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(a) Composite blades (GEnx) [5] (b) Hollow titanium blade cutview [6]
Fig. 1.1: Examples of light-weight blade structure being applied to recent aeroengines
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Fig. 1.2: An Example of a Design Workflow of an Aeroengine Fan [I]
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Table. 1.1: Specifications of various aeroengine fans (By-pass ratio: from [7])

Name Approved year BPR  No. of blades Material and structure
JTID-70A 1974 4.9 46 Solid titanuim, double mid-span shroud
RB211-524B 1975 4.4 33 Solid titanium, mid-span shroud
CF6-80A2 1981 4.6 38 Solid titanium, mid-span shroud
PW4168 1993 5.1 34 Solid titanium, mid-span shroud
GE90-76B 1995 9 22 CFRP with metal cover, wide-chord
Trent 1000C 2007 11 20 Hollow titanium, swept wide-chord
GEnx-1B54 2008 9.2 18 CFRP with metal cover, swept wide-chord
PW1124G 2014 12 20 Hollow alminium alloy swept wide-chord

(a) JTID (1974) [B] (b) PW1100G (2014)

Fig. 1.3: Comparison of the appearance of fan rotor blades

(a) An-70 cargo aircraft [10] (b) D-27 engine [11]
Fig. 1.4: A recent application of propfan: An-70 and D-27 engine (BPR=29.25 [1])
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A=aerodynamic force
E=elastic force
I=inertia force

F=flutter
B=buffeting
D=divergence
R=reversal of control
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Fig. 1.6: Experimental Campbell diagram [13] Fig. 1.7: Idealized Campbell diagram and blade vi-
bration phenomena [14]
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Fig. 1.8: Typical regions and types of the flutter oc-  pjs 1 9: Blade-disk-shroud coupled modeshape of
currence on the axial flow compressor characteristic Rolls-Royce fan [25]
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FIGURE 9.- ROOT LOCUS PLOT OF THE MODE WITH LEAST DAMP-
ING: M = 0.59, 2= 6080 RPM, By 76g = 61.67.

Fig. 1.10: Aeroelastic testing model Fig. 1.11: Calculated eigenvalue map of propfan test
of NASA Advanced Propfan [2§] models in an operating condition [29]
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Fig. 1.12: Flutter testing of unducted fan conducted by Ducharme in MIT [30]
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Fig. 2.3: Circumferential modeshape of traveling wave modes (Ny, = 22, 1st Flexure). Color shows axial

displacement; Red: positive, Blue: negative
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Standing wave mode [-]
Figure 13: System mode shapes from experimental modal analysis Table 1: Identified modal properties of standing wave modes
(a) Circumferential modeshape of mistuned blisk (b) Modal frequency

Fig. 2.4: Experimentally measured structural modeshapes of mistuned blisk [56]
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Fig. 2.5: Forced response of the rotor by the flow disturbance (N, = 13, Ngo = 2)
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Fig. 2.6: Sampling of blade vibration from time history by FSI
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Upper diagonal LAQ
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=G 0% -3 A= S0k - i =25
. A . . M o~ . B R R B A R
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0 1 10) —

gm U1 77)””1 gr
QC = gy ’ Qd = | V2 9 Qp = _:YUQ ) Qm = gy

fz U3 —’S/Ug é-z

U H ol 0

1 e+ _
éf’:g'U?,H:ipv’Y:’Y*l,gii:&&
p

D00000000000000000000000000000000000000000AO0OOOOO

0000 (A 00000

. Ato(A)I
qr o Ao (4.69)
2
000D0000000000D000000000000000000000000000000000000
0000000000000 00000000000000000000000000Newton-Raphson 000

gboooboobooooboboooobooooong

[an1d + (A = A7) + (AF = A7) + (A7 = A7)} (4.70)
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e Group 1: if j + k = (odd) then i = (even) ; else i = (odd) ("Red” cells)
e Group 2: if j + k = (odd) then i = (odd) ; else i = (even) ("Black” cells)
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Fig. 4.1: Cell grouping for Red-Black Gasss-Seidel relaxation
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T 2_ = 1 0y
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p Vi pSiz Py PSiz O

5 5 vy 0oV 0 0 ff‘;
E§+sz:0’ g=|v:| . A=|0 0o v, 0o & (4.102)

’ v3 0 0 0 Vi fi;

P 0 & W&y &= Vi

000 g0O000000000000000000 000000000000
. _ oq -~ ,_.0q

—q— 2 A(Q == =0 4.103
d=q-4q . 5+ (@) 2%, ( )

00000000 &=¢6=¢00000000000000000000000000000 A,000000
00000000 s00000 O00O0O0ODOOO0 ;000000

M=Vi, =Vi, =Vi, M=Vi+c/&& ., A =Vi—-c\/&& (4.104)
I T i 1 T
—c% 0 0 5.2 52
0 _& _ & & S S
pc pc 2PC§in§i QPC%/&‘T
St L IRl I IR el IS IRl el IRl (4-105)
Sz _ & &
0 0 pc 2pc\/E €5 2pcV/Ei&i
0 0 0 % %
entropy wave shear wave shear wave sound wave(+) sound wave(-)

gboooil1gbogoosboboobbooboboobobobobobobbboboooboobobob
gboooooboooobooboooobooboooon

1 1 1 _ 2
= 0 0 %7 %7 ¢ 0 o 0 1
0 _57“/ _Q [ _ [ 0 _pcéy pc(£z+£m) _I)nyfz 0
5pc pc 2PC%/@ 2pc%/@ §ii Salili égfjgg)
T — Sa Y _ Y > — F—1 — _PCEz _PC& £ pelSy 2
L 0 % 0 gomm “mesn| o BEL 0 &c, eoe,  aes Y
O O 571 [ _ & 0 pcbe pCEy pct- 1
pc 2pev/E€i&i 2pev/€i&i VE&i&i V&€& VE&i&i
0 0 0 1 1 0 _ pcs __pcty _ pcs 1
L 2 2 4 L VE&i&i VE&i&i VE&i&i d
(4.106)
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A=LAR, A =diag(\;)) , c¢=Rg (4.107)
000000000000 000000000000000000000000000000 00000000
00000000000000000000000000000000000000000000000000
ma 0000000000000 DODODOOOOOOO

q boundary = q + Ecmod 5 Cmod = [Cz’mod} (4108)

Cimod = ¢; (for outgoing wave) , ¢imod = 0 (for incoming wave) (4.109)

obooobOobo0ooboobooooobooboobooooobooop,y,TOO0DOOOOODOOOOODOOOO
O0000o0ooooooooooOoCco0O000oooDoooDoDOD GilesOODOOOOOOO p,v,p0ddd
gbooooood

gbooboon

oboobooooooooooobobOoboobobobooooooooooboobOOobobOoboboooOooon
gbobooobobbooobobobobobooboboooobobouobooboboboobooobooboab
gobooboobboobooboobbooobooboboobobooboobooboobbooobboOon
gboooooboooooon

—1
U1 &z gy & =&
V=0&|va| = |0 1y 72 —1 (4.110)

U3 C:c Cy Cz - Ct

0000000000000000000 vy 00000
-1
U1 &z fy & —&
V2 =AMz My 7Nz —Mt , U= (vin - vwall) - (vin - Uwall) . ’I’L)'I’L + Vwall (4111)

C:b Cy Cz *Ct

v
3 wall
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4.2 0OJOO0O0OOOOO

4.2.1 0OO0O0O0O0O
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gboboooboocooooboooobooboboboboboboooooooooooooobooboOobOobOobon
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q= Zqum = N™q™ (4.112)
m

O00Eqn. @I33) 00000000000 00O0O0O0OD V, 00000000000 DO0O0Oo0oooUo

dv = /dVe, /dV: /dS’e 4.113
/v ze: Ve Se ze: S ( )

oooboooooboooboooooobooooboooboobooboooobooOoobooobooOooobooobboOooooooDn
gobobooooooobooooooooooboboboobobooooooobooobooboobDobDoDOoo
gboooboooooo
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gboooooooooooooboboooboboooboobooboobDobDobobobobobobobooo
gobooboooobooboooobooooboooboboooooooboooboooboobooooooboooobooon
oboooooboboooboobooooboboooooooooooboboooboOoboooobooono

oboobooooboooobooooooboboboboboboboooboobooooooboDoboboobooon
ooooboooogooooooobooboobooooboooobOoobooboooDobDoobDobDboOOUDbO
gboboobooboooobobooooboooobooboooon

oboobooooooooooooobooboboboboooobooooooooobOOobOOobobooOooon
oboboboobooooboobobobobobooboooooobooooboooooobDobDobOobOobOobon
gboboooooboobooboobooboboboboooooooboooooooobooboboboboboon
gbobooooboooooobooboobobobobobobooooooooboobooboobOobobOoban
obooooobooooooboooooaon
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bobboobooooboooooboooboobooooboooobooobooboobooboooboobooooboOoDbo
gboboooooooboooooboobobobobooooooboooooboobOobOOobOobOobobobon
oboooboooboo2b00b000b0obooboooboooboooboooboobooobooboooboooobooooOon
ooooobooogooboooooobooboobobooooboooobobobooboboboobooboobOobLoboUoDbo
gbobooooooobooooobooboobooboboboboboboobooobooobooboobOobobobon
oboooooboooooboooooooon

200000000000 0DO00O00DO0DOOODODOOOOODOOOODODOOOOODOOOODOn
gooboboboooooooobooooooooboooooobooooobDobobobobUobobob oo
gbooooooooo

200000000000000C00O00O0O0O00U0OD0O0O0O0O0O0OUOD Fig E20000000000OO
oboooboobooooboboooobooboooobooooooboooog

ooooognD m,re,rsd00000OD0 -1 < <100000D00O0O00OO0ODODOOOOODODOOOO
oooooooooo -000000D00 XOOOOOOoooooOoOoOoOoooooOoOooooooDbobooo
obooooboooooobobooobooboooooonoa

20
X=> N"(r)Xxm (4.114)

oooo N, 0D00000DOCOO0000OOO0O00OOO000OOOo0oDOOODOOOoOoOoDOOOODO

Ny = é(l — 7“1)(1 — 7‘2)(1 — 7“3)(—2 —7r1 —7To — 7“3) , Ny = é(l +T1)(1 — 7”2)(1 — 7“3)(—2+’I“1 —Tro — 7“3)
N3 = é(l +’I“1)(1 +’I"2)(1 — 7’3)(—2—|—’I“1 —+1r9 — 7“3) , Ny = %(1 — 7"1)(1 +7‘2)(1 — ’/‘3)(—2 —7r1+1r9 — 7“3)

N5:%(1—Tl)(l—TQ)(1+T3)(—2—T1—’I"2—|—T‘3), N6=%(1—&—7"1)(1—’/‘2)(1—|—7‘3)(—2—|—T‘1—T2+T3)

1 1
N7 = g(l +’I"1)(1 +T2)(1 +T3)(72+7’1 +7’2 +’I”3) 3 Ng = g(l — ’I"l)(]. +T2)(1 +7‘3)(72 — T +T‘2 +T‘3)

8§(-1,L1)

16

Ny = 1(1 —r)(L=ra)(1—73), Nig = i(l +r)(1=73)(1 —r3)

4
1 1
Nllzz(l—’l"%)(l—‘rrg)(l—Tg) 5 ngzz(l—rl)(l—Tg)(l—Tg)
1 1
N13:Z(1+7‘%)(1—T2)(1+7"3) 5 N14:E(1—T1)(1—7”§)(1+T3)
1 1
Nis = (1~ (1 +r2)(1+73) , Nig = 71— - r3)(1+73)
1 1
Nig = 2(1L=r)(L=r2)(1 =73) , Nig = (14 7r1)(1 = r2)(1 = 73)
1 , 1 ) Fig. 4.2: Local coordinate and nodes of
Nig = Z(l +r) (L4 r2) (1 —73) , Nao = 1(1 —r1)(L+72) (1 —r3) 20 point solid element

00000000000 XOO000oo0D «00mO0000D0OOCO0OD0O0O0O000000 X™emOOOooo
0000000000000 00000000000D 00000 AwO0O0OOOOODODOOOOOOOOOO
NTOOoOooboooooboooooobooooooboooobooooooboboobobooo

Nn 0 0
X=|0 N, 0|X"=NmX" | (4.115)
0 0 Np,
u=N"u" |, du=N"6u" , Au=N"Au™ (4.116)
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obooooOoboooooboooo

dTl
0X ON™ m  ON™ ym ON™ wm 0X
dX = Sodr = | xm O xm ONT x| ;zrg LT = det (S (4.117)
T3

gobooboobooboobooboobobboboboboobooboon %DDDDDDDDDDD
gooooood

ON ON Ory  ON Ory  ON Ors

= — — 4.118
8Xi 87“1 8X, +8’I“2 aXi+87”3 8Xi ( )
goobgooboooboooboobuoobooboobooboboobooboobooboobOoog
ou 787u8r1 @87“2 @c%g
8X1- N 87‘1 aXl 87“2 8Xi 87‘3 6XZ
8Nm8rj
= 4.119

gooooooooooooooobooooboboooboboooboooooooDooDobDOobDOobOoDbOoo
gboooooobooboboooboobobobooooboobo1ooobooooooobooboobooooonoan
gbooooOoboooobobooobooboooooboooobooooono [MI]]]{?)ZDDDDDDDDDD
oboooooboooooboboooobooo

ori _[or| _
0X;  [0X |,
0000

cooooooooooooooooodoooooo 00 ;000000000000000000000
obooooobooooooo

/ qu / quldXQng—/ / / qu?“ld?“Qd?“g (4.121)
0X ! 0X 0X
/ q-dS. 7/ / [ eidn} {mejdrj] = [1 /ﬂq. {87@ 3 j]drldr] (4.122)

ooooo0JoOoOooOoOooOo0oooOoo0o0oooOoOOooooObO0oOoooooDoOoOoooon
oboboooocoooooooooboobooboboobooOooooooooooobOobOoboobobooon

00000 [-1,1)0000000000000 000000000 ¢(m) 00000 wO0OD0O0O0O0O0O0OOO

000300000000000000000 Table. ETIOD OO

1
/ g =3 wio(n) (4.123)
- l

ox] i

obooooobooooboboooooon

/ / ¢dridry = Zwllwlz d(ri,,715) / / / ¢dridradrs = Z Wy W, W (T, 71y, 1) (4.124)

l1,l2,l3
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Table. 4.1: Integral points and weights of Gaussian quadrature rule

Order (p) / Point No. 1 2 3
1 r=0, w=2 - -
2 r=—1/3 , w=1 r=/1/3 , w=1 -
3 r=—5/3, w=5/9 r=0, w=8/9 r=+/5/3, w=5/9

00000000000000000000000000000000000000000000000000
O00D00000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000000PSO
00 EASOO0O0DDOODOOODDOOOOODDOODODODDO0OODONO0DDO000Oonn 860

00000000000000030000000000000000000000000000000000
0000000000000 0000000000000000000000000000000000 (Table.
EID p=3)00000000

4.2.3 0O00OO0OOO

obooooOoboooobooboooobobooooOoobobooooboobooooboOoboooooboooo

/ poadVx + S:0EdVx = / to - dudS, +/ po(g) - dudV, (4.125)
Vx Vx sto Vx
1] ou ou\" ou\" ou
E=3lax (ax> * (ax) ax] (4.126)
106w  [osu\" ou\" osu  [95u\" ou

B=3 laX * (ax) * (ax) ax (ax) ax] (4.127)
-511_ _/\ + 2,u 2;1, 2,u ] _EH_
S22 2 A+2u 2 Eso

2 2 A+2 E

Szz| _ p Iz +2p 3| A:L,M: (4.128)
St 2u Eq (1+v)(1-2v) 2(1+v)
Sa3 2u Eos
| S31 ] i 2u) | Es

oobooobooooooobooobboboooooboooobbooobooobooooboobooboOooooDo
goboooooooooooooboobooboobobobooooooobooooboooooooDobDOoDbOoDbOoo
gboboooooooboooobooboboboboboboboooobooobooobooooobooboboOobon
oboooooooo

0000000000000 0000000000000000 Eqn. @2 00000000000000
0000000000000000000000000000000000000000Egn. @12 0000
gbooooboooobobooooboboooooboooobobooonog

0000000000000 000000000000000Egn. @I2ZN 0000000000000 0

R = poa - dudVy + S -0EdVx — /

to - dudS, — / pog - dudVx =0 (4.129)
Vx Vx S;O Vx

gooOoOoO0O0O00 wODO0O0O00 wwOOOOOOOO AwOOogo

u=u;+ Au (4.130)
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ROODOOUOODOCOODOOUOODOOODOOODOOODONewton-Raphson0O0 000000 O0OOOO
gbooobooboooooobooooboboooooobooboo

R :/ poa - dudVx +/ [S + aSAu] : [6E + mAu] dVx (4.131)
Vx Vx ou ou

Jg
- to - dudS, — polg+ == | dudVx =0 (4.132)

S;O Vyx ou

Aw 00000000000
R(uy) +/ a—SAu -0E+S- a(S—EAu dVx 7/ 00 a—gAu dudVx =0, (4.133)
vy L\ Ou Jou Vx Ju

R(u;) = / poa - dudVy +/ S -0EdVx — /Sto to - dudS, — / pog - dudVx
Vx Vx 4 Vx

O0O00OEqn. @I33) 0 v, 0000000 Aw 000000000000 OR(uw;) 000000000000
000000

000000000000000 2A«0000000000000000000000000000000
rggoboboboooooooooboooo
_dS, _0Sdu,

45 = A= guar o7

(4.134)

00000000000S00000000000000 £00000% 5A«.0000000000000
oDoo 250000

424 0O0-000000O

bobooboboobooooooboobooboooboobooboboboboboboobooooboOoobooOooon
oboboooboooooooooooboobooboboboobooooboobooobooooooooboooboooOon
ooooooboooooooobo

Green-Lagrange 1 FO000000000O0 00000000 O0O0OOOOOO

r 7 r T l 8u1 2 8u2 2 a’u,s 2
B g}‘(ll 3 lox, Toax, Tox,
E 8u2 l 8“1 2 + aug 2 + SU3 2
22 0X> 2 \ 09X, 09X X2
E 8u3 l 8u1 2 6uz 2 6U3 2
E=| ¥|= ou 8, |+ | 2 \oxs Toxs toxs (4.135)
2E12 (97)(12 + T_le Ouy; Ouy + Ous Ous _|_ 8u3 3U3
Sus | Dus 9X, 0X2 | 09X, 09X, | 0X; 0X2
2E23 X3 + X5 Ouy Ouy 4 Ous Ous + Ouz Ous
au‘ ou BXQ an 6X2 8X3 6X2 an
2E31 3X3 + 8X1r Ou1 Ouiy + Ouz Ous + Ouz Ous
- - - ! 3 LOX3 0X1 0X3 0X1 0X3 0Xq14
[ 25w T [ Ouy 9dur | Duz Ddus | Oug Idug T
6X1 6X1 8X1 6X1 8X1 8X1 8X1
85U2 8u1 85U1 + auz 8511,2 + aug 6(511,3
0X> 0X2 0Xo 0X2 0Xo 00X 0Xo
85u3 8u1 6571,1 + 6u2 857142 + 8’(1,3 65713
— 0X3 0X3 0X3 0X3 0X3 0X3 0X3
OB =\ osu,, "osus | T | u 00wy | 2w 060y Dy 08y Dby 0wy, 3wz Du 06wz Dy (4.136)
6X2 8X1 8X1 8X2 8X1 8X2 8X1 BXQ 8X1 6X2 6X1 8X2 6X1 8X2
86u2 + 66u3 8ul 86’[1,1 + auz (%ug + aug Béug + Béul 6u1 + 66UQ 6u2 + 65u3 aug
3X3 DXQ 8X2 8X3 8X2 8X3 8X2 6X3 8X2 6X3 8X2 0X3 6X2 an
66U3 + 85114 8u1 86’[1,1 + 8’[1,2 8§’U,2 + a’u,3 86’U,3 + 86’!1.1 8u1 + Bduz aug + 85”3 6u3
LOX, 0X3 | LOX3 0X1 0X3 90X, 0X3 90X 0X3 0X, 0X3 0X, 0X3 0X |
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OO0000Q0dED uODODOOOO

[ON™ ]
X agm 0
0 es 0
ON™
SE = BSu™ — (B + BY)ou™ , Bl = | 50 0, o 4.137
= u™ = (BI" + By")6u™ , BY" = | gym  gnm 0 ) (4.137)
0X2 BX%1
o ON™ onm
0X3 0Xo
ON™ 0 ON™
L 0X3 0X1
i (9U1 ON™ 8u2 ON™ (9'u.3 ON™ T
0X1 90X, 0X1 BX% 0X1 BX},
duy ON™ dug ON™ duz ON™
0X2 0Xo 0X2 0Xo 0X2 0Xo
du; ON™ Auy ON™ Auz ON™
B™ X3 0X3 X3 X3 9X3 0X3 (4.138)
2 du; ON™ ON™ duy Aus ON™ ON™ Huy Auz ON™ ON™ Husg .
00X, 0Xo 00X, 0Xo 0X1 0X4 00X, 0Xo 00X, 0Xo 00X, 0Xs
(9’LL1 aNm aNm Bul 8’LL2 aNm aNm 8u2 8u3 aNm + aNm 311,3
0X2 00X 6X7;¢1 0X3 0Xo 0X. 6X21 0X3 0X2 0X. BX% 0X3
Quy ON™ ON™ Ju, Quy ON™ ON™ Juy Qus ON™ ON™ Jus
LOX3 0X1 0X3 0X, 0X3 0X, 0X3 0X, 0X3 0X, X3 0X1 |

0000 B"0000000000000000000000 B"000-0000000000
000000000 22A«0000000000000 2EA«00000 Eqn. @I35)0 Eqn. @I306) OO0
000000000000000000000Eqn. @I35)0000000000Eqn. @3) 0000

OF

SoAu™ = BUAu" = (BY' + By Au™ (4.139)
WE
0000000000000000 %9EAw00Eg. @I36) 00
[ 0Awy Ddur | DAup Ddus | DAug Ddug 1
00X, 00X 0X:1 0X; 0X1 0X:
BAul 85u1 + BAUQ 86u2 + aAug 35U3
0Xo 0Xo2 0Xo 0X2 0Xo 0Xa
OAu; Oduq OAus Odus OAuz Odus
86EAu — 0X3 0X3 + 0X3 0X3 + 0X3 0X3 (4 140)
8u 8A’U,1 Béul + aAuz 86u2 + 6Au3 85U3 + 86u1 [‘)Aul + 85uz aAug + 66u3 8Au3 :
0X1 0Xa 0X1 0Xo 0X1 0Xo 0X1 0Xo 0X1 0X2 0X1 0Xa
6Au1 86u1 + 8A’U,2 85u2 + BA’LLS 66’[1,3 + 86’[11 8Au1 + 65’[1,2 aAuz + 85’U,3 8Aug
0X> 0X3 0Xo 0X3 0X, 0X3 0Xo 0X3 090Xy 0X3 00Xy 0X3
BA’U.l (%ul + 6Au2 86u2 _|_ aA’u;; 3571,3 _|_ 8§'u.1 8Au1 _|_ 6571,2 aAuz 6571,3 BAU3
L 0X3 0X, 0X3 0X, 0X3 0X; 0X3 0X, 0X3 0X; 0X3 0X;p
gbobooboooooooboooobooon
T T
8(5EA 1|/06u\" 0Au n OAu\" ddu (4.141)
—_— u = — —_— —_— —_— —_— .
ou 2 [\ 0X 0X 0X 0X

gbooooobooooboboooobooooboboooooboboooboOoboooboobooo

4.25 0O0000O0OOOOODOOOOOOO

O0000O00O0000Eq @B 0000000000 AwO0000000000000000000
O0Eq @33 0000000000000000000000000

/ §Au -OE+ S - %—EAu dVX—/ 00 8—9Au - dudV,
V. a'u: 811/ Vyx 3u

0000000000 Newton-Raphson 00O OO00O0OOC0O0O0OOOO0OO0OODOOOODOOOODOOO
gboboooobooooboboooobobooooobooooobooboooobOooboooon

(4.142)
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O00000[ |J0000000o0o0ooooo-0000 S=DE0OOOOOOODODOD B™OO0OO0ODOOOOO
goooo

oS _0E
= (B™5u™) - (DB"Au") (4.144)
= ou™'B™"TDB" Au™ (4.145)

gooooooooooboboooobooooobooooobooboooUoDO KO

/QCEAQ-MmgszKmel7Mmz/zwﬁmwm (4.146)
v. \Ou Ve

gboboobog

000000 Ky OOEqn. @I33) 00 0000000000000 00OOO0O0OODO0O0OO0O0OO0OO0O
00000000o0o0U00O| |Jbo00000U0000000O00000O0O00DO0oULO0OoooDoOOO

ou ou 8X1 " 8Xj 6XZ “ 8XJ
Adug ., OAuy
= v Yii oy 4.148
aXz‘ J an ( )
= Su™BRTSBY, Au" (4.149)
_%J;[(7£L 0 0 | _Sll 0 0 Si2 O 0 Si3 0O 0]
0 ?9];[(7: O 0 Sll 0 0 512 0 0 513 0
0 0 S 0 0 Sy 0 0 S2 0 0 S
%1;7(? 0 0 So1 0 0 Se O 0 Sz O 0
Byr=1| 0 %%; 0 , S=10 Sy 0 0 S 0 0 Sy 0 (4.150)
o 0 5% 00 0 Sy 0 0 Sp» 0 0 Sy
%];{(7: 0 0 S31 0 0 532 0 0 333 0 0
0o 2= o 0 S5 0 0 S 0 0 Sy 0
L 0 0 BBNTs_ L 0 0 S31 0 0 532 0 0 333_
000000000000 Ky 000O0OD0O000000000000
IOE mT g-mn n mn mT & pn
g S - u Au | dV, = du™ K7 . Au" | Ky7. = ; By, SBy AV, (4.151)

goboo

0000 KpOOEgqn. @I33) 00 0000000000000 OO0OO0O0UOO0OO0OOOOOOOOOO
goboobooooooooooooboooboooboboboboobooooboooooooobDobobOobOoDbOon
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g=-wX (WXx) —2wxv—wxXT (4.152)

0000000000000 0000000O000000000O00U0O0O000O0O000|zlw>»0000
0200000000003 00000000000000O0O00O00O0OOOOOOOOOOOOODOOn
ooooooboooobobod0De=X+«000000

9g 0 —Ww3 Wy 0 —Ww3 Wy
%Au =—wX (wxAu)= | ws 0 —wi| | ws 0 —wi|Au (4.153)
—Wwy Wi 0 —Wwy Wi 0
9g — (w3 +w?) W1Wws w3w1
u wiws — (w2 + w?) Wows3 =-0 (4.154)
wawy wowy  —(wf +w3)

ooOoooo0o0o0ooo0o00on K,eOooooooooooooooooo

99 7 \mt 99
== Au = du™ N = N"Au" 4.1
ou 5 Y ou S u (4.155)
)
—/;mufimmnz&mﬁﬁmm",Agmi/manN%n (4.156)
Ve

e e

goooooooo
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gboboooobooooooooooooobOoobobobobooobooboooboooooooobobOobon
obooooobooooobooboboooboboooooboboooobooo

v=i=Au , a=i=Ai (4.164)
Fs+Fy—Q=A(Fs+Fy)+ (Fs+ Fv — Q) (4.165)
_ A(Fs +Fy) (4.166)

000000000000000000
MAii+ KAu = A(Fs + Fy) (4.167)

00000000000000D00000 Eqn. @I63)0000000000000000000000000
0000000000000000000000 Eqn. @I6N)0000000000000000000

4.2.7 DO0O0OO

00000 Eqn. @67) 000000 200000000000000000000000000000000
00000000000000000000000000000000000000000000000000
0ooooooo

0000000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000

0000000000000 0000000000000000000000000000000000000
00000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
00000000000

00000000000000000000000000000000000000000000000000
0 (00)=0000

MA#+ KAu =0 (4.168)

71/224



040 ODOOoOooOd 42. O000OODOOO

0000000000000 Au=¢¢~* 00000000000 ¢00000000000O00O0O0OODOO
1
WVMp=K¢p < <2)¢—K1M¢ (4.169)
w
000000000000 000000000000000000000000000000000000000
00000000000D00000D00000000000000000000 200000000000000
0000000000000 0K,MOOOODOD0DO00000000000000000000000000000
00000000000 «0000000000000000 w;, ;000000000000 00000
0D000000000on
T
Au=Ygdi=0q, O=[pr - x| a=|o o ax (4.170)
0000000000000 0000000000000000000000000000000000000
0Do0O00o0O0ooo

T MDG+ T Kdq = dTAF (4.171)

| ki
miG; + kigi = fi . wi=1/— (4.172)
m;

gogbooboobboobooboobboobodabboooboobooobooboobbooobooab
googoobooon

my k1 fi ¢1-AF
T MD = L , OTK® = - ,OTAF=| 1 | = : (4.173)
f ka fo (beAF
000000000000 ¢, 0000000000000 m;=100000000000000000000
00000000 k,=w000000000000000

gboboobooobooboobboobooboobbooboobbooboobbooboaboa
googooboooboobooboobobbobooboobooboobobboobooboo

my

gobbooogoobooo

000000000000000000000000000000000000000000UEgn. @EI72) O
oboboooobooooooooboobOoboobobOoboobobooOooooooooooooboOobOobOobon
obb s, 0000b0ooooboobooobon

5 — q; is_ 0 -1
g oAt w? 0

OO0 Crank-Nicolson 0000000000 OOOOOOOOOOOOnO n+1Step0 000000

s+ &S s5=As+f (4.174)

i

n+l _ on n+1 n n+1 n
s . s _ 48 2+S n f 2+.f (4.175)
1 A . s™ A N fn+1 +.fn
1 A —1 n A n+1 + fn
s = [At - 2} [At +ge+ I (4.177)
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Fig. 4.3: Hot shape (red) and transformed cold shape (blue). Large untwist can be seen at the leading edge of
the tip.
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Fig. 4.4: The weight function of the moving least squares interpolation
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Fig. 4.5: Comparison of mapping methods of the blade displacement (MLS and Linear-CVT[03]). Red: inter-
polated displacement on the CFD grid, Black: displacement on the FEM grid (Source)
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Fig. 4.6: An example of grid morphing result (black: before morphing, red: after morphing)
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0000000000000 00000000000000000 Table. 20000000 Table. E3 000
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Table. 4.2: Numerical methods for flow simulatiuons

Governing equation 3D-RANS, Finite Volume Method, ALE formulation
Inviscid term SHUS [65] +3rd MUSCL, Van-Albada limiter
Viscous term 2nd order central difference

Time derivative (Steady) Euler implicit, (Unsteady) 2nd order 3 points Backward difference

Implicit relaxation LU-SGS scheme [69], TCPGS [73] -RBGS, local time stepping
Turbulence model Spalart-Allmaras [75], Wilcox’s k — w [78], AJL-w [81]
Data transfer (Displacement) Moving least squares interpolation

(Aero. force) Work-conservative transformation

Table. 4.3: Numerical methods for solid dynamics simulatiuons

Governing equation The principle of virtual work, Finite Element Method
Solid solver Nonlinear FEM with Total-Lagrange formulation [83], 20 points solid element [84]
Constitutive equation Isotropic, St. Venant-Kirchhoff material
Linear solver Conjugate gradient method with ILU(0) or ILU(1) preconditioning [94]
Eigenproblem solver Arnoldi’s method [05]
Time integration Clank-Nicolson
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H(k) = J, (k) + Y, (k) , HP (k)= J,(k) — iV, (k)

v

k= (5.6)
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(Center of gravity)

| x/b

Fig. 5.1: Parameters of the flat plate airfoil

Table. 5.1: Definition of parameters for the mechanical model and flow condition

[ [m]

« [rad]
m = 2p,btl [kg]
I, = mb?/3 [kgm?]
So = mbx, [kgm]
K [N/m]
K, [Nm/rad]
Ch, [Ns/m)]
C\, [Nms/rad]
p [kg/m?
u [m/s]

Span length
Half chord length
Thickness of the plate
Density of the plate

Nondimensional hinge position

Nondimensional distance between the C.G. and the hinge

Lift (positive:y > 0)

Momentum around the hinge (positive: CW)
Heaving displacement (positive:y > 0)
Pitching angle (positive: CW)

mass of the plate

Moment of inertia around the hinge

Static moment of wing
Heaving stiffness
Pitching stiffness

Heaving damping coefficient
Pitching damping coefficient
Density of air

Free stream velocity
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Table. 5.2: Common parameters within type 1 and 2

[ [m] 0.05
b [m] 0.025
¢ [m] 0.001
ps [kg/m?] 8000
m [kg] 0.02
I, [kgm?] 4.167 x 1076
p [kg/m®]  1.29 (peo = 101325Pa, The = 273.15K)
u [m/s] 00 75
Table. 5.3: Type 1 Table. 5.4: Type 2
Kp [N/m] 700 Kp [N/m] 700
K, [Nm/rad] 0.6 K, [Nm/rad] 0.6
fro [Hz] 113 fro [Hz] 298
foo [Nm/rad] 60.4 fao [Nm/rad] 60.4

000000000000000000000000 M<0300000000p=12900000 100m/s
0000000000000000000000000000000000 Typel, Type20 200000000
00000000000 Table. 520 Typel, Type2 000 O O O O Table. 530 Table. 5410 Typel, 20000
0000000 Typel, 20 0000000000000000 Type2000 Typel 00000000000 OCO
000000000000 000000000000000000 Typel0OOOODDOO0O0OOOOOO0OOO
00000000000000000000000000000000000000000

5.1.2 JO0000O0OO0OO0ODOOO0ODLOOO0ObOObObObOObOp—-k0O

Eqn. GBI) 0000000000000 0000O00O00O00000000000O00O0O0OO0O0O0O0O0UO
o0ooooooOo0oUdooo M,00000000000M=M,+M,0000000Eqn. BH)O0OO00OO
000000000000 s=[=" 27)7T00000000000000O0O0000000O0ODOOOOO0O0
ooooooobooooooo

d 0 I
—s= (5.8)
dt MY -K+C(k)S) MY (-C+P+C(k)R)
000000000000 DO00000 ADODOO
I
As = © (5.9)
MY -K+C(k)S) M~ Y(-C+P+C(k)R)

0000000000000 0000000000 Egn. G) 00000000000 OOO0OOOOOOOO
00o000o0o0oooUoU0oO0o0 CkODODO0OD0O0D0OO0DO0OO0D0Op—k0O0O0DOODOOOODOODOOO
00000 Theodorsen 0000000000000 0O0DDOOODODOOOOOOOOOODOODOOOOO
gooooao

1. 0000w, M,,C,KOODOOOO

2. 000000 ke 0O DODO

3.00000000 P,C(kest)S,Clkest) RODO DO

4. Eqn. (9 000000004x400000000000

85,224



gsbobbog 5.1. DO0OO0OO0ODOOO0ODbOO0ODbOoDOOO

5 Equn. GY)00000000000000000000000000 w=[Im()\)|0000

6. 00000000000 kete =bw/u00000000000 ket 00000 |keate — kest/keare] O 0 0 0
0000000 |keate — kest /keate] < ¢ 00000000000000000000000000 ket = Keale
0oooooo

p—kO0O Theodorsen 000000000000 20000000000000000000 &=1.0x10"%
good
0000000 Egn. G8) 00000000 Theodorsen 0000000000000 R.T. JonesOOODO

0.165 0.335

0.0455¢ 0.3i
1 - Tk 1- &

_»}7+>0.75075 x 102 N 0.1005 (5.11)
) ik + 0.0455 ik +0.3 ’

gboooooboooooboboooooboooooobao

Clk) ~1 - (5.10)

5.1.3 00O TheodorsenO0 OO OQO0OOOOOOO

Eqn. (EI0)Theodorsen 000 0000000000000 O0OO0O0OO0DOOODOODODOODDOODOOO
O0OR.T.Jones00000O00O Eqn. I 00000000000 O0OOO0OODO0OOOOOOOOOOOO
gbooooooboooooboooobooon

00000000 Egqn. @A) 0000000000000 OOOO

&1 &

REERRT A VAR € AN W (5.12)
good
€= 0.75075 x 1072, A = 0.0455 , & = 0.1005 , Ay = 0.3 (5.13)
goooooobouoobooboob M, 0D00DbO0O0ODbOObODbDOoboDbooog
Pg + C(k)Rz + C(k)Sx ~ <P+;R>¢+;Sw+R(fcl +x3) + S(x1 + 2) (5.14)

oooobOwOO00OODOO00O0ODOO00DwlwODOOODOOOODMOoOoDOOOOOODOO00ODbOOOOODOO
gooobooobooboao

b bd
k= ijw— —-—— 5.15
i zwu = o ( )

0000000000 Egqn. I 00000 «,2,, 00000000000O00O0O0OOOOO

u u

b p (2@ — Aon) (5.16)
Eqn. (IZ)0Eqn. ((I6) 00000000000000000000000000000000000

T (frx — Mz1) , @2

T 9, I 0 0 e
diz| _ Fy F> F3 Fy x (5.17)
dt |x; (ur /DI O —(ul/b)I O x '
o (’Lb/gg/b)f O O —(’u)\g/b)_[ _(Eg
1 [ 1
EzAQQPK+2S+M&;&Mq, B:AQ3—0+P+24
&zmgk—ﬁ%}, &:M;S—ﬁﬁ]

oboooooboooooboobooooboooobOoboooobobooboobooboobooono

86,224



gsbobbog 5.1. DO0OO0OO0ODOOO0ODbOO0ODbOoDOOO

5.1.4 O0O0O0OOOO0OO0OO Verification

gooaoo

OO00D0O000C00O0DO0O0000000 ValidationdODOOOO0ODOOOOO0ODOOOOOOODOO Verification
gboboooooooooooooooooooooooooooobooooboobooobobobOoboon
oboooobooooboooooobooooobooooooobooooboooboboobooboooon

e Verificationd D00 0000: 000000000000 O0O00OO0OOOO0OCOOO0O0OOOO0O0OO0OCED
boboobooobooobooooooboobooboboooboOoooooooobooooboooboOoooboooog
Oo0000ooooOoOo00ooooooDoCoOoo00oobODoObO0O0O00n0n VerificationOOOOOOO

e ValidationD OO ODODODUOODODO: J0DOOO0ODOO0ODOOOO0ODOOO00ODODOO0ODOO0O0ODOO0O0O0OO
oboboooooboooboooooobooboobobooobooboooooooooooboooboOoooooonog
goooboooboobooboooboooooobooooooboobooboobooboobbboOoboog
oobooobooooobooboooooooooobooooooooooooOoobDOooooOooDOoOobobOOon

Verification 0 0 0O

0000000000000 0D00O00D0D000 R.T.JonesOOO TheodorsenOOOOOOOODOCOODO
000000000000 Egqn. I 000000000000 O0O0O0O0O0O0O0O0OO0OO0O0OO0OOO0O0
obooooOobooooobooooobooboooog

ugobooboboooboobobooobooboooboobboobuooboobbobboobooboa
goooboooboboobooobobooboooboboobooboobobooboobobooboon
O000000p—k00000O0O00DO0OOOOODDOOOODOOOO

gbooobooboooooboooo

Equ. GI7) 000000000000 0O00OOO0OOOOOOO0OO 0010000000000 0O0DO0O0OO
oono

T
T =0 mmvzﬁ0x104m/me LOxur%wK@ﬂJ (5.18)

gbobooooooooooboobooboboboboobobooobooboooboooooboobOobOobOobon
obooooboooooobobooobooboooooonoa

Tiinit = T2init = 0, T1init = T2inie = 0 (5.19)

good

000000040 40000000000000000C0O00O0O0O0O0OOO0ODOO0OO0OO Fig. 5200
000000000000 00000 TypelD vw=49.7m/s] 0000000000 O0O00O0OOOOOOOO0O
oboooooobooooboboooobobobooDoooooobobooooDOoDom

O000000000000000Verification 0000000000000 0OFieg. BA0D00030000000
O initial[ short[M longd D 0 00000 Oinitial 0000000 1.7500short 00 300long0 00O OOOO
oboboooooooooooboobob sooboooooooboobobobobooboooboobobOoboOon
gbooooobooooooobooogooo

O00U0O0OFig B30000000000000O000O0O0O000O0O000O0O0O00 «, x., 00000000
000000000000 00000000000000000000000000000000dE. 12
000000000000000000000000000 Fig. B200000000000000000000O
gbobooboboooobobooobooboooobooooon

87/224



gsbobbog 5.1. DO0OO0OO0ODOOO0ODbOO0ODbOoDOOO

- ] L (9.6m)s)

o .

= R
L

_ 0.0002 e

. R RRREE ]

= —

© -0.0002 b

0.2 0.3 0.4

Time [sec]

Fig. 5.2: An example of time history generated by time-domain system equation (Eqn. (&I7), displacements)
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Fig. 5.3: An example of time history generated by time-domain system equation (Eqn. (&I7), aerodynamic
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Fig. 5.7: FSI setup and a numerical grid of flat plate flutter
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Fig. 5.15: Computational domain and CFD grids of flatplate cascade configuration
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Fig. 5.18: Convergence behavior of identified aeroelastic damping and 99 percent
confidence interval (M = 0.4, IBPA=180deg, Pitching mode branch)
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Fig. 5.22: Comparison of aeroelastic damping rate between LINSUB and FSI results for each IBPA mode
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Table. 5.8: Critical Mach number and relative difference between LINSUB and FSI
Solver/ Cases 1DoF, u =167 p=167 p=2835 pu=41.8

LINSUB 0.364 0.317 0.273 0.225
FSI 0.356 0.312 0.265 0.220
Difference -2.20 -1.6 0 -2.90 -2.20
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Fig. 5.26: Effect of mass ratio on aeroelastic frequency with comparison between LINSUB and FSI
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Table. 6.1: Design parameter of NASA Rotor 67 [98]

Number of blades 22
Aspect ratio 1.56
Hub/Tip ratio at L.E 0.375
Tip relative Mach.No. 1.38
Design Total pressure ratio 1.63

Design mass flow rate [kg/s]  33.25

Design rotational speed [rpm] 16043

C-88-05331

Fig. 6.1: NASA Rotor 67 [99]
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Fig. 6.2: Aerodynamic measurement positions of NASA Rotor 67
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Table. 6.2: Summary of past computational studies using rotor 67 for aeromechanical purpose

Year Authors Configuration Numerical Methods

1999 Chuang and Verdon [100] Rotor only 3D-RANS, Time-domain, Uncoupled

2002 Doi and Alonso [103] Rotor only 3D-RANS, Time-domain, Coupled

2005 Sadeghi and Liu [104] Rotor only 3D-RANS, Time-domain, Coupled

2010 Reddy and Bakhle [107] Staged 3D-RANS, Nonlinear frequency domain
(Harmonic balance), Uncoupled

2013 Elder et al. [102] Rotor only 3D-RANS, Time-domain with Phase-lag BC, Uncoupled

2013 Im. et al. [105] Rotor only 3D-DES, Time-domain, Coupled

2014 Liou and Yao [106] Rotor only 3D-RANS, Reduced order modeling by Volterra series
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Table. 6.3: cells for every domain

Domain i j k cells
ZONE1 31 56 44 76,384
ZONE2 8 8 44 2,816
ZONE3 31 32 44 43,468
ZONE4 8 8 44 2,816
ZONE5 160 16 44 112,640
ZONEG6 68 16 44 47,872
ZONE7 100 8 44 35,200
total 321,376
11 blades 3,535,136
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Solid domain

ZONE6

Fig. 6.3: Computational domain around the blade

0.25¢

0.20¢

0.15+

0.10}

0.1 0 0.1 02 03

Fig. 6.4: Meridional view of the computational domain
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Table. 6.4: Numerical methods for flow simulations

Governing equation 3D-RANS, Finite Volume Method, ALE formulation
Inviscid term SHUS [65] +3rd MUSCL with Minmod limiter
Viscous term 2nd order central difference

Time derivative (Steady) Euler implicit, (Unsteady) 2nd order 3 points Backward difference
Implicit relaxation LU-SGS scheme [69]
Turbulence model Wilcox’s k — w [T8]
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Table. 6.5: Boundary conditions for NASA Rotor 67 configuration

Boundary Boundary conditions
Inlet Steady Fixed p¢, T}, and flow angle, extrapolated R~
Unsteady Giles’s 1D NRBC
Outlet Steady  p: Simple radial equilibrium, v,T: Extrapolated
Unsteady Giles’s 1D NRBC
Blade surface Steady v: Non-slip static wall, T, p: Extrapolated
Unsteady v: Non-slip moving wall, T, p: Extrapolated
Hub wall Both v: Non-slip wall, T, p: Extrapolated
Casing wall Both v: Slip wall, T, p: Extrapolated
Pitch direction  Steady Periodic (1 blade)
Unsteady Periodic (11 blades)

Outlet Casing

Blade surface —/ ¢

(Rotation) =
H ——— ;
ub wall Inter-passage connection =1~

(a) Inlet and outlet (b) Solid wall (c) Periodic

Inlet

Fig. 6.5: Locations of boundary conditions for the rotor configuration
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Table. 6.6: Model parameters of the blade structure
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Boundary condition Fixed at the hub
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Fig. 6.8: Five lower vibration modes of a blade (in vacuo)
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Fig. 6.11: Fan characteristic curve on 100 % speedline obtained by steady CFD using published shape (Non-FSI

calc.)
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Fig. 6.12: Comparison of local relative Mach number with experimental data.

Color: CFD results, Monochrome: experimental results
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Fig. 6.14: Fan characteristic on 100% speedline obtained by simulation using publish shape (Non-FSI calc.) and

FSI calculation.

(a) Point A, Before

(e) Point A, After (f) Point B, After (g) Point C, After (h) Point D, After

s)
sl

a

R R S S ]
Lo

=Y ==Y
a

o
o

Fig. 6.15: Static pressure distribution around the blade at 90% span height from the hub
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Table. 6.7: Initial condition of the flutter analysis by FSI
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Fig. 6.26: Self-excited pressure amplitude of 1F mode family
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Fig. 6.27: Local aerodynamic work of 1F mode family
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Fig. 6.28: Self-excited pressure amplitude of 2F mode family
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Fig. 6.30: Self—excited pressure amplitude of 1T mode family
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Fig. 6.31: Local aerodynamic work of 1T mode family
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Fig. 7.1: IHI ECO-CEFSI1 fan rig

Table. 7.1: Specifications of CEFS1 fan

No. of blades 18 (Blisk)
Aspect ratio 1.6
Tip relative Mach No. 1.4
Material Ti-6A1-4V (Solid): E = 111.0[Gpa], u = 0.34, p = 4.43[kg/m?]
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Fig. 7.4: FEM elements of CEFS1
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Table. 7.5: Boundary conditions for CEFS1 configuration

Boundary Boundary conditions
Inlet Steady Fixed pq, T, and flow angle, extrapolated R~
Unsteady Giles’s 1D NRBC
Outlet Steady  p: Simple radial equilibrium, v,T: Extrapolated
Unsteady Giles’s 1D NRBC
Blade surface Steady v: Non-slip static wall, T, p: Extrapolated
Unsteady v: Non-slip moving wall, T, p: Extrapolated
Hub wall Both v: Non-slip wall, T, p: Extrapolated
Casing wall Both v: Non-Slip wall, T, p: Extrapolated
Pitch direction  Steady Periodic (1 blade)
Unsteady Periodic (9 blades)
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Table. 7.6: Numerical methods for flow simulations

Governing equation 3D-RANS, Finite Volume Method, ALE formulation
Inviscid term SHUS [65] +3rd MUSCL, Van-Albada limiter
Viscous term 2nd order central difference

Time derivative (Steady) Euler implicit, (Unsteady) 2nd order 3 points Backward difference
Implicit relaxation TCPGS [73] with Red-Black Gauss-Seidel relaxation
Turbulence model Spalart-Allmaras [75] , Wilcox’s k — w [78], AJL-w [81]

139/224



O700000000O0O0000O0OO000ODODO0OO0 72. 0000

7.2 0OO0O0O0

0000000000000000000000000 Speedlined10000000000000000000
0000000 Fig. C500000000000000 Fig. [7.5(a)]0 00O0NASA Rotor 67000000000
000000000000000000000000000000000000000000000000000
0000 Fig. 750 Fig. [5(c))000000000000000000O000O00O0O0O0O00O00O0O0000O

Fig. [5(a]00000000000000000O0O0O0O0O0O0O0000000000000000000O0O0
0000000000000000000000000000000000 Fig A0000000Span000
000000000000 Fig. [(6()0003000000000000000000000000000000
0000000300000004000000000000000000000000000000000000
00Span000000000000000000 NASARotor67000000Span00000000000CC
02000000000000300 span00 400 Span 0000000 80000 1000 Span0000000
000000000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000000000
00000000000000000000000000000000000000 0.9degd02.7deg0000
0000000000 NASARotor 6700000000000000000

0000000000000000Fie. [760)0000000000Fig. L100000000000000
0800000000000 8000000000O0Fig [7.6(0)|00000000000000000000
00000000000000000000000000000200000000060070000000
0000000120000 140000000000 500600000000000000000000000
00000000000000000000000070000000800000000000000000
000000000000000000000000Fig Z70000000000000000000 100
00 (1IF) 020000 (2F)010000 (1T)030000 (3F) 0 NASA Rotor 670 000000050000
000000000 Edgewise(lIE)00000000000000000000000000600000000
00000000 Chordwise bending, IC00000000000000000000000000 1T2F000
0004F00000000000000000000000 1000000000 500001F02F01TO3FO
IE0000000000000000000

000000000000070000008000000000000000000000000000
000 Fig. L100000000000000000

Y

(a) Tip deformation (b) Front view (c) Side view
Fig. 7.5: "Hot’ blade shape at 100% design speed and transformed ’Cold’ shape

140,/224



72. 0000

1.4

2

1
(d) 4th (3F)
(h) 6th (4F)

0.8

0.6
Relative rotation speed [%DP]

(b) Campbell diagram

0.4
(c) 3rd (3F)
(g) Tth (1T2F)

0.2

141/224

]
(b) 2nd (2F)

(f) 6th (1C)

0

O700000000O0O0000O0OO000ODODO0OO0

uonisod asimuedg

Fig. 7.7: Structural modeshaps at 80 % rotating speed

-0.5

1

A(Stagger angle) [deg

Fig. 7.6: Blade deformation for different rotating speed and Campbell diagram

(a) Restagger angle

(a) 1st (1F)
(e) 5th (1E)




070 0b0oO0o0oOoboobooboobooooboon 3. Jonoooogn

73 Uouoooogn

0000000000000 00000000O0D000000O00O NASARotor 6700000000000
oooooooOoooooo0 HwbOOOOODOOOOODOOOOODOOOOODOOOOODDODOOOO
gobooboobooobooboooobooboobboooboobboobooboboobboobboOooboon
gooooooboo

7.3.1 O000OoOoOoOod

boooboooooobobooobooboooooooooboobooobooobooOooboOooboooboo
oboooboooobooboosooooboboooboooboobooobobobooobobooobooooooboogon
oboooooboooooobob 20mmoogooonoo

oooooooooOooDODODDOOOOODODDDODODDDOOOO0OO0 20000000000000O Wilcox
0O k—wOOO Q100000000000 Spalart-Allmaras 000 [75]0SA00200000200000
000000 Reynolds 00000000 0OD 20000000 AJLw OO0 BIOOOOOO

00000000000000000000 Table. ZA000D0000000000O0O000 1000000
gbooooooooobooooboobobobobobobobooooooooobooboobOobOoboOoboon
obooooOoboobooobooboboobooboooooboOooooooboooooaon

Spalart-Allmaras OO0 00005 =4rns 0000200000 k—w ODAJL0 000000 1000000
000000000000 wOOOO0OUOO0O0O0O00O00000000000000w =10Vipes/c000O00O0O
OVinee DOOOOODOcO TipOOOOODOOO

Table. 7.7: Inlet boundary conditions for each turbulence model
SA Uy = 4Vinlet
kE—w Tu=1%w = 10Vipet/c
AJL-w  Tu=1%w = 10Viyet/c
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(a) Point A (b) Point B (¢) Point C
Fig. 7.14: Limiting streamline on the blade surface on 72.5 % speedline

(a) Point A (b) Point B (c) Point C
Fig. 7.15: Relative Mach number around the blade at 62% span on 72.5 % speedline

(a) Point A (b) Point B (¢) Point C
Fig. 7.16: Relative Mach number around the blade at 84% span on 72.5 % speedline
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(a) Point A (b) Point B (¢) Point C
Fig. 7.17: Limiting streamline on the blade surface on 75.0 % speedline

(a) Point A (b) Point B (c) Point C
Fig. 7.18: Relative Mach number around the blade at 62% span on 75.0 % speedline

(a) Point A (b) Point B (¢) Point C
Fig. 7.19: Relative Mach number around the blade at 84% span on 75.0 % speedline
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(a) Point A (b) Point B (¢) Point C
Fig. 7.20: Limiting streamline on the blade surface on 80.0 % speedline

(a) Point A (b) Point B (c) Point C
Fig. 7.21: Relative Mach number around the blade at 62% span on 80.0 % speedline

(a) Point A (b) Point B (¢) Point C
Fig. 7.22: Relative Mach number around the blade at 84% span on 80.0 % speedline
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(a) Point A (b) Point B (¢) Point C
Fig. 7.23: Limiting streamline on the blade surface on 85.0 % speedline

(a) Point A (b) Point B (c) Point C
Fig. 7.24: Relative Mach number around the blade at 62% span on 85.0 % speedline

(a) Point A (b) Point B (¢) Point C
Fig. 7.25: Relative Mach number around the blade at 84% span on 85.0 % speedline
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Table. 7.8: Initial condition of the flutter analysis by FSI

Mode/Blade | 1 2 3 4 5 6 7 8 9
1F o - - - - - - - -
2F - © - - S
1T - - o - - - - - -
3F - - - o - - - - -
1E - - - - o0 - - - -

o : Given, modal velocity corresponding to maximum blade amplitude of 0.005¢, -: Not given
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Fig. 7.26: An example of all aeroelastic eigenvalues (at 80% speedline, point A)
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Fig. 7.27: Effect of the number of sampling on identified minimum aeroelastic damping rate in 1F mode family
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Fig. 7.28: Effect of the number of sampling on identified minimum aeroelastic damping rate in 1F mode family
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Fig. 7.29: Estimation of flutter boundary from obtained aeroelastic damping rate
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Fig. 7.30: Aeroelastic damping rate of 1F mode family on each speedline
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Fig. 7.31: Relationships between mass flow rate and least stable damping rate
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Fig. 7.34: Typical positions of flutter boundaries shown in a fan map and by empirical parameters [114]
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Fig. 7.37: Unsteady aerodynamic force acting on the blade surface on 72.5% speedline (1F mode family,
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Fig. 7.39: Unsteady aerodynamic force acting on the blade surface on 75.0% speedline (1F mode family,

IBPA=40deg), point A’: out of flutter, points A, B, C: in flutter
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Fig. 7.41: Unsteady aerodynamic force acting on the blade surface on 77.5% speedline (1F mode family,
IBPA=40deg), points A, B: out of flutter, point C: in flutter
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Fig. 7.43: Unsteady aerodynamic force acting on the blade surface on 80.0% speedline (1F mode family,

IBPA=40deg), points A, B: out of flutter, point C: in flutter
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Fig. 7.45: Unsteady aerodynamic force acting on the blade surface on 82.5% speedline (1F mode family,
IBPA=80deg), points A, B: out of flutter, point C: in flutter
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Fig. 7.47: Unsteady aerodynamic force acting on the blade surface on 85.0% speedline (1F mode family,
IBPA=80deg), points A, B, C: out of flutter
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Fig. 7.51: Time-resolved wall pressure signal at the leading edge of two-dimensional cascade obtained by the

tests conducted by NASA [115], from subsonic to supersonic inlet speed, at the incidence angle of 10[deg]
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Fig. 7.52: Root mean squares of pressure fluctuation obtained by time-accurate CFD with fio term of Spalart-

Allmaras model, at point A on the 75% speedline
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Fig. 7.53: Time history of blade surface pressure near the leading edge at 75% span height, f, = 450Hz, three

different positions are shown.
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Fig. 7.54: Typical shock motion within one buffet cycle. Relative Mach number is shown.
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Fig. 7.55: Blade surface pressure distributions at 75 0 span height
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Fig. 7.56: Time-averaged relative Mach number at 75 0 span height
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Fig. 7.57: Power spectrum of axial aerodynamic force acting on the blade at operating points without flow
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Fig. 7.58: Generation and propagation of pressure fluctuation due to the motion of the blade (95% span position,
point C on 80% speedline)
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Fig. 7.60: Behavior of rotating-stall-like unstable flow at 95% span position ,point C on 75% speedline. Unsteady

pressure is shown.
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A
(a) Pressure amplitude (b) Aerodynamic work

Fig. 7.61: Reconstructed self-excited aerodynamic force from FSI simulation (72.5 % speedline, 1T mode family,

IBPA=0deg, calculated as "unstable aeroelastic mode”)
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Fig. 7.62: Reconstructed self-excited aerodynamic force from FSI simulation (75.0 % speedline, 3F mode family,
IBPA=-120deg, calculated as "unstable aeroelastic mode”)
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Fig. 7.63: Maximum amplitude ratio of aeroelastic modes at point C on 80% speedline
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Fig. A.14: Plate
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Fig. A.15: Four lowest modes of an one-side clamped plate
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Table. A.3: Boundary conditions

Solid surface Velocity: slip, Temperature and Pressure: extrapolation

Outer boundary Uniform flow, Giles’s one-dimensional non-reflective boundary condition

(a) Circle (b) Ellipse
Fig. A.16: Computational grid for validation of added-mass effect
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Table. A.4: Maximum out-of-plane displacement
1:FEM only 2-1:FSI(Solid domain) 2-2:FSI(Fluid domain)
max(disp/thick) 0.866372 0.866090 0.864742
Relative difference 0 3.254 x 1074 1.881 x 1073

—o— FEM-only
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Fig. A.19: Pressureized plate 6 7777777777 02 777777777 04 777777777 06 777777777 081

Position x/L

Fig. A.20: Out-plane displacement , z=0.5L

0)

Out of plane Displacement Out of plane Displacement
Dotted : Solid domain Dotted : FSI , Solid domain
Line: Fluid domain Line: FEM only

Fig. A.21: Out-plane Displacement of coupling surface Fig. A.22: Out-plane Displacement of coupling surface
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Fig. C.2: An example of inter-block connectivity dataset

(for block No. 1 in Fig. [C.3) Fig. C.3: Inter-block connectivity in the 3H-O topology

—

(a) Whole view (b) Closeup around the trailing edge at the tip

Fig. C.4: The result of searching connectivity on the 3-D cascade mesh with the tip clearance

Y Y

L L —

(a) Fifth standard condiguration cascade (b) Controlled diffusion airfoil

Fig. C.5: Partitioning of large grids for parallel computation using MPI

210/224



00D Oobboooobooooobooog

0D 0O000uoouoooooognd

gboboooboobooooboobobooboooooooooobooboobobOobOobOoboooboobooOooon
oboooooboooobOooboboooboboooooboooooboobooooboOoboooooboooo

oobooobooob LvbooooboobooooobooooboooobooobbobooobooooobooooboboooDo
gboboooooooboooooobobobobobooooooooooooobooobooboOobOoboOoboon
ooooooOoLvooo0oooob0oooooooooo0oooDOO0@™rFl-in0DDOO00ODOO0OODO

e Fill-inOODOOOOOODOODOOOODOODOODOODOO
e JO00O0OOODOODOOUOODOOLOODOODOODOODODOODOODOOOODOO

oboooooboooobobooooboobooooooboooobobooooboboboobOOobooooon

ooboooooooooooooobooboobOobobooooobooooogooDobobDOoboboboooo
O000000000 Gauss-Seidel 0 SOROOOOOOOOO0OOOODOOOOOCOOOOOGMRESOO
oboboooocooooooooboobOoboobobobooboboooobooooooooooboobOobOobon
Gauss-Seidel 00 SOROODOOOOOO0OOO0ODOOOOOOOODOOOOOOOODOOOOOOOOODOOD
goooooooooooogooboobooboobobobooboooobooooboooobDobDOobOobOoDbOoo
good

O00000000000Saad 0000000000000 0OM4OOO000O Q0000000000
goboboboooooboooooboooooooooooooboooboobobobobooboooboboDboo
gbobooooooobooooooboobooboboboboboboboooboooobooobooboboOoboon
00oooo00ooooOoooo CcPDOFEMOOOOOO0OOOOOOOOOOOODODODOOOOOOOODOODOO
obooobooooboooooboboooboboooboboooboooobooooboooOobooooODn
0000000 FORTRANOODOOOO

googo

gooooooooOoOoOoOOOOOOOOOOOOOOOOOOOOOOOO0O0O0O0O000000 AOOO
oboooooooo

Az =10 (D.1)

0000000 tO0O000O0O0O0O0GOOO0OO0OOOOO0OODOO0OO0OOODOOOOODOODOOOO0O0O0
Eqn. DI)000000000000000000O0O00Conjugate Gradient method, CG methodO O 0
0000000 00Do0D ADQOOOQO rp=b—Azo00O00O0000 mODOOOOOODOODOOKrylov

subspacel]
K (A, 70) = span(rg, Arg, A%rg, - -+, A" 1) (D.2)

ooooooo0 v (e=1,---,m)000000000O0OOO

T =y + Z viYi (D.3)
i=1
=xo+Viy , Vim=[vive -+ vy, ] (D.4)

211/224



00D Oobboooobooooobooog

gobooboobobobobodybobboobooboobobboob oobbobboobo0bmbOD
000000 e;=[10---010000

VEAV,y = |rolex (D.5)

goooooooobobobobooooooooooad VTZ;AVmEI AdD0ODO0DO0O0ODODODOOOOODOOOo
g000oO0oO0oO0oO0oOoOoOoOOOOOOOOOOO0O0O0

0000000000000oo0000oo0o000oooo000o0ooo0o000o0oooo0o0ooooooo
goboooooobuooooobbooooobobobuoooag
Algorithm: OO O OO
.000 200000000 ro=b— Azed py = 7o
. fork=0,1,2,---;do

Yr = Apx

ap =T TR/PLY

1
2
3
4
5. Tpt1 =Tk + apPrU rei1 = T — ARy
6
7
8

0000 e=|re1| 00000000000

Br = il 1Pk /TR0 Prs1 = Ths1 + B

. done

goo

gooooooooOoo0 AOOOoOO100000000000O0O0O0O0O0000000000O0O0O0O0OO
gbobooboooooooooooooooooboooboobOOobobOoboooboooooboOobOobOoobon
00000000000000 Egqn. I)00000000000000000000000000000O0O0
0000000 O0O0000Opreconditioningl DO OOO0OOO0DOOOOOOOODOODODODODODOO
gbobooboooooboooooboobobobobobOobobooooooooooboooboobobobOobon
0000000000000000000000000000000000000000000Eqgn. (D) 00
000000000000000 M~'O00O000

M~ 'Az =M"'b (D.6)

000000000 MOOODDOOOOOOOODOOOO0OO0OOOO0OO0O0OO0OO0 M~'ADDOO0OOOOOODO
000000000 M=A000000000000 M 'A=A"'A=1000000000000000
00000000000A-'0000000000000000000000000000000000000
oboooooboooobooboooobooooboobooooon
000000 MO AODOODOODOOOOODOOOOODOOOO M~'ADOOODOOOOOOOOOOOOOOO
o000 MOOOOOOODOOOOOODOOOOOOODODOODOOOOO0DADODOOUOOOODODOOOO
gooooao

M;j = Aijdij (D.7)

ooOoooooooOoooooooooOOooOoooooOOoOoOoocCcrboOODOOOOOOOOADOO LDU
OOoOoooo sGSsOOoDO

M = (L+ D)D YD +U) (D.8)

gooooao
000A000OO0O0D0OOO0OODODOOO0ODOOOO0DOOO00OOO0OO0OOO0O0DOOO0O0OOOOOOOOoOoOOO
O0O0MOO0OADOOOOODOUOOOO (Incomplete Cholesky factrization) O O O

M=LU , U=L" (D.9)

212/224



00D Oobboooobooooobooog

000000000 Egqn. (DB) 00000000

(LU) 'Ax = (LU) b (D.10)
UL 'AU D)z =U""L""b (D.11)
Az =b (D.12)

000000000000 Equ. (DI 0000000000000
A=L'AU' | &=Ux , b=L"'b (D.13)

O000DADOOCOOCOOOOCOOOOOO0OO0LUOD0OD0D AQDLUOOOOOODOD A=71000
oboooooooon

Eqn. (DI2)0000000000000000000D0000000000D0000000000 A,z,b
gboboobOobooooboooobooooooboaon

F=L"'r (D.14)
x000000000p0000002=0U2000000000000000000000000

po=U""Po
- U_l’FO

=M1r (D.15)
000000000000000 0000000000

e = (L)1 (L7 r)
=TTy (LTT=U"'0000)

=rT M1y (D.16)
plAp =pTUTL AU 'Up
=piAp (UT=L000D) (D.17)
oog
,..,T ~
T Tk
ap = —2° (D.18)
P AP
T —1
T, M~
—kZ Tk D.19
P} Apy, (D-19)
0oo0oo0o00oon
Fry1 = T — aApy, (D.20)
L'y = L7 v — ap L7 AU WUy, (D.21)
Tit1 = Tk — APy (D.22)

0000 B 00#7#000000 Eqn. IG) 0000000

T —1
B rk_HM Tht1

= D.23
Bk TN Try (D.23)

213/224



00D Oobboooobooooobooog

goobooboobooboobooo

Dk+1 = Tkt1 + Bebr (D.24)
Upki1 = L™ 'rq1 + BeUps (D.25)
Prt1 = Mg + Bipk (D.26)

gbobooboooboobooboobobbobobooboobooboobobbobooboooba

Algorithm: 0000000000

1. 000 2o 00000000 7g=b— Axg0 2o = M 1ry0 py = 2z
2. for k=0,1,2,---; do

3. yr=Apy

4. o =r}zy/ply

S, Tpy1 =T +opprlrp = 1 — apys

6. 0000 e=|r00000000000

7. Mzpy1 =710 00002k = M trpy

8. Bk =71l 1zes1/ri 20 Prs1 = 241 + BeDk

9. done

00000 MUOODOOOILU(K)OODO

000000000000 000000000000000000 (Incomplete Cholesky factorization) O O
0 ILU O O O Incomplete LU factorizationd D0 00000000000000 AOOOOOOOOOOO LU
0000000000 AODODOOO0DOOOO0OOO0O00O0O0O00O00000000 FilinOOOOOOOODO
ooooooooOoOoO0O00D0 Fil-inOOOOO LUOOOOOOOO0 M=LUOOOOOOOOO

Fil-inO0OOOOOOOOOOOOO0OO0OO0O0O000000C000DOFill-inLevel 0000000000 Fill-in
coOo0oooooOOoOooooooOooooooOoOoOooooOoOoOooooOO L, vo0o0ooooo0o0oo0ooO00 LU
OO0O0O000000000000000000O0FillinLevel0OOO0O0O0O0O0O0O0O0O0OO0O00O0LUOOOO
oo0oooooooooooo

Algorithm: LU O O

1. fork=1,2,--- ,N; do

2. forj=kk+1,---,N;do
3 Uk,j = Ak,j - Z;:f Ly, Uy
4. done -
5. Lypr=1

6. fori=1,2,---,k—1;do
7 Ly = |:Ai,k: — ;:11 L; Uy g Uk_;
8. done -

9

. done

O0000 Fil-nOODDOOOOOODDODDDODOOOOOOOOOOOOOOOOOODODODODODOOOOOOOO0
oooooooooobooobobo Lyoooooooboobooooooo sooooooboooboooo soooobo
0000000000000 000O0U00O0O00O0 30000000 3x3)000o0oUooOoUoooooooo
000000000 DO0O00O0DO00D00OO0O0O0DOO0OOBlock Compressed Row Strage, BCRSOOO OO OO
O00ILUOOO 3x3)00000000o0o0ooo0ooooUooooooooooo

214/224



00D Oobboooobooooobooog

FillinD0OODDO8x80000000D0000O00Egn. (D27) 0000000

[0 o ) | [0 o o ]
o o o o o o o Fy o
o o o o o o o F, F; o
o o o N o o o F3 Fy, I (D.27)
o o o o o o I3 Fy
o o o o o Fy F, F3 o o o I3
o o o o o F Fy F3 o o o
o o o o F Fy, F3 o o

00000000 AODDODODOUOFOLUODDDODOOOOO Fil-inDOOOFOOOO Fill-in Level OO OO
gbooooooooboo

e ADDODOOODO Level 0
e ADODOUODOODOODODO Fill-inO Level 1
e Fill-in Level : 0 Fill-in Level j 00000 Fill-in O Level 0 Level ¢ + 5 + 1

D00 LUOODOO0ODOOOLevel k00 Fil-inOOODODOOODOODOOOOOOODOOODOODOODO
ILUOOO ILU(k) DOOOOFillin Level k00000000000 LUODOOOODODOOOOOOOOOOO
0000000000000 UoOoILU(k) 0 L,UO00O0O000000O00 AODODOODODOOOUOOOOUOo
oooooooopoodL,UOd Fil-imODOOOOODOOOOOODOOOOLUOODODOOOODODOO
gbooooooooboooboobobooooboooooboobooooboobooboooboooobooooboooon
0000000000000 0O0O0O00oOoOoO0UILU()0D0ooo0o0ooooUoo ILU(l)ooooooo

oboooboooobooboooboobobooobboobo Lvooboooovbooooooobooooooon
vobooboooooooobooboooooooooooo0D MOOOoboDOOooOoooObOOooOOoobOoDO
ccGOO00OopooooOoOoooOoOoOoOoOooooOoOOoOoOoOoOoooOoOOOoOOOOoOoOoOopILUDOOODOOO
OO0 ADDODODOOO0O00O0 emea 0000

Amod =A+ 5moddiag(A) (D28)

0000000000000 A 000000D0COO0000DOOCOO0000DODDO0ODO00 emoa 0000
gbooboobo0ob0oobOo0o0obo0bO0o0bO00nd emea=0.001 ~0.03 0000000000000
ooooooO0oooobo0ooobD cGcoooooooooo

obooooood

obooboooooooooooooboooooboboboboboooobobooooobOobOobobOo rOoO
OO0 CEFS10000COO00000O0DODOOODODOODOOe000000DODDODODODOOO200 200000
oo0oo0o0oboOo0o0200 20000 FEMOOOOOODOOODODO1000O000DOO0O00O00O0OO00OO0OO
Oleoobooooonooboooo3boooboo4ouboobooooooooo1gooobooooooooan
oo 48000000000 3000000 20000000000 Y0000D0ODODLOOOOODODODOO
gboboooocoooooooboobobobobobooboooooooooooboooboobobobOoboon
0000000000000 0000000000O000UO00O00O0 Fil-imOOOOOO ICCGO (DOOQOO
000o000U00oO00oo0U0o0)0000000000U00000000O0OUO0O0 FEMOOOOOOOOO
00000 Fig. DI00OO0O0O0D0O00O0D0O0O0OODO0O0OO00O0O0D0O0O0O0ODO0O0D0O0O0OOD0O0OOOOO0
gbooobooboooood

CEFS1000 1o00000D0CO00000O0DOOO0O000DOOO0O00O0DODO0O000 Ke=Mv,0KODO
oooomMOoOOOoOOoooobooooboooooooobooobooobOoboooDoooOoboobO0o0oo0Dn vy

215/224



00D Oobboooobooooobooog

10-4 -TﬁBlo&k,diaggnalfs?cahngm” ,,,,,,,,,,, i
(3x3) ‘ ‘

2500F
I - —— ILU(0); £55¢=003 |1 e -

2 Zmo

—— ILU(1), £4,,¢=0.002

Relative residual |1y, |/|r,]

| e S
5000F FEM Model: CEFS1 Fan - = Convergence.criteria...954. |, -
L 20 points solid element b (10™? | N
L 6450 Nodes 100 . | I i
0 2500 }‘ 5000 10° 10 104
! Number of iteration k

Fig. D.1: Non-zero element pattern of
CEFS1 FEM model

Fig. D.2: Effect of preconditioning on iteration number in

Conjugate Gradient method

00000000000000000000000000000000 10712000000000000000
ooooooboooooboobn

e MOOU ADO (3x3)000000000DOU0ODOOOUOOOUOOOO
e Filllin 0 OO0 OO ILU(0)
e Fillin O Level 1O OO0OOOOILU(L)

g3dbooobobooboobooooboooonoobn

Fig. D200000 300000000000000000000000000000000O0O00O0O00O0O0
000000000000 ILU()0 9400000000 100000000000 ILUM0)O 969100000
O0oooooooooooooo40000000000000000000000O0O00O0O0O0OOOOOOOO
gboboobooooooobooboooboobooOooobooobooooOoooobooobooobooboOoooboooon
oboboooboooooooooboobOoobooboboboobooboooooooooooooboobOobOooboon
gobobooooooooooboboboboobobooobooooboooobooboobDoobOobOobOoDbOon
gboboooooobooboboboboboboboobooooooooooooooooboobobOoboon
obooooobooooooboboooboobooooona

0000000 Arnoldil
0000000000000 000Ege. (D29 0000000000000DO0O0O00DOO0O0OODOO

WM¢p = Ko (D.29)
000000000000000000

1
(2)¢>:K‘1M¢ (D.30)
w

0000000000000 00000000000000000000000000000000000000
000000000000 0000D000000 1/w?=AK'M=A000Eq. (D30 0000000000

Ap = A (D.31)

oo0O0O0O00000O0O0O000000000C0000000000 Arnoldi0Od0O000OArnoldidddn
gbobooboobooooboooooooobooboboboobooooooooooooooboobOobOobon
obooooOobooooobooooboobooonog

216,224



00D Oobboooobooooobooog

oooL2oboog10gboodbod0 v 0000000000 mO0000 vg,---,v, 000000000
000000000000 Gramm-Schmidt 000000000000

Algorithm: Arnoldi O

. forj=1,2,--- ,m; do
w = Av;
fori=1,2,---,7; do
hij=vIw (i=1,2,---,j)

done

1

2

3

4

5. w=w— hyv;
6

7. hjpa = |wlvjn = w/|wl
8

. done

oo0o0oooO0o0ooo0o0o0obo0o0ooon0on A/ 000000000000000000O000A0
hir o higme1 ham

h21 e h2m

hm m—1 hmm
00000000000000000000 Eqn. (31000 ¢0O
¢ = v,ﬂi = VmG an = [ V1 Vg - ’Um] (D33)

0000000000 00000000000 0Eqn. (D3 000000000000V 0D0000000O

VIAV,,0 = \VIV,.0 (D.34)
(vl Av;]10 = \[v]v;]0 (D.35)
H,,0 =)0 (D.36)

00000000000000000000000Eqn. (D36) 0000000 LAPACKOOOOOOOOOO
oo XoooooogeOoOOOO0ODO0ODOODOOODOODOOODODODOO N DOODOOOe=V,,60000
goooooo
boooooooooboobooboobobobobobooooooobooboobOobobOoboboooon
gbobooboobobobodOm=500000000000000 vwOOOOOOODOOOOODOODOO

217/224



00 E 00000000

JO0E 0OO0O00O0000

gboooooooooboobooboboboboooooooooboooobobOobobobobooobooon
gboboooooooooooboobOoboboobooooooooocooooooooobOobobobon
OO000o0oDOOoo000oDOoo0o0ODOO0O000oDODOOO000D0DO CyclicsymmetryDOODOOOOO
0000000000000 000000000000D0Tuned system0 0000000000000 ODOOO
gboobOoboooobooboooobooboooobobooooon

e JO0OOOOOODOOOLOOODOODOOOODOO
e JO0DOODODODDODOODLOODLOODLOODOODODDLOODOODLOODLOODOO

goboobobooobooboobooobobooobooboooobooooooooboooooboOooDn
gbobooboobooobooooboobooooboobobobobooooooobooooooobooboboonban
booooooobobooooooobooboooooooobobooooooobobooobooogooan
OO0000oDOoO0o0o0000oooOOo0O0O0000oDODOO0O000OoOdMistuned systemO0 00000000
gboooooooboobooboobobobobooooooooooooooooboobobobobOobOobon
gbooobOoboooooboooobooboooog

0000000000000000000000000000000000000Fig. EIID00O0OOOO0
0000000000 OMode localization0 0D 00000000000 OCO0O0OOOOO0ODOOOOOOOOOOOO
gboboobooboooobobooobooboooobooooonooo

gbooooOoboooobobooooboboooooboooooboobooboooboOobooooono

e ]O00000ODO ODODOOUOUODUODOOOUDOODOUODODODOUODUDUOUOOUODODOUODOODOO
goo0d0ooo0oo0oO0o0ooOoooDdooOoooOoooooOooooooooDooboooooooOoood
gooobooooooobobbooooboooobobooooo

e 00000 UDUOODOODODOUDODOOUDOODOUDOUDUOOOODOODOUODODDOODODO
g0000o0o0o0o0ooo0oOo0ooo0ooOOooDOooDOooDOooOO0oDOoDOO0ODOOdO00ObOoOO0obOoOo0obOoOooOon
oooooobooooooooooobooboooooooooobooobDooooobDooboDoooDoboog
000000000 Alternative mistuning0 0 000000000000

gboboobooboooobooooobooooobooboobobobobobobooobooobooboOobOobOobon
obooooOoooooobooobooobooobOoboooobooboooboboboobooooboooOobooooooDn

L

e

ned (ND=3) (c) Mistuned

(a) FEM fnodel (b) Tu
Fig. E.1: Vibration mode shape of a bladed disk obtained by FEM structural analysis (from [41]). Large mode

localization can be seen in the mistuned case.

218/224



U0 E 00000000

gobooboobbooboobooboboooboobobooobooboboobooboobbooboon
gboooboobooooboooooaoo

gooobooboobooobon

gboooooobooooboobobobobobobooooooboooooobOoboboboboooOoooon
gbobobooooooooooboobOoboobobobooobooooooboooooooooooboOoboOoobon
oboooooboooobobobooobobooooobooooobooboooobOoboooon

O0000OMayOOOUOD 6| 0000000000000 0O00O0O0O0O0O0O0O0O0OOMay00OQOQOO 22
gboboooooooboooooboobooboobobobobobobooboooboobooboobOOobobobon
obooobooolwoboboooooboboobooooooboooooooosbOObOODbOOOObOOODO
oboooboobooooboboooboo1gboooooboboboooboobooobooo

goboooboboooboobooooooboooobooobooooooboooooobooboooooonn
gbobooobooboooobooooobooboboboboboboooboooobooobooooboobOOobOobOobon
O Traveling wave mode 0 0000000000000 COODOOOOOO0OOOOODOOODOOOODOOOO
O0O0OO0000DOO Travelingwave mode 00000000 D0O0OOOOO0ODOOOOODOOCOOOOODOOO
gobobooboobooobooobooboboobooobobooboooooooooooboooooboobooooboooon
gboboooooboobobooboboobooboobooooobobobooooooobOoboomDoooogoonoan
oboboobooboooooooooooooobooboboobobooobooboooobooobooooboooboooboon
bobooboooooobooooboboboboobooooobo e0boboboobDobobOobOobOoDbOn
Oo0o0oo0oooo«s00000oooooo o000 00000000 OoOoOoO 00000 bOOO
001+600000Fie. EA000000000000000000O0D0ODOOOODOOOOOOOOOOO
obobobobooboobooboooooooooooooobobOobooboboboboboboboboon
oooooooooon

p A . A Ay - An, . By, By - By, i
1 1 1 1 1
. An, A1 - Anyo1 . By, By -+ Bpn,-1 .
+ A ) } N el ) :
. A N . . .
an, Ny an, Ay - Ap, A, an, B, --- By, B, an,
mistuning effect
self-excited aerodynamic force identified in the tuned system
(E.1)
A; = (1+6;)*A¢ (Modal stiffness matrix for i th blade, Ag: tuned system) (E.2)

bobooboooobooooboooboobooooboooobOooboobooooboooboOobooobooDbo

e 100D000DDODDODOODDOODDOODO (1+4,)?200000000000000000O0O0O0OO

e JO000OO0ODOODOODODOOLOOODODOOOODODODOODODLOODOOODOODOODODO

e JO0ODOOIOOODOUOOUODOOOUODLOOOLODOOOODLDOODODOOODODOOODOODOOOO
ubooobOobooooboboooooboboooooboooooan

Self-excited A
aerodynamic force @ @ @
coefficients
Blade No. i—2 i—1 i i+1 it2
Modal stiffness Ai2 Ai1 Ai A1 A2
Frequency deviation — §i-2 di-1 Oi O i+l di+2

Fig. E.2: Mistuned cascade with self-excited aerodynamic force

219/224



U0 E 00000000

gooooobooobooboboooooboobooboobOoboboboboboooooobDooDOooD
crDO0OQOOOOOOOOOO0O0O0OO0OO0OO0O0O0OOOOOOODOOOOOOO0OOODODOOOODODOOOOOO
gboboooooooobooooobooooooooboobooboboboboboobooboooooboobOoban
obobooooboooooooooboooobobobooboboooOoobooooboooooooboobOobOoