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Introduction : Background

경량화된 모델에서 응력집중부 해결과 높은  갖도록 하는 중공구조가 요구됨.

참고자료/1.NTSB-Final-Report-UA328-Engine-Failure.pdf
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Introduction : Background

𝜎

 수요와 기술력에 따라, 확실한 강성 보장이 필요함

- FINTECH 기술 시장 보고서 中 - Maximum stresses in blade versus rotor speed



- NDI Process Failures Preceded B777 PW4077 Engine FBO - Aerossurance

中
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Introduction : Background

https://aerossurance.com/safety-management/ndi-failures-b777-pw4077-fbo/
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Introduction : Background

- LLP management for widebody engines ( MAINTENANCE & 
ENGINEERING)
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Introduction : Research Objective
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Flow Chart

▪

▪

▪
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Flow Chart : Verification

⇒ ⇒
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Flow Chart : Optimization
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Flow Chart : Optimization
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Reference Model : B777 – PW4000

PW – 4000 Model

Modeling
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Reference Model : B777 – PW4000

Thickness Chord Length Twisted Angle

Root 250 % 317.5 mm 15 ˚

Tip 100 % 565.2 mm 45 ˚

Root

Tip
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𝑟𝑎𝑑/𝑠

Τ𝑘𝑔 𝑚3
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Model Analysis : Forces acting on the Blade

Blade

By Rotor
Centrifugal 

Force

By Air
Aerodynamic 

Force

Wind Turbine Blade Forces - Windmills Tech

▪ Blade에 작용하는 힘은 크게 로터에 의한 원주응력을 일으키는 

회전력과 공기에 의한 항력, 중력이 존재

▪ 중력에 의한 효과는 무시하며, 양력에 의한 효과는 관련 연구를 

참고하여 고려하지 않았다. 

https://windmillstech.com/wind-turbine-blade-forces/
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Aerodynamic Analysis

▪

▪

▪

▪
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Aerodynamic Analysis

▪



𝑇 = −56.5℃

Capstone Design

Property

𝜌 =
𝑃

𝑅𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑇
= 0.365𝑘𝑔/𝑚3

𝑑𝐹 = 𝑔𝑑𝑚 = 𝑔𝜌𝑑𝑉 = −𝜌𝑔𝐴𝑑𝑦, 𝑑𝑃 =
𝑑𝐹

𝐴
= −𝜌𝑔𝑑𝑦

𝑃𝑉 = 𝑛𝑅𝑇 =
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𝑀
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𝑉
=
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=

𝑀

𝑅𝑇
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𝑑𝑃 = −𝜌𝑔𝑑𝑦 = −
𝑀𝑔

𝑅𝑇
𝑃𝑑𝑦, 𝑅 = 𝑁𝐴𝑘𝐵 , 𝑀 = 𝑁𝐴𝑚, 𝑚

න
𝑃0

𝑃(𝑦) 𝑑𝑃

𝑃
= න

0

𝑦

(−
𝑀𝑔

𝑅𝑇
) ln

𝑃

𝑃0
= −(

𝑀𝑔

𝑅 𝑇
)𝑦 ∴ 𝑃 = 𝑃0𝑒

−
𝑀𝑔

𝑅𝑇
𝑦 → →
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Property 

KOCW/document/pusan/leeinwon(kocw.net)

𝝁 = 𝝁(𝑻)

𝜌 =
𝑃

𝑅𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑇
= 0.365𝑘𝑔/𝑚3

http://vod3.kocw.net/KOCW/document/2017/pusan/leeinwon/3.pdf
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Modeling

