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A Study on the Application of Carbon Fiber Reinforced Plastics to PTO
Shafts for Aircrafts

Kwang Il Jeong*, Wonki Kim*, Jae-Moon Jeong*, Jaehyung Oh*,
Yun Hyuk Bang**, Seong Su Kim*'

ABSTRACT: This paper aims to improve the critical speed of power-take-oftf (PTO) shafts by using carbon fiber
reinforced plastics (CFRPs). The PTO shaft was designed with titanium-CFRPs hybrid structure in order to
compensate the low shear strength of CFRPs. Based on the requirements for PTO shafts, the dimensions of PTO
shafts were determined through a parametric study. To evaluate the performance of the PTO shaft, a vibration test, a
static torsion test, and a torsion durability test were performed. In the vibration test, the critical speed of PTO shafts
was 20570 rpm, which was 7.5% higher than that of titanium shafts. Additionally, it was confirmed that the maximum
allowable torque of the PTO shaft was 2300 N-m. Finally, under repeated load in the range of 11.3 to 113 N-m, the
fatigue failure in the PTO shaft did not occur up to 10° cycles.
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Table 1. PTO shaft requirements [6]

Properties Requirements
Length 650 mm
Outer diameter 40-60 mm
Thickness 1-4 mm
Static torque capability > 960 N-m
Buckling torque capability > 960 N-m
Critical speed (Natural frequency) > 21,000 rpm
Torsional resonance >750 Hz
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f,: Critical speed of metal

L: Length of shaft

I: Moment of inertia

E,: Elastic modulus of metal
p,: Density of metal

A, Area of shaft
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Fig. 3. Stacking angle of titanium-CFRP PTO shaft
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f,: Critical speed of metal
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f;: Torsional natural frequency

L: Length of shaft

G,,: Shear modulus of metal

I, Mass moment of inertia of metal
J,- Polar moment of inertia

G,,: Shear modulus of CFRP

I);c,s Moment of inertia of CFRP
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Table 2. Shear modulus of materials

Titanium CFRP
(Ti-6Al-4V) (USN 150)
Shear modulus (GPa) 35 5.6
Density (kg/m®) 4620 1550
Specific shear modulus
(GPa m3/kg) 0.0076 0.0029
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Fig. 5. Torsional resonance of titanium-CFRP
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Table 3. PTO shaft specifications

Length

Titanium tube diameter

Titanium tube thickness

Number of composites plies (USN150) 4
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Fig. 7. Curing cycle of titanium-CFRP PTO shaft



384 Kwang Il Jeong, Wonki Kim, Jae-Moon Jeong, Jaehyung Oh, Yun Hyuk Bang, Seong Su Kim

222222272242/

Impact hammer

Accelerometer
PTO shaft

Fast Fourier
Charge amplifier - Tﬁlﬁfﬂflvl':e{FFTl
analyzer

Fig. 8. Vibration test setup

3.2 Xs MH

A2 PTO Az o] o] & hajul2 =243l 9]
3 215 A Fig. 87} 20 aE ek PTO AFZEL A
wol A Hol A2 T E o] = Age] YL A
3tF At 7h5 = A (Accelerometer) = AFSZ E O] 5-¢Fo A
5cm Holl Aol F2Elow 54 smet oA st
%2 7](Charge amplifier)o]] JAE It} 524 s|H=Z PTO
ARZEO| WFS 718t Hsl SE7| o vk 455 Y
a1 314 3Ea]o]| ¥HE)l(Fast Fourier Transform, FFT) £-4]
715 &8l AlTE A Ysirh AE Al 200 HHE o]

A3t

—

3.3 X H|EE AE

42 BlEY A2 BlEH AIE7](MTS 21545 Actuator,
MTS system corporation, USA)S o|&3}o] 43 & i}
Fig. 90| A4 w59 Al du] 445 243 yetilth H
S8 A AL(ige AFZEZH A E S0 EER A4
Hlom, 2710 71 A A 1 A Aol o AFZETE o5 E]
= A& FAS7] 98 AFZE ERE AL Folet 5Y
3 7Zojo) 7 Y5 v AL E o] Aaral
oh A Sl d 6o0) SRR AASHAR ApLE o] 7}
wo] WA W7 AEE Aashelet

