojygoz Al FuA WY
Al el A Aol skl Mol AAAGFTE ofF =2 ghelmz ol gy
A2 FAE g e golth whebA dojd AAd B AA Fdas A
A AHE WARGAA AT AEe, FE A= Table 4.4 9% 2t
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Table 4.4 Bearing stiffness in the model
of the axial vibration analysis

No. Bearing location Axial stiffness [MN/m]
Propeller Shaft Section
Krp1 propeller strut 13.5
Krp2 propeller strut 13.5
KkB11 propulsion gearbox (fwd) 41.9
Drive Shaft Section
kp21 propulsion gearbox (aft) 49.7
kg2 engine gearbox 21.0
kg3 engine gearbox 20.7
ko4 engine gearbox 10.0
kgos engine gearbox 21.0
kg2 engine gearbox 20.7
kpo7 lift gearbox (aft) 30.8
Lift Fan Section
K31 liftt gearbox (fwd) 354
kp32 lift fan bearing 68.3
kpa33 lift fan bearing 68.3
Kkpa4 lift fan bearing 68.3
kpss lift fan bearing 68.3
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224 %N ARz @AY A 7IFvsE Adstd Table
4.5 9 2.

Table 4.5 Axial exciting frequency of system

. Exciting
Operating range [rpm]
N Part frequency[Hz] R "
© arts Idle Normal operating | Idle Operating emar
Rev. range Rev. range
1 [Shaft of 9600 | 13,000~16,000 | 160 | 216.7~266.7
gas turbine
Shaft of
2 lengine gear 3,480 4,712~ 5,800 58 785~96.7
output

408 | 552.0~679.2 | 24 blade*1

lifting fan

Natural frequency
of impeller

65 88.0~108.3 5 blade*1

4 Shaft of 720 1,056~ 1.300 13 176~21.7 Shaft
propeller

Axial

Natural frequency

of propeller Axial

432 FAFA
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Case 1 :

Case 2

FRFo] B AEFHer Qs FX7]ojer dds ZLE
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=

Propulsion
Gear

_-' '-_ Shaft axially
jrmrim = - free movement
i e '

Bearing

— =

L ==

Ball spline

Fig. 4.6 Arrangement of propulsion shafting system

Table 4.6 Natural frequencies of propeller shaft section

Mode Natural frequency [Hz]
Case 1 Case 2
(order) (shaft not stick) (shaft stick)
1 36.9 39.6
2 575 83.0
3 519.6 159.6
4 962.0 552.1
5 1095.8 962.5
6 1736.8 1097.0
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Fig. 4.7 Campbell diagram of propeller shaft excitation
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Idle Speed Operating
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Fig. 4.8 Campbell diagram of propeller shaft excitation
(propeller blade)
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PROPELLER ELADE

Fig. 4.10 Mode shape of propeller blade (7.5 Hz)
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PROFPELLER BLADE

Fig. 4.12 Mode shape of propeller blade (15.4 Hz)
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Table 4.8 Natural frequencies of drive shaft section

Vibratory mode Natural frequency [Hz]
1 446
2 79.6
3 103.9
4 1373
5 144.1
6 149.3
1.5
1o % Shaft )
i i Flexibl Flexible
o g5 | Flexible Flexuple FIemtﬂe ‘/csjénr?g Floxtle
3 coupli coupling /coupmg
= r\i Shaft
5 0.0 s eeeesd Manual Engine Relative Lifting
: Propulsion  Engine Cluteh(m,z) Gear(my,) | amplitude :1 Gear(m,s)
s Gear(m,,)  Gear(my,)
-0.5 [
-1.0
-1.5

Fig. 4.14 Mode shape of drive shaft (79.6 Hz)
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Fig. 4.15 Campbell diagram of drive shaft excitation
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Frequency [Hz]

Idle Speed Operating
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Fig. 4.16 Campbell diagram of lift fan shaft excitation
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Idle Speed Operating
50 Range
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Fig. 4.17 Campbell diagram of lift fan shaft excitation
(lift fan impeller)
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Fig. 4.19 Mode shape of lift fan impeller (39.0 Hz)
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(1) #7224 (propeller shaft section)

(2) 75 =7 (drive shaft

section)

(3) H-oF=7A (lift fan shaft section)

Fig. 5.5, Fig. 5.6 ¥ Fig 572 7 % R 4F7 2dg ol
Table 5.1 Model of shaft section
shaft section from to
) after end propulsion low speed
1 propeller shafting
of propeller shaft gear
. ) ropulsion high speed]| ... .
2 drive shafting i SV lifting high speed gear
gear
s i lifti 1 d .
3 lifting fan shafting 'l BB forward lift fan
gear
Propulsion Gas Turbine
Propeller Gear i Dividing Point

shaft
section

r
i
i
i
\

\ Lifting
\ Gear
Clutch - )
Sl S p=Ms Lift fan
== ==t =dE =Y. shaft
: - - 57’ section
Engine Gear Engine Gear EHE
Brive .': = Lifting Fan
shaft jﬁ = = =
section 1 ===