𝑉𝑚𝑎𝑥 = 263.89 𝑚/𝑠

𝑚

𝑘𝑚/ℎ

%

𝑚

𝜖 =
𝐶𝜇

4
3 𝑘

3
2

𝑙
= 2,322.87 𝑚2/𝑠3

𝑘 ≈
3

2
𝐼 × 𝑉𝑚𝑎𝑥

2 =
3

2
0.05 × 263.89 2

= 273.4𝑚2/𝑠2
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Modeling

▪

▪

▪

▪

Inlet_v

Outlet_P

Wall
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CFD : Acusolve

𝑃𝐼𝑛𝑙𝑒𝑡 = 17.63 𝑘𝑃𝑎

𝑃𝑂𝑢𝑡𝑙𝑒𝑡 = −15.68𝑘𝑃𝑎

Δ𝑃 = 𝟑𝟑. 𝟑𝟏𝒌𝑷𝒂

𝐹𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 = Δ𝑃 ∙ 𝐴𝑓𝑟𝑜𝑛𝑡 = 𝟏. 𝟑𝟔 𝒌𝑵

𝐴𝑓𝑟𝑜𝑛𝑡 ≈ 0.041 𝑚2

▪

▪
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CFD : Acusolve

𝜏𝑚𝑎𝑥 = 0.0927 𝑘𝑃𝑎

𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝜏 ∙ 𝐴𝜏 = 𝟔𝟒 𝑵

𝐴𝜏 = 0.338𝑚2 + 0.353𝑚2 = 0.69𝑚2

𝑭𝒇𝒓𝒊𝒄𝒕𝒊𝒐𝒏

𝑭𝒑𝒓𝒆𝒔𝒔𝒖𝒓𝒆
≈ 𝟏𝟎−𝟐 ∶

▪

▪
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CFD : Acusolve

▪

▪
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Aerodynamic Analysis : Result

∴
𝜎𝐴𝑒𝑟𝑜
𝜎𝑐𝑓

≈ 10−5 ⇒

⇒

𝜎𝑚𝑎𝑥 =
𝑀𝑚𝑎𝑥 ∗ 𝑦

𝐼

⇒ 𝑀𝑚𝑎𝑥 = 1430𝑁 ∙ 𝑚

𝑦 = 160𝑚𝑚, 𝐼 = 3.3 ∙ 10−3 𝑚4

∴ 𝝈𝒎𝒂𝒙 ≈ 𝟔𝟗. 𝟑𝟒 𝒌𝑷𝒂

𝝈𝑨𝒆𝒓𝒐 ≤ 𝟔𝟗. 𝟑𝟒 𝒌𝑷𝒂

𝐹𝐷 = 𝐹𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 + 𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 1.43 𝑘𝑁

Wind Turbine Blade Forces - Windmills Tech

* Choi M., Aerodynamics of a Tandem-Bladed Axial Compressor Rotor under 
Circumferential Distortion at Different Rotational Speeds, 2011, ASME Journal of 
Turbomachinery 

X Y

Z

https://windmillstech.com/wind-turbine-blade-forces/
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Structural Analysis

▪

▪

▪
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Structural Analysis

▪
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⇒
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휀 =
𝜎

𝐸
+ 𝐾(

𝜎

𝐹𝑡𝑦
)𝑛 휀 =

𝜎

𝐸
+ 0.002(

𝜎

𝐹𝑡𝑦
)𝑛

𝑛 =
ln(

𝜀𝑢𝑠
0,2

)

ln(
𝐹𝑡𝑢
𝐹𝑡𝑦

)
𝑤ℎ𝑒𝑟𝑒 휀𝑢𝑠 = 100(휀𝑟 −

𝐹𝑡𝑢
𝐸
)

𝐹𝑡𝑢 𝐹𝑡𝑦 휀𝑟
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*글씨가 작아, parameter 표 첨부합니다.
위의 왼쪽부터 순차적입니다.

𝑙𝑒𝑛𝑔𝑡ℎ
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F = 𝑚𝑟𝜔
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Modal Analysis

▪

▪

▪

▪



Capstone Design

Modal Analysis

▪
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Rotating Cantilever Beam Model Assumption

Ԧ𝑎1
Ԧ𝑎2

𝑥

𝑠

𝑥

𝑃

𝑃0

𝑢1

𝑢2

𝑋

𝑌

𝑂
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Assumed Mode Method

−𝑐 ሶ𝑞𝑣 + 𝑄𝑣 𝑡 − 𝑘𝑞𝑣 −𝑚 ሷ𝑞𝑣 𝑑𝑞𝑣 = 0

𝑚 ሷ𝑞𝑣 + 𝑐 ሶ𝑞𝑣 + 𝑘𝑞𝑣 = 𝑄𝑣 𝑡

𝛿𝑊∗ = 𝛿𝑊𝑛𝑐 − 𝛿𝒱 + 𝛿𝑊𝑖𝑛𝑒𝑟𝑡𝑖𝑎 = 0 

Bending

Axial

𝑚 = න
0

𝐿

𝜌𝐴(1 + 𝛼 − 1
𝑥

𝑙
)(1 + 𝛽 − 1

𝑥

𝑙
)𝜓2 𝑥 𝑑𝑥

𝑘 = න
0

𝐿

𝐸𝐴(1 + 𝛼 − 1
𝑥

𝑙
)(1 + 𝛽 − 1

𝑥

𝑙
) 𝜓′′ 𝑥 2𝑑𝑥

𝑐 = 0

𝑄2 𝑡 = 0

𝑘𝑖

𝑏0
𝑏1

𝑥 − 𝑦 𝑝𝑙𝑎𝑛𝑒 ∶ 𝛼 =
𝑏1

𝑏0
 , 𝑥 − 𝑧 𝑝𝑙𝑎𝑛𝑒 ∶ 𝛽 =

𝑏1

𝑏0
 

𝑚 = න
0

𝐿

𝜌𝐴(1 + 𝛼 − 1
𝑥

𝑙
)(1 + 𝛽 − 1

𝑥

𝑙
)𝜓2 𝑥 𝑑𝑥

𝑘 = න
0

𝐿

𝐸𝐴(1 + 𝛼 − 1
𝑥

𝑙
)(1 + 𝛽 − 1

𝑥

𝑙
) 𝜓′′ 𝑥 2𝑑𝑥

𝑐 = 0

𝑄2 𝑡 = 0

Tapered Beam Model
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Structural Dynamics : Analytic

cosh 𝜆𝑖 cos 𝜆𝑖 = −1

𝜔2𝑀 − 𝐾 𝜉 = 0

𝑀𝑖𝑗 = න
0

1

𝜓𝑖,𝑥𝜓𝑗,𝑥𝑑𝑥

𝐾𝑖𝑗 = න
0

1

𝜓 𝑖,𝑥𝑥𝜓 𝑗,𝑥𝑥𝑑𝑥 + ഥ𝜔2 −න
0

1

𝜓𝑖𝜓𝑗𝑑𝑥 + 𝛿 න
0

1

1 − 𝑥 𝜓𝑖,𝑥 𝜓𝑗,𝑥𝑑𝑥 +
1

2
න
0

1

1 − 𝑥2 𝜓𝑖,𝑥𝜓𝑗,𝑥𝑑𝑥

𝜓𝑖 𝑥 = cosh
𝜆𝑖𝑥

𝐿
− cos

𝜆𝑖𝑥

𝐿
−
cosh 𝜆𝑖 + cos 𝜆𝑖
sinh 𝜆𝑖 + sin 𝜆𝑖

sinh
𝜆𝑖𝑥

𝐿
− sin

𝜆𝑖𝑥

𝐿

𝑑𝑒𝑡 𝜔2𝑀𝑖𝑗 − 𝐾𝑖𝑗 = 0

* 공간 편의상, Tapered Ratio항 제외
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Structural Dynamics : MATLAB Code
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Structural Dynamics : Simsolid

⇒
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Structural Dynamics : HyperWorks 2022.2

▪

▪

▪

▪
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Structural Dynamics : HyperWorks 2022.2

▪

▪

±5%
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Structural Dynamics : Campbell Diagram
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Modal Analysis : Result 

Line Type Meaning

Meet with Engine Order Line

Operating Line within Safety Condition

Mode Line

⇒
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Modal Analysis : Result 

* O Matsushita ,Vibration Analysis of Blade and Impeller Systems(2017), pp.31-35
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▪

▪

▪
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Fatigue Analysis

▪
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𝑟𝑎𝑡𝑖𝑜 =
𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
=
𝜎4,000𝑅𝑃𝑀 − 0.05 ∙ 𝜎4,000𝑅𝑃𝑀
𝜎4,000𝑅𝑃𝑀 + 0.05 ∙ 𝜎4,000𝑅𝑃𝑀

=
906.3

1001.7
≒ 0.905



Altair Optimization Contest



Altair Optimization Contest

▪

▪

▪

▪
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≤ ≤

≤ ≤

≤ ≤

≤ ≤

≤ ≤

≤ ≤

≥ 1
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𝑅2 = 1 − Τ𝑆𝑆𝐸
𝑆𝑆𝑇

𝑅2
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𝑅2 0.66 → 0.78
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≥ 𝟏
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⇒

𝜎𝐴𝑒𝑟𝑜

𝜎𝑐𝑓
≈ 10−5

⇒

⇒
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大韓機械學會論文集

https://aerossurance.com/safety-management/ndi-failures-b777-pw4077-fbo/
http://www.doopedia.co.kr/
http://vod3.kocw.net/KOCW/document/2017/pusan/leeinwon/3.pdf
https://blog.altair.co.kr/40249/
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Team 공공학도 였습니다!
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