3.4 HIEE 7Y AH

HEY Y AEe HH vEY AE Ao ge 7
Aoz AgEgon, 5t A0 R E=PTOAFZES] 9
T AFgFel 11.3 N'om~113 N-m ¥ $¢]2] ETE 10° 3] wHs}

Torsion test setup

-
i
.’ -

L

Fig. 9. Experimental setup of static torsion test

400

g

&
g

U0 UL NRUCDRLE AR RRLESRRLDRLASRACARLL BRI
LR LR

a

[+] 2500 5000
Cycles

Torgue (Nm)
g
Torque (Nm)

o
2
=]

a 200000 400000 G00D00 B00000 1000000
Cycles

Fig. 10. Loading condition of torsional durability test

w7 Hz2 AE o Fig 10
U Yol FAH 0= 5150l

Fig. 112 E| b AHLES} ¥ Sha g 743} 231
2 PTO ApLEo] 2% A9 27he rehuic. e o4
QA SEt AT T WS A5 AU Fake]
s, A2kEl PTO ARLES] Q7] 4= 342 Hy(20570
rpm) 2.2 ElEg AFEZE (19100 rpm)o]| H]3 7.5% A= L
o] g7 = 7)) 21000 rpme] I RS Bk,
oLt PTO ARLE ] QA St 4] ()2RE A1%H 3t
Q1 25090 rpmE.T} 18% W2 A o &2 FFo|w|Ql o, o] A}
£ sfojmels pao] Alx T4 Fol AT A7
3} A AH ] Fhgow QAT B we] L4l 7] AF 2
o= ghehdT.

E3F A5 PTO ARZES] Zh4u]i= Fig. 129 4] (6)&
Bol FAHAT (3} G A5l that wg Aze) Hu
Zhth 3dB W Wk Ao sjdEls Fues e
o AlAPE PTO ARZE O] 24l 12% 7] Elehs AF
e (0.4%) Hulste] 30 S71519S-S SHelstelct.

80 :

—Ti
——CFRP-Ti

60

Frequency response
(dB)
&

0 200 400 600 800
Frequency (Hz)

Fig. 11. Frequency response with respect to frequency



A Study on the Application of Carbon Fiber Reinforced Plastics to PTO Shafts for Aircrafts 385

(a) =80
3Z60 lgdg """ Ti
(T s s i ; w:318.9Hz
2 €40 f /\f2 13197 Hz
g8 ’/ £2:317.0 Hz
u $20 v-

= 280 300 3207w 340 360
Frequency (Hz)

(B) g
58 (1367 Ti-CFRP
= B e o w: 3428 Hz
240 g0 f1:346.9 Hz
g8 x -
(T E 20 \i" ‘K

320 w340 360 280 400
Frequency (Hz)

Fig. 12. Damping ratio estimation

. P Jr e )ﬁ.l (6)
Damping ratio = P

fi» f,+ Half power frequencies

w: Critical speed

A HIEH Al Zai‘i”r—‘: Fig. 130f] UpE} 01, 2300 N-m
o] EIE 7FekE W wpcho] WhAEE ISk o]
+ AlIAHE PTO ARZEZLE 2 58 B2 7]5(960 N-m ©|
A& FEASS Yu|eth PTO AFZE O] w2 Fig.
149} Zro] gt 73t B4 & FE oA ‘ﬂ”ﬁ;}‘ﬁﬂ
9] Aol ke g ¥ (Crack)o] MutE S5
Aok, 1 gigdo] ¥RIE E 2300 N-m= Hashm criteria
£ &l AFEE B8} 4200 N-meoj] H]aff vfj-¢- w2 7t
o, ot Hghrel Az Bt WEY AF 219
AN A L B F 02 BHE B3 uEY

AE A9 ARl H ATES] 1T 9 s B
QAo ehadg Hule] warol WASH B3, o] B4
3000
E 2000 \
< Failure start
1]
=]
g 1000
h ------------ ’ -----------
/
Torque capability requirement
0
0 10 20 30
Angle of twist (°)

Fig. 13. Static torsion test result

Shaft failure

Fracture 1
composite layer
in fiber direction

Fig. 14. Fracture of titanium-CFRP PTO shaft

-

.
"
ok
i

=
w

= | =
— % 02 502
?Z' l‘% 0.1 E o1 ([l A
Sos|| 3 Al 1110
E ® 0 ® 0
= < o 1000 2000 < 998000 999000 1000000
o 04 Cycles Cycles
[
e
‘: _I
o 200000 400000 BO0000 BOOHDD 1000000
Cycles

Fig. 15. Torsional durability test: angle of twist for 10 cycles

%%%q

HEY WA Al
% 2t Fig. 159 ek on] o] Zo] AasolE o
v A ol A SIS w8 Ak PTO
AREEL ol S50l 10° 41 ol £ 7
= so= B

2l B0 gk ARZES] W]

oX, i

=

52 E
2 ApollAe Badg Ast HPA R 98714 PTO
AFZEO| i3t 28-S BREF slo] PTO AFZEO|A 9

q
= B3 83 %1741 = HEY G Ae4E LT

712 AAE AWk s g Aok B R 7
o] Ssto] ALLE] A HES PN 4 Yk o
o] QAR HE =7} e wigo] 9lo] o2 Beka]

913) ElEbs T Al f 4 BEAR ol HE TxE
AT A& ALSHALh PTO AT E A 8751 &
o 518 E22 neiste] o2 5k ek FH 9
Ak A 2% BEAAT AA SE9 IEY 1h 2
5712 3547 HAY 128 A% ARt
St AlAke PTO ABLES] A B S13) W A%,
B4 0)5Y AF, EY U Agel 2AE g A
Ant= et ek
(1) A% A3 AL 20570 rpmo] YA £E2 7Fd A

A



386 Kwang Il Jeong, Wonki Kim, Jae-Moon Jeong, Jaehyung Oh, Yun Hyuk Bang, Seong Su Kim

2 UEgoy EEg ARZE giu|sto] 7.5% A Sl
R 1.2%2] HAHIE 7H Ao R FelE .

(2) AA HEF AP E3)] PTO AFZES] AU 58 E
=7} 2300 N-mZ 3 7|&2 =2A]7])= AL Felstict.

(3) AFHOR 113113 Nom ¥ 9]9] 5152 whsl v
9 W4 AI-OIAE 10° Aol 2 F2t g2 uha]7h Ay
8]_11 ok 74 og _\7:17].51041;}

F5 2 Aol A A B e - A e S A
2 slo|ne|= F32] PTO ARLETL 44| F37]0) 1 ¢

7] QoA /1A 0 A o] Sy ofof Stk 93
17 s B sl $g §ol B A

Oﬂﬂﬂ “E% e

(P0017006, 20211 AF41 S A1 Q141 2] AAFL).

REFERENCES

1. Lee, J.H., Kang, B.S., Yu, H.S,, Lee, ].M., and Cho, H.Y., “Devel-
opment Test for Flexible PTO Shaft Made of Ti alloy for Air-
craft Transactions of the Korean Society of Mechanical
Engineers A, Vol. 40, No. 8, 2016, pp. 759-765.

2. Kim, JK,, Lee, D.G., Choi, ] K, and Kim, LY., “A Study on
Adhesive Joints for Composite Driveshafts,” Composites Research,
Vol. 14, No. 2, 2001, pp. 13-21.

3. Lim, S.H., On, S.Y,, and Kim, S.S., “Study on the Flow Char-
acteristics of the Epoxy Resin w.r.t. Sizing Materials of Carbon
Fibers,” Composites Research, Vol. 31, No. 6, 2018, pp. 379-384.

4. Bang, K.G., and Lee, D.G., “Design of Carbon Fiber Composite
Shafts for High Speed Air Spindles,” Composite Structures, Vol.
55, No. 2, 2002, pp. 247-259.

5. Lee, D.G., Demski, N.M., Lee, D.G., and Nam, S.H., “Method
for Manufacturing Metal/Fibre Composite Hybrid Propeller
Shafts with Increased Reliability and Productivity,;” KR Patent
No. 10-1818626-0000, Jan. 2018.

6. Gargiulo, D.J., “Design and Development of a Power Takeoff
Shaft” Journal of Aircraft, Vol. 23, No. 12, 1986, pp. 876-880.