<

Dividing Point

Fig. 5.4 Dividing point for mass and elastic model
of propulsion and lift shafting
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Fig. 5.5 Model of propulsion and lift shafting
(propulsion shaft section)
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Fig. 5.6 Model of propulsion and lift shafting
(drive shaft section)
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Table 5.2 Major mass components in the model
of the lateral vibration analysis

Mass moment of inertia
Mass 2
No. Item kg - m” ]
[kg]
Polar Transverse
Propeller shaft section
mi1 | Propeller 350.0 95.5 50.1
mi2 | Propulsion gearbox (low) 255.0 27.7 13.8
Drive shaft section
mo; | Propulsion gearbox(high) 53.0 0.183 0.129
ma2 | SSS clutch 14.0 0.14 0.07
mos | quill shaft disc 34.2 0.027 0.014
mos | SSS clutch 14.0 0.14 0.07
mos | Lifting gearbox(high) 35.0 0.13 0.093
Lift fan shaft section
ms; | Lifting gearbox(low) 135.0 8.92 45
msp | Lifting fan impeller 290.0 92.6 46.7
ma3z | Lifting fan impeller 290.0 92.6 46.7
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Table 5.3 Bearing stiffness in the model
of the lateral vibration analysis

Stiffness [MN/m]

No. Bearing  Location Athwartship Vertical
Propeller Shaft Section
k1 propeller strut 71.4 250.0
krp2 propeller strut 71.4 250.0
kp11 propulsion gearbox (low) 4230.0 4230.0
kg12 propulsion gearbox (low) 4230.0 4230.0
Drive Shaft Section
kp21 propulsion gearbox(high) 1335.0 1 330.0
kg2 propulsion gearbox(high) 1335.0 1 330.0
kg3 engine gearbox 25.3 24.2
ko4 engine gearbox 25.3 24.2
kgos engine gearbox 25.3 24.2
kpos engine gearbox 25.3 24.2
Kkp27 engine gearbox 25.3 24.2
Kpos lift gearbox (high) 1070.0 1070.0
Kp2o lift gearbox (high) 995.0 995.0
Lift Fan Section
Kps31 lift gearbox (low) 2 660.0 2 660.0
K32 lift gearbox (low) 2 660.0 2 660.0
kpa3 lift fan bearing 71.2 71.2
Kkpa4 lift fan bearing 71.2 71.2
kp3s lift fan bearing 71.2 71.2
Kp3s lift fan bearing 71.2 71.2
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Table 5.4 2} 2},

Table 5.4 Lateral exciting frequency of system

. Exciting
Operating range [rpm]
No Parts frequency|Hz] Remark
Idle Normal Idle | Operating
Rev. | operating range | Rev. range
1 Shaft Of. 9 600 13000~16000 | 160 |216.7~266.7] unbalance
gas turbine
Shaft of
2 lengine gear| 3480 4712~5 800 58 785~96.7 | unbalance
output
3 S.h?ft of 1020 1381~1700 17 23.0~28.3 | unbalance
lifting fan
4 Shaft of 780 1056~1 300 13 17.6~21.7 | unbalance
propeller

_90_



532 FAFA

220579 A490F A4 A7, Table 55 3 4719 B 42550 o
ol Aelzrmem ERE meHA e AF L nAR A A A% 5

AFAA 1FFFFE BolFa gt
Table 5.5 3 Fig. 58 71 AXolAx B+ nvpe} o] A/ 55 14, 23
B9 M3 EH(forward whirl) = 3
0 oA dAstA = dAel YeEbdth o3 w5 A (Table 5.3)°]
ZzdAy HES Fxw Add FAWYE Aol FHWIFRY 354 ol &
o} 2

ol olvtA HAAHEA wet e E ?ﬂ’?}o]ﬂr.[gg]

B
i
oot
Qo
il
fult)
o
@]
<
D
—
w
(@)
=
5
=
E

e 7hAER M

12 = Y4 Fig. 5904 R+ uiel o] Z=zdy Aoz Qs =
o fd AZYeIA Ao A Fo] WA

Table 5.5 Natural frequencies of propeller shaft section

Mode Natural frequenc.y [Hz] |
(order) Without gyroscopic effect With gyroscopic effect
(at max. shaft speed)
Reverse 22.5 20.3
1st
Forward 28.7 30.8
Reverse 4277 42.2
2nd
Forward 43.8 449
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Fig. 5.8 Campbell diagram of propeller shaft excitation
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Table 5.6 Natural frequencies of drive shaft section

Natural frequency [Hz]
Mode
(order) Without gyroscopic effect With gyroscopic effect
(at max. shaft speed)
Reverse 28.4
1st 31.7
Forward 37.6
Reverse 154.4
2nd 158.4
Forward 162.4
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Fig. 5.19 Campbell diagram of drive shaft excitation
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Table 5.7 Natural frequencies of lift fan shaft section

Natural frequency [Hz]
Mode
(order) Without gyroscopic effect With gyroscopic effect
(at max. shaft speed)
Reverse 29.8
1st 374
Forward 48.7
Reverse 99.5
2nd 101.2
Forward 103.1
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Fig. 520 Campbell diagram of lift fan shaft excitation
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