/\ ALTAIR

23J12 EE U OIELS ZILH=I=E ¢

Team 35S/
HBITETONSID HNE H#OIDY BT AR
Xewpl  ZHE sy

Korea Aerospace Univ.



% Altair Optimization Contest
. Index

01. Introduction 04. Modal Analysis

02. Aerodynamic Analysis 05. Fatigue

03. Structural Analysis 06. Optimization



&

Capstone Design
Introduction

01. 7



% Altair Optimization Contest
. Introduction : Background

= 202719 2E 20 B IS0l A E2 RLIOIE|= &= 328H0j|A FBO(Fan Blade Out) 24

= At 2lol 2M H1t: Fan Blade2| O|2 It (%11 : NTSB Final Report)
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참고자료/1.NTSB-Final-Report-UA328-Engine-Failure.pdf

d
c
=
(o]
-
@)

=

»n O
SO o]
s o
Coo
§8
5 %
N

£ 9
Q

ol
o
D =
< £

@

D
100
ol

E{ =R E0i| HISH

2
=]

I

4000RPM 7tX| 7t&% off, =OFK

al Apre Turl=alan Enging Marked Size, 2021 (USD Millian)

24060
| I I I I |

Glhial Coaremsee

& --? -. -.

WA [nit rei s

<RPM - ¢ Diagram>

=T}>

=8

(2]

.
7|

I.

100

=

<E{HI

‘ =OX|= =22 7|=&of w2}, A



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

% Altair Optimization Contest
. Introduction : Background

&0l hE H-Shaped 7|e| 32| X4 L|24F

= PW-4000AE<9 2llzlel 22 5,000-10,000 cycleES &
LIO|E|E &2 328T 2| FBOE= 3,150 cycle0|A PW- 4000 blade I}Ct
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% Altair Optimization Contest
. Introduction : Research Objective
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% Altair Optimization Contest
. Flow Chart

Alg B

= 2S8lA : Simlab > Acusolve

» JAXELPM S Y O 2: Simlab > Optistruct

» LIS M : Simsolid & Hypermesh (HyperGraph)
= X|H3}: HyperStudy

Verification \ Optimization Automation \

- CFD (Drag Force) - 3DCAD - Non-Linear Static - Create DOE
Modelin - uasi — Static Model
- Modal Analysis J <

) - Create Design Fatigue - Design Variables
k (Campbelldlagray K Parameter Optimization /




% Altair Optimization Contest
. Flow Chart : Verification

D CFD (Drag Force) @ Modal Analysis

= FYURSO ol AHo| xR Ao ROt &UX| S = 2EH[T0 M critical region 25

= Acusolve 7|8t 22 & OF&RHE B4 = Simsolid & HyperWorks 7|9t 2 Campbell Diagram &} 4



% Altair Optimization Contest
. Flow Chart : Optimization

Referenced Blade Modeling 27| Blade dl|Ad & Design Parmeter

/ find Length, Interval, Thickness, Root Width, Tip Width, Filh
* Subject to 17mm = Length = 20.5mm

3mm = Interval = 4.5mm

3mm < Thickness < 4.5mm

a7.5mm = Tip Width = 103mm

57.5mm =< Root Width < 61.5mm

1mm = Fillet = Smm

KCJ bject Min_Fatigue Life= 1, Minimized Mass /

= Reference model %%t modeling = X3 20 FES Tt X7
X

gy

= Design Parameters = Zdn 23

: Rib 7, 2 &% (Cavity) H& = 4



% Altair Optimization Contest
. Flow Chart : Optimization

8 Structural Analysis > Optimization

[ 1= Optimization ] 2" Optimization

X 20 |77 o | e | o m
-57.22%

-111%

7.22
 HEHOS -58.61% FH T

=  Min Fatigue Life:1.008 = 1 2 S5 4§

= 10,000 cycleg H &= bladeE AA|5t7| = XS ATEESE El| XIS 2 doe HH F fit

S5t o| 23l A A RS2 ATRE &3} DS 0|25l SEZ 3t= X parameter 41H



% Altair Optimization Contest
. Reference Model : B777 - PW4000

= PW4000 112-inch Engine Fan Blade
= Material : Titanium alloy

= Structure : Hollow core airfoil (A pattern of cavities separated by spanwise and chordwise ribs)

R

Modeling

PW — 4000 Model



% Altair Optimization Contest
. Reference Model : B777 - PW4000

Ti
= PW4000 Fan Blade Airfoil Spec P

Root

| Thickness | _Chord Length | Twisted T

Root 250 % 317.5 mm
Tip 100 % 565.2 mm 45 °
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Altair Optimization Contest

Modeling

Blade Length

1028.7 mm

Cross-section airfoil chord

317.5 ~ 565.2 mm

length
Fan Diameter 2400 mm
Rotation Speed 415 rad/s

Titanium alloy

ML (6% Vanadium, 4% Al)
Density 4430 kg/m?
Blade Weight 42.2615
Root Type Dover tail




% Capstone Design
. Model Analysis : Forces acting on the Blade

Centrifugal

By Rotor
Force

: Aerodynamic
By Alr

= BladeOf &&ot= B2 37 ZHO| 2t AFSEHE E27|=

H L S710 Qg &, S=0| EXY


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

% Capstone Design
. Aerodynamic Analysis
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% Capstone Design
. Property

O] &7|H| BEAS &Eoll =L ofA2| CHY ISt & 2 Ho

Flow Assumption

dF
dF = gdm = gpdV = —pgAdy, dP =— = —pgdy

Steady A
Incompressible Flow PV = nRT = (%) RT > p="= % - (%) P, w 7|9 & Za
|deal Gas

Mg
dP = —pgdy = ———Pdy, R =Ngks, M =Nym, m 2 2

PO ap P Mg Mg
j f (_ —) - In P_ = —(ﬁ)y - =~ P =Pye rRTY
0

o/

P
p = = 0.365kg/m3
Rspecific;r

® = —56.5°C

[EX] S43L hitp://www.doopedia.co.kr



Capstone Design

Property

Holot 2, Ed Juto 2 F4X| = 5
p=—— = 0.365kg/m?3
Name Air_aoc Rspecific T
Material ID 1

Category  Fluid

Class Fluid
A 20 e p= u(T)
Name Value
v Fluid Properties
v Density
Type Constant
Density 0.365 kg/m3
Isothermal Compressibility 0.0
Specific_Heat 1005 J/(kg*K) | none v| E8
Latent Heat Effect None v
v Viscosity
Type Constant v
Viscosity .781e-05 N*s/m2 _gone

> Conductivity
v Radiation
Radiation Effect False

O

Description:

[EX] KOCW, KOCW/document/pusan/leeinwon(kocw.net)



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

Altair Optimization Contest
. Modeling

Flight Condition Apply the Turbulence Effect

Boeing 777

Cruising Altitude : 11,000 m
Cruise Speed : 950 km/h Qo LtRRRZ

Turbulent Intensity : 5% Realizable k-epsilon model £

Hydraulic Diameter : 0.113m A&
- O

Vimax = 263.89m/s

3 , 3 ,
Turbulence Kinetic Energy : k= 5 (I X Viay)* = (0.05 x 263.89)
= 273.4m?/s?

4 3
L) L) L) Ci ki
Turbulence dissipation : ¢ = l

= 2,322.87 m?/s3



Altair Optimization Contest
. Modeling

Flow field Definition & Boundary Conditions

» Blade0f| 2t85t= QHEEEE EH7| /I E JIE, M|
Wall =2 =0/ 2000mm, 1000mm, 2000mm¢! Flow
field AA
Outlet_P
» Flow field2| HHHZ WallO| Ot 7|8 S 2

Inlet_v LSO Z FZ5HY slip

SE

rr

= |nlet2 Velocity inlet (v = 263.89m/s)

= Qutlet Pressure outlet (P = 0 kPa(A|7]))



Altair Optimization Contest
. CFD : Acusolve

Assumption

Pressure Distribution

= Pressure Distribution

Pner = 17.63 kPa

POutlet - —1568kPa

AP = 33.31kPa

* Pressure Drag Force

Apront = 0.041 m?

Fyressure = AP * Agrone = 1.36 KN



Altair Optimization Contest
. CFD : Acusolve

. = Blade®of =gt
Assumption

Wall Shear Stress Distribution

= Wall Shear Stress Distribution

Tmax = 0.0927 kPa

A, = 0.338m? + 0.353m? = 0.69m?

Ffriction =T1-4;=64N

= Comparison with Pressure Drag Force

Foo
_Jriction . 102 : Negligible

Fpressure



Altair Optimization Contest
. CFD : Acusolve

Convergence
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Altair Optimization Contest
. Aerodynamic Analysis : Result

Axial Direction Drag Force

Fp = Fpressure + Ffriction = 143 kN

= ROOTHO %[t 5 S20| &Y

_ Mmax *y
Omax = )i Wind Turbine Blade Forces - Windmills Tech
= M, 4 = 1430N - m .
y =160mm, [=33-10"3m? o
" Omax =~ 69.34 kPa 2 J4ero 10-5 = Negligible*

O-Cf

O fero < 69.34 kPa

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


https://windmillstech.com/wind-turbine-blade-forces/
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Altair Optimization Contest

Structural Analysis
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% Altair Optimization Contest
: Non-Linear Analysis

= Linear analysis2| 2% Yield strength& &2 Plastic 220l A= MHO 2 8l Ms}7|of EEt
= Blade®| 24X|2l Ti-6AI-4Ve| €2 &322 2R M¥0| ot H| MY D2{Zo|7|of| X7t Y 7ts

= 37| A0t d 3L 0 2 I L|cHE xaHSt| w20f 0 Yerst 340 2R

= H &t 3{ & 2|34 Non-Linear AnalysisE 25t O| 8 2/ E4X|2| S-S CurveE & R} QICL



@ Altair Optimization Contest

Ramberg Osgood Equation

X 22| Stress®t Strain AtO| H|MAMZ LIENLHZ| {5t O|2

= EMMAR AEZE, St e AAES S6l| Stress-Strain Curve plot

= =+ KGO

g THGE)" — o2%offset 1w A, K=0002 — €= E +0. OOZ(F—W)"
n = 2 Fuu
= ln(ii;) where €, = 100(g, — ?)

E=113.8 GPa, Tensile Ultimate Strength(F.,)=1236 MPa, Tensile Yield Strength(F;, )=1188 MPa , Elongation(s, )=0.14
22| BMX|= Altair Material AFO|E £t X

\ 4



Altair Optimization Contest

Properties

Stress-Strain Curve with Ramberg-Osgood Model

1400

—&—— Stress-Strain Curve

=l

1200

1000

800

600

Stress (MPa)

400

200

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Strain

<S-S Curve >

Ramberg-Osgood 24| E3l Matlab2 2

s-s curve Plotgt & Simlaboi|l CHE

0.09

Stress (MPa) Total Strain

10 0

2 10 8.16e-05

3 2 0.000169595782

4 30 0.000257557118

5 40 0.000345518453

6 50 0.000433479789

7 60 0.000521441125

g8 70 0.00060940246
Density }

Mechanical Properiies
= Elastic

Youngs_modulus
Poissons_ratio
Shear_modulus
Thermal_Expansion

Reference_Temperature
Damping_coesfficient

= Plastic

Yield stress-strain table

-

Stress Vs Total Strain

1.0E+03 ‘
9.0E+021 — ud —¢
8.0E+027
T.0E+02
o B.OE+02
[1}]
2 5.0E+02
n
4 0E+H)2
J.0E+02
2.0E+02
1.0E+)2
1_gBngB = 7 0.0E+00T T T T T T
) 004 006 008 010 012 014
Total Strain
<FldTable1>
4 43e-06 kg/mm3 none ~| B
117400 MPa none +| B8
0.3 none + B
none ~ B
0/C none «+| B8
20C
FldTable1 «| B8

<Simlab Properties>



% Altair Optimization Contest
: Meshing

<Meshing & Join>
= SlLte| EX|0|L| join 7| 52 0| 281 28H
ESgs
= Surface mesh % TET4 mesh &

= Average element size 5mm

Tri:
¥ @ Element Quality Condition Limit Value Min Value Max Value Failure Count
Aspect Ratio == 10 1.000 9.886 0

Tet:
¥ € Element Quality Condition Limit Value MinValue Max Value Failure Count
Il Stretch >= 0.1 0.102 0.985 0
[ Tet Collapse >= 0.12 0121 0.989 0
B Jacobian-Normalized == 0.001 1.000 1.000 0

<Mesh Quality>

= FEAO|| Mesh0jl tt2} 10| 0H 2 Hat = A3 g2l
= 0/0| Simlab 7|5¢2! Quality Check 7|52 0| &5}0

Surface & Tet mesh?| Failure ValueE &9l



% Altair Optimization Contest
! Static Analysis Condition

<Constraint> <Angular Velocity>
= dover tail H2| 0| 50| Tt 3 AR & =A = PW-40002] rpm 40000|7|0f| 415 rad/s
(huboi| 2|8l X|X|E) 2 X9l
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Altair Optimization Contest

Overdesigned Modeling

< simlab>

< inspire topology>

SH: 028X cycleO| |28t 10,000 cycleS

oM 2y =}

7| 223l A< 56,480 cycle0| 7|0 S &2 10,000cycled 5.6 =

A AS &SRO, T 42.2615kg0| 7|0f| =7 |HAH0|A Bt

E Slof g Tt Uk mEt

< PW-4000 H-Shape>

InspireE 3l topologyE &
2| 21 x| pw-4000 blade
o| H-ShapeX2 &} RAKEI2
e & ALk



% Altair Optimization Contest
: Blade Hollow Structure Modeling

t Parameters
<Tip> > length Length
t Thickness
Tip Width
<Root> ? Root Width

<Xx7| 2> <

o
o

>
= AN OZ T&7| blades= 15~20kg Ct21 20| H-shape

2t HE0 2 2H HEE ET Parameters 8 A

S0l 20kgOI5I7t E| =& ZEs} Al



% Altair Optimization Contest
! Non-Linear Static Analysis Result

<Von Mises> <Displacement>

= Length=17mm, Thickness=3mm, Interval =3mm, Tip Width=103mm, Root Width=61.5mm, Fillet=Tnmnn
&, 7t& ZEeteH(15.54kg) 2 &lof| CHEt sl 4] At

= I HLI=144.37mmE Tip 220|M Y Ol=, MEEF = mro o B2 7HE §O| = BE0|17| )&

= Z|CH 832 953.94 MPaZ Root £20|A &4 0|=, Tip £&2 HLI0| ChiTt XS 57| E



% Altair Optimization Contest
: Non-Linear Static vs Linear Static Analysis

<Non-Linear Static> <Linear Static>
Non-Linear Static Linear Static
Max Von Mises [MPa] 953.94 1678.2

= B9 XI0|& 724.26 MPaZ 2 X10|7} A28 EHFMH 0|= Non-Linear Static AnalysisE M&ist 0| 2| EtEE S
CHA| BHH HOJFECY,
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Capstone Design

Modal Analysis
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% Capstone Design
. Modal Analysis

= DE5HM (Modal Analysis) 712
: SimsolidZ 0|8%t ZEs M1l HyperworksE 08¢t |44 1Fgf RES]A(Complex Eigen
Al

modal analysis)Z O|8aH, S| Zoll et ATHAQ BRSR|ES Algory| ol HUMTES X

H
In
=Oé
1z
A
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% Capstone Design
; Rotating Cantilever Beam Model Assumption

Assumption v,

v 0 < X
SHAMS 3|F o LHo| 23| Histo =0t X|8 Reference ™ < Uq
" °H—|E ||_ O|_LH—|=I|:I OO—EI_ |_é Frame A X

no.5%(1992) p.892



% Capstone Design
: Assumed Mode Method

bo Tapered Beam Model
by
7
év
7 .
_ b T
b4 by
x—yplane:a=b—, x — z plane : ==
0 0

6W* - 5Wnc - 517 + 5Winertia == 0

(=cqy + Qu() — kqy — mGy)dq, =0

Bending L N X
L m= | paa+ @= DDA+ @ - DPY
0

L
k= [ EAG+(@- DDA+ - DDV ONdx
0

c=20

— Q) =0

Axial L
J m = f pA(1+ (a—1) %)(1 +(-1) %)wz(x)dx
— 0

L
k= j EA(L + (o — 1) %)(1 +(B-1) ?)[w"(x)]de
0

c=20

md, + cqy, + kCIv - Qv(t)

— Q) =0



% Altair Optimization Contest
; Structural Dynamics : Analytic

* &7+ MO, Tapered Ratio2t |2

1
Mass Matrix Ml-j=j YixPjdx
0

1 Inertia

1 1 1 1
StiffneSS Matrix . Kl] = f 1/) i’xx‘(/}j’xxdx + 62 {—f l/)l'l/)]dx + 6] (1 — X)l/)i’x l/)j,xdx + EJ (1 — xz)'l/}i’xl/)j’xdx}
0 0 0 0

Bending Potential Deflection Work Rotation Work Rotation Work
A d mod ) h/lix Aix coshA; +cosd; [ | hlix  Aix
ssumed moae : \X) = cosh—— — COS - sinh—— — sin——
Vi L L  sinhA; + sin 4; L L
Characteristic Equation : coshA;cos4; = —1

Solve eigenvalue problem (w?M —K)é=0 —— det|a)2Ml-j —Kij| =0



Altair Optimization Contest

; Structural Dynamics : MATLAB Code

Structural Stiffness Definition

Solve Characteristic

%% find Beta * L

fun = @(ramda) cos(ramda)*cosh{ramda)+1;

ramda@ = @.1;

num_iteraticns = 6@;

ramda_values = zeros(num_iterations, 1); ¥ ZCh a2 AMEE
idx = 1; % AZHE FSe 29~

13
(R
al
=
1

for i = 1:num_iterations
ramda = fsolve(fun, ramdad);

% SELA = ZFHT HE
if idx == ~any(abs(ramda - ramda_values(l:idx-1)) < ©.8@1)
ramda_values(idx) = ramda; % S ZChH 2AUE HE
idx = idx + 1; % 218~ =0}
end
ramda® = ramda@ + @.5;
end

ramda_values = ramda_values(l:idx-1); % T=C|A #2 ZCF EZ0 +4=E #HE M4
disp('Beta * L")
disp(ramda_values)

Mass & Stiffness Matrix

%% find Matrix M, K

M #HE 235

M eros (Matrix_number);
K = zeros(Matrix_number);

M1 = zeros(Matrix_number);
K1 = zeros(Matrix_number);
% A2 HA
for i = 1l:Matrix_number
for j = 1:Matrix_number
M(i, j) = double(int(W(i) * W(j), x, @, 1));
K(i, j) = double( int(ddW{i) * ddW(j), x, @, 1) ... %
+ W1*2 * (-double(int{W(i) * W(j), x, 8, 1))... %
+ delta * double(int({1-x) * dW(i) * dW(j), x, @,
+ 8.5 * double(int((1-x"2) * dW(i) * dW(j), x, @,
ML(i, j) = double(int(U(i) * U(j), x, @, 1));
K1(i, j) = double(int(dU(i) * dU{(j), x, @, 1)) + W2"2 * (-double(int(U(i) * U(J), x, @, 1))); !
end

end

I

Zlak g ZtAsia Ao

- K1_RIGID:
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ko

- K3_RIGID:

953

- K4_RIGID:
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- KE_RIGID:

5%

Hyperworks2| M-C-K 2 ZR A0 £M7+S Ho|s}

UM IF-Ahr BAZUS 7| EFUTA

4219200

4219200

0.0
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% Altair Optimization Contest
. Structural Dynamics : Simsolid

Natural Frequency Analysis

Curve Name Curve Color  Mumber of Foints Zample TimeStep Yhdax
~ Mode 11 ] 5] 1000, 000000 1441 3.,
~ Mode 12 [ 5] 1000, 000000 1573.7..

SO o MET HO| 5 AH(2 M| 2hSHSE Eett RESHA
= Hyperworks Z3t2t S A}



Altair Optimization Contest

Structural Dynamics : HyperWorks 2022.2

Flow Chart

<Load Step>

~ Subcase Definition

- Analysis type: Complex eigen {modal)

» SPC Fa (1) spc
MPC: Ao <Unspecified>

+ CMETHOD: 2 (2) loadstepinput?

» METHOD (STR... # (1) loadstepinput]

STATSUB (PRE...
STATSUR (BRA...
SDAMPING (ST,
SDAMPING (FL., ..

i <Unspecified>
i <Unspecified>
# <Unspecified>
F <Unspecified>

= Complex Eigen Modal

Analysis D2 Z FIH

<EIGC>

Name Value

Salver Kewword: Complex Eigen Yalue Ext, .

Mame: loadstepinput2
Ink z
Include: [hain Model]

= Config tvpe: Complex Eigen Yalue E.

- Twpe: EIGC
NORM: b
= MDO_OPTIONS: User Defined
MO0 20

<RGYRO>

= Config twpe: Eotordwvnamic Analvsis Par,,,
- Type: RGYRO v
Syncflg: ASYNC v
+ Refrotr: & (1) ROTORG_SET
Spdunit: v
Spdlow:
Spdhigh:
- Speed ID:
' Speed: #a (3) rzpeed

= 2OIPE £=200 2 AH

= ROTORS| £EX|EE Ik
ASYNC(H|S7|H)22 8473



% Altair Optimization Contest
. Structural Dynamics : HyperWorks 2022.2

Flow Chart

<RSPEED>
MName Value
Salver Kewword: RSFEED
Name: rspeed
o3 3 ™
Color: ]

— Include: [Main Model] v
Card Image: RSFEED v
User Comments: Do Mot Export v
S1: 0.0
D5t 1000,0
NDS: 5

= At
<ROTORG>
Defined:
Card Image: ROTORG -
Set Twpe: non-ordered v
Entities: © 2 MNodes
User Comments: Do Mot Export v |
~ Mo of rows: 2
Data: ID: 74
- RSFINR:
GRIDA: © (23293 Node
GRIDE: © (23294) Mode
SFEDUNIT: RFt4 v

- SETID:
SFETID: 1.0

=H 28 RPMO|
4,0000f| A +£5%0|
O=Z 5000 RPM7It

ISR

ROTORS| ROTOR
% (CBUSH) 2 X

o|8t1, BladeQ| =
fIXIE =2 7t

= 39

LS|

>
mjo

0

.l

d

|3t Model



Altair Optimization Contest
Structural Dynamics : Campbell Diagram

&

Subcase: 1 Campbell Summary (RPM)

Analysis
3500
Mode 2
Mode 3
~ 1 Mode 4
= 3000
Z\ o e
1] o o o e
£ 25001 Mode 7
£ Mode 8
U:% __________________________________________________________________________ — — Mode 9
— 20001 — — Mode 10
£ — ~ i
oQge
e |
by .../,//"EI Mode 15
U 1000 — — — Mode 16
S _,_,/D—/”"’/D —--=-Mode 17
= —--—- Mode 18
¢ 500 / —--=- Mode 19
_E_D_,/"D Mode 20
0 ! ! ! ! !
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Modal Analysis : Result

Analysis
Exciter Box

N 3000

Il sSummary (Hz)

20000 o e

]

1 Campb
g
S
i
I

¥ 1000
%

ubc

S

8

3
=]

1000 2000 3000

Subcase: 1 Campoell Summary (RPM)

=
g

EEEEEEEEEEEEEEEEESR

EEEEEEEEEEEEEEEEESR

X
Mode 11 - Order 23| | Mode 12 - Order 23 *
RS:3760.16 [RPM] | - RS:4118.53 [RPM] Target SPeed

Freq: 1441.39 [Hz] | == Freq: 1578.77[Hz] (415 rad/s)

Campbell Diagramoi = WS %517] 9ieh R LineType | Meaning _________

= IhA -5% &|2X|= 2of* . . :
FI0l 2-5% S18A S 7o — Meet with Engine Order Line

el L= (=X k=] . . . ..
= O el R0 M= 2% WESH= = . Operating Line within Safety Condition
(X2 : 3920 - 4,080 RPM, y= : 1498.7-1558.4 Hz)

-—-- Mode Line

* Raju. Yatnal. B, “Evaluation of the Turbine Bladed Disc Design for Resonant
Vibration Excitation”, IRJET 4, no.8 (2017) : 1412-1419
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; Modal Analysis : Result

Analysis

Exciter Box

N
Target Speed
(415 rad/s)
Target Speed?| HESE 7 LHOIM 17 Z JFEISH oL o] BHI=LEof L3 I| 2 Al S
S0 17X} 18Xk} BESQ} Aetst Z2HAS J1X| Z= M= D 2SHM 0| FHs*3IC}.
DA = = ULL

* O Matsushita ,Vibration Analysis of Blade and Impeller Systems(2017), pp.31-35
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Non-Linear Static vs Linear Static Analysis

» O|25AM 72



% Capstone Design
. Fatigue Analysis

» IO|Z25l|M (Fatigue Analysis) 7H

: 4,000 RPMA| CH$H Non-Linear Static AnalysisE Edl| g2 20| BIEXOZ JisiXlS ol AlX|

st27| blade’s cycle?! 10,000 cycles HE[=X| M
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: Fatigue Properties

Fatigue Properties

=l Static parameters
Yield Strength 1188 MPa
Ultimate Tensile_Strength 1236 MPa

Fatique strength coefficient 1797 MPa

irst_Fatigue_strengtn_Exponent 0.
Endurance Cycle Limit_or_Transition_Point 1000000
Second_Fatigue_strength_Exponent
Fatigue_Limit

I I Standard_Error_of_Log 0
|—| Findley_Constant 0.3

Region_Layer Worst

<A Alstst S-N Curve> <Altair Material : TI-6Al-4V> <Fatigue Properties>

= TI-6Al-4Ve| Fatigue strength coefficient X Fatigue strength exponent = ZJ A|HE B8l & £ U&= 2H0|H
Altair Materialo| A X 335}t= C|O|E gt 0|8
= Fatigue strength coefficient: S12 2|0

= Fatigue strength exponent: b12 2|0|



@ Altair Optimization Contest
: Fatigue Loading Type

<Zero-Based> <Fully-reversed>

= 4000 rpm 220 =Xz gh=

47| W 20]l ratioZt & BISHCi T

jo

=l an|

<Ratio>



% Altair Optimization Contest
! Fatigue Analysis Setting

-

— = Structural Solution2 £°2t Non-Linear Static AnalysisE ZI3ist

Solutionof M £

% Fatigue

4,000 RPMO{| M2 5%2| HES=E 11d

. Omin _ 04000rRPM — 0.05 - 04, 000rPM 9063
ratio = = = = 0.905
Omax  O4,000rRPM T 0.05- 04,000RPM 1001.7

R alL=5 03] RARRRAARRAAAFAAARAARRAAREAARRAAARAAARAR
MName Fatigue load
Number of cycles 10000
I I Loading type Ratio v

Loading ratio 0.905

= Fatigue Loading Type: Ratio — oK Cancel

) j-,-‘
= Number of cycle: 10,000




% Altair Optimization Contest
! Fatigue Analysis Result

<Fatigue Life> <Fatigue Damage>

= Fatigue LifeQ| Z 2 min value: 1.313e-01Z 0|= Number of cycle: 10,0002 e-012! 1,0002

o|ojgt £, 10,000 cycle O|F0j| mta|7} & £~ ASS =telet = ATk

3 x| Atto| 2O Z 10,000 cycleE HE|= bladeE MAI5H7| I3l T2 40| 35t 0|2 Il
Simlabe| X}S3} ASRE J|& 0|8
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: Non-Linear Static vs Linear Static Analysis

= XI=2H(Automation) Script

= DOE
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! Automation Script

= DOEE #834}7| 28l Simlabll Xt=53} 7|5 AR
Automation  Extensions

fx Parameters |
E Scripting »  Set Working Folder
Specifications » | Open Working Folder

Process Automation | Record

* Coding ¥ ER gl0| BO2 Python  _y

Script 245l X2t U 3 20

= Automation scripE HyperStudy 0l £
AAH Z XA ™Y

#
#SimLab Version 2022.2 |

#Created at Sat Jul 27 13:52:37 2024
#
from hwx import simlab

UnitSystem="" <UnitSystem UUID="3aca8564-4d38-4b0b-887c-6a542d4001c6">
<SetCurrentDisplaySystem Name="MMKS (mm kg N C s)"/>

</UnitSystem>"";

simlab.execute(UnitSystem);

ImportCatia="" <ImportCatia CheckBox="0ON" gda="" UUID="81027e04-fb12-4eac-a5d1-cc1880a5bb7d" >
<Parameters UUID="67a54923-dbd3-4d54-931b-2405601ba45f">
<ModelName Value="max_hole.CATPart"/>
<Paraminfo Type="" Value="17 " Name="Length"/>
<ParamInfo Type="" Value="3 " Name="Thickness"/>
<ParamInfo Type="" Value="3 " Name="interval"/>
<ParamInfo Type="" Value="103 " Name="Tip_Width"/>
<ParamInfo Type="" Value="61.5 " Name="Root_Width"/>
<ParamlInfo Type="" Value="1 " Name="Fillet"/>
</Parameters>
<tag Value="1"/>
<Method Value="2"/>
<Name Value=""/>
<FileName Value="/max_hole.CATPart"/>
<Units Value="MilliMeter"/>
<DesignParam Value="1"/>
<Datum Value="0"/>
<BodyName Value="1"/>
<UsePartNameForFilesWithOneBody Value="1"/>
<Color Value="1"/>

<Python code>
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: Setup & Parameter

= find Length, Interval, Thickness, Root Width, Tip Width, Fillet

= Subject to 17mm < Length < 20.5mm

3mm < Interval < 4.5mm

3mm < Thickness < 4.5mm
97.5mm < Tip Width < 103mm
57.5mm < Root Width < 61.5mm

Tmm < Fillet < 5mm

= QObject Min_Fatigue Life= 1, Minimized Mass

= 20kg Ol5te| blade& A A&t SA[0 10,000 cycle& HE|= blade& M| &St 0A} 2|2t 22 T HLAE HF
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1t DOE

Active Label Varname Lower Bound Nominal Upper Bound
1 Length var_1 17.000000 .| 17.000000 .| 20.500000 |
2 Thickness | var_2 3.0000000 .| 3.0000000 ., 45000000 ..,
3 interval var_3 3.0000000 ., | 3.0000000 ,,, 45000000 ..,
4 Tip Width  |var 4 97500000 .., | 103.00000 ,,, 103.00000 .,
5 Root Width |var_5 57500000 ., | 61.500000 ,,,  61.500000 |,
6 Fillet var_6 1.0000000 .| 1.0000000 .__| 50000000 |

<Parameter CHR!>

- 67H) QIRHE 2T UM, TR AXTH FAQIX 2l
- HIMY WA 142 TWRT|0l, DOE 3, bl MH NS

= =&Y Response 2 masse} Min_Fatigue Life
J  Length |} Thickness I+ interval |J+ Tip_Width |F Root.idth | Fillet

1| 17.000000 3.0000000 3.7500000 97.500000 59.500000 3.0000000

2| 17.000000 3.0000000 3.7500000 103.00000 59.500000 3.0000000

0 fett "l Box Behnken Box
Value
Design Auto 5. ¥

Number of Runs 49

<Box-Behnken>

11245l box-Behnken A2

317000000 | 45000000 37500000 | 97.500000 | 59.500000 3.0000000 ﬁ ANs0=2 £F2 HHY71H = 49| 8jA Zidd

4| 17.000000 4.5000000 3.7500000 103.00000 59.500000 3.0000000

5| 20.500000 3.0000000 3.7500000 97.500000 59.500000 3.0000000

6| 20.500000 3.0000000 3.7500000 103.00000 59.500000 3.0000000

282A|Z: 7h20m
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: Min_Fatigue Life Main factor analysis

112111
Correlation |
1.00900 A +
=
0, 895581
0.78477
§0.67266'
B Length Interval
0, 448441
=
0.336331
0.224221
0112117
0, 00000 oo L o Lé@:\] he
°C f/‘yc% !/“?O‘gb O%% ‘ % ich
Root tip
<Min_Fatigue Life Pareto Plot> <Min_Fatigue Life Linear Effect>

Fillet

thickness

= 2[2| Pareto plot2t Linear Effect®& S8l Min_Fatigue Life2| 22 2 21Xk= Root Width, Tip Width,

Thickness2 2 & L& £ ULt
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Mass Main factor analysis

410030

3.690271

3.280247

2,870217

MMass

2460187

2050157

St@ctural

640121
1,23009

0,820067

0,410037

Correlation |

T +

o3 - |

0,00000

= 2|2 Pareto plotZt Linear Effect

<Mass Pareto Plot>

2 E

[=)

Length Interval Fillet

Root tip

<Mass Linear Effect>

5 Mass | 3L %2 QX Thickness7 HTHAQI 218 2 4 2

C

;

thickness
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! 1st Optimization

= Fit: 2A| ZIt 15t DOEE 89l ¥ 2 dataS2 0|23t 2| A S 73l ZAIR RS A
= L}
T [

Bt
A
gy
H1

= Optimization: Fit 7| s2 S8l RtE ZAIZEZ S HO|| 26t =
min_Fatigu... |r.2 A rhmincFati EXPRESSIO.. |>= 1.0000000 N5 Ft1Re= 066 v “ min_.Llife < Stru.Mass  Condition
Structural.... |r3 A mtStructies [EXPRESSIO... (Minimize WIS Rt R2= 099 v ‘ 36 1.0000000 18.904341 Feasible

<ItZDOE E St =& 48>
= 10,000 cycleE HE|HAM SAl0f Z|CHT BEfetE 2 ¢/2t 20| SEE 43

<1st Optimization2 Ed8l 2 At>
= 0|, Min_Fatigue Life?| Z&4|47} 0.662 2 CtA WSS &QlE £ QUCH

= BEASR? =1-5F/5 B BFA It HEFE 2| HEMS ST 27 240] A
DATA 2} X10|7+ 3Ch= & 2|0|

# 2=AS R2 2 82)7| 93 27}= el DOEZ} B R3IC,
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2"d DOE

Active Label Varname Lower Bound Nominal Upper Bound O b Modified Extensible Lattice SECILIEFICE Mels
)
1 Length var_1 47600000 ., 17.000000 ., |-26:506000
2 Thickness var_2 3.0000000 .| 3.5000000 .| 4.5000000 Value
3 interval var 3 36008006 .| 37500000 . |-4Sees08e ..
4 Tip Width  |var4 10025000 ., | 10150000 ,,, | 103.00000 Number of Runs | 31
5 Root_Width  |var_5 57.500000 .| 59.000000 _,_, | 59.500000
) Sequence Offset 0
6 Fillet var.6 6066006 ... | 3.0000000 . |S.0860088 ..
<Parameter CH2!> <Mels>
671 21Xt & =L QIXIR! Thickness, Root & Tip Width 22 1154
-t . (=) el (=) e
K&t 2+2t Dedsto] Hl = £20| 4 7|= Box-BehnkenO| Ot 1 S7t2 £|A3l610] Z7t0f| M2 FSoHAH &
= e = =

A7|=58 A7 El Mels AHE -> 0| & S6l| Lt = FECE BA5H0] ZFAR7L S71 " A= JEt

¢ Thickness I+ Tip Width |}+ Root.idth & max_.ises &% min_.lLife &% Stru..Mass
1/ 3.0000000 100.25000 57.500000 929.35600 0.2994890 16.460100 =0 =o E o 2 xl
2 33000000 101.35000 59.100000 935.27200 0.2561310 16.952500 a xllo_i TEE Hl‘JP-lyl-nq 31 —l OH 4 '_@
3 3.6000000 102.45000 58.700000 929.89800 04773410 17.577800 ﬁg*l?_l. : 4h 45m
4/ 3.9000000 100.80000 58.300000 928.84500 03697520 18.345800
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2"d Optimization

min_Fatigu... |r2 Jh,mﬂ-mﬁ_—'aﬁ:-ﬂ.aﬁﬁam >= 10100000 WG Rt2R2=078 v % min_.Life |% Stru..Mass Condition
Structural.. |13 Ja.,mﬂ-ﬁruﬁur— 16.102764 | Minimize WG Rt2RE= 100 » 1.0089845 17.506026 Acceptable

<2"d DoeZ ESt2H MA> <2nd QOptimizationS Sol ¥2 1>

= O|&THH2 Z2EA S R? 0.66 - 0.782 Bt U2 & £ UL} o|= O et X HHAE & £+ ASS Q0|
. MXB} Q (=S Sk=)
Jr length | Thickness |J+ inteval |+ TipWidth | Root.idth [+ Fillet % max..ises % min_.Life % Stu..Mass o= Parameter |- goa|E _‘l o

17000000 | 36257499 3.0003000 103.00000 57.500000 10000000 92267853 10599967 17.669203 = FittingE._l DAIREE Sl mE X =g A2

17.000000 36257499 3.0000000 102.98970 57.500000 1.0000000 922.69243 1.0386835 17.669748

HyperStudy2| Optimization §AEHE S8l 7|5
17.000000 36257499 3.0000000 103.00000 57.505750 1.0000000 922.70877 1.0566414 17.668875

7669003 OF RHUS URSI=HH YS ==

17.000000 36257499 3.0000000 103.00000 537.500000 1.0001000 92267853 1.0599967

3.5520209 92282372 1.0089845 17.506026
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Optimized Model
x| 24 15t Optimization
H-Shape Mass [kg] H-Shape Mass [kg]
—>
X 42.297 @) 18.904
Parameter Parameter Case [mm]
X Length 17
Thickness 4.169
Interval 3
Root Width 103
Tip Width 57.5
Fillet 1

S HE2| Min_Fatigue Life= Z| X218 Sdlf 10| 40| LI2HA SA|0f| Z|Chgte|

18 2

2"d Optimization

H-Shape
@)

Parameter
Length
Thickness
Interval
Root Width
Tip Width
Fillet

Mass [kg]
17.506

Case [mm]
17

3.552

3
103
57.5

1
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: Optimized Model

x7| 24 15t Optimization 2"d Optimization
Min_Fatigue  Mass [kg] Min_Fatigue Mass [kg] Min_Fatigue Mass [kg]
Life > Life > Life
5.648 42.297 1 18.904 1.008 17.506
%@ -57.22% -7.11%

&F
= A|ZXOE -58.61% s} XY
= Min_Fatigue Life :1.008 > 1 2 SH Mg
= X|Z % Z3}El parameterE 1A A|
Min_Fatigue Life=1.08 0| = HyperStudyg& &
o 22 22l 6.7% XI0|2 0| FHAHI0ll 2|t
X2 2

1.000e+20

9.091e+19 ]
8.182e+19

1.273e+19 ——
6.364e+19 ——
5.455e+19
4.545e+19 —
3.636e+19 ——
2.12Me+19 —

1.818e+19

9.091e+18

1.080e+00

i
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: Overall Result

= R MA T}

Rotorxd2 =9 72 701 tigh 2=0] tis 241
S
| B

np, 4er0 o 1075 O 2 REX|| SHEMo||M FA| 7SS US FHol
ocf

= D CojjAAn}
O 2sHM Al SHEIE 12{6l{0F st= X| Q] o 2 THtE 25 4000RPMR 2 LMSHA 3| ™ &, REEME 8l Campbell Diagrama T
Al 2 A1t Critical Region (Exciter Box)2| 501 x| ofop =M ]I|§oHMO| THssr2 ol

e |

= Lo M A1}
1) =|Hof of3f] Ldoh= AFS 20| ot S 2 2ot He|E HIMY Y SHAS 53l 24, 0|2 a3 g2 ol ut=de= I off, R
cycle®| A T+EHO| Lf'—II 2fQI5t7| 2foll L=l As ZIH

2) X3t parameters & | HZ2 5%
Root & Tip Width, Thickness /2 £
HES Kol

3) 1t DOEOIM ZEAIS71 0.66 S &elstl FRRIXIE R 0|R0{T 2" DOEE S3ll 2FAITE 0.782 HTAIH £[XSHE ChA| TH, 2|
X2 2 10,000 cycles HE|H x| HEtE A 7| 2/t bladeE %X parameter gf =&

7] I3l MEA = (DOE) Tdst 1, Pareto plot 8! Line Effect plot2 S3l FRUXE F=->
tol oot Width7} 2242 Tip Width, Thickness7t 4% Min_Fatigue Life7t HX|=

J

rO
Ot
4%
=
A



% Altair Optimization Contest
: Overall Result

\_

X7 2|

1st optimization

thickness

2"d optimization

4.169

*7 Q| parameters= S

~

3.552

/

4) 10,000cycleE HEI SAlof| £7| ZHoj H|sH 2| FSH o= -58.61% 422}

Tip EHH Y4e| He}

x| 24
st optimization

2nd optimization

5.648
1
1.008

17.506
o §3H2 2 HEAS
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: Referenced Papers

Mirghani, A. A. M. (2023). Fatigue Strength Analysis of CFM56-7B Turbofan Engine Fan Blade (Master's thesis, California
State University, Sacramento). Tuninetti, V., & Sepulveda, H. (2024).

Computational Mechanics for Turbofan Engine Blade Containment Testing: Fan Case Design and Blade Impact Dynamics by
Finite Element Simulations. Aerospace, 11(5), 333

Zhang, X., Chen, W., Hy, D., & Wang, R. (2023). An Efficient Approach for Parametric Modeling and Prediction of the Hollow
Blade Manufacture Shape. Aerospace, 10(2), 145.

$23. (1992). 3 HEHO| 8 ZSHM. AFEHWE Sm X%, 16(5), 891-898.

Raju. Yatnal. B, “Evaluation of the Turbine Bladed Disc Design for Resonant Vibration Excitation”, IRJET 4, no.8 (2017) : 1412-
1419

pw-4000 At Zf| ZAL 21 M https://aerossurance.com/safety-management/ndi-failures-b777-pw4077-fbo/

EX] FAHEY D} http://www.doopedia.co.kr

[&X] KOCW, KOCW/document/pusan/leeinwon(kocw.net)

O|&E, Design Parameter® O| 2%t SimLab DOE Setup &' tLl, SimLab SUHILt Al2|=,2021

Ok=20f=2 CAE: ZHIHE HyperWorks(Xl 28 Nonlinear Analysis-1-) https://blog.altair.co.kr/40249/

Altair Campbell diagram https://2021.help.altair.com/2021/hwdesktop/hg/topics/hypergraph/campiell_dizgram_r htm
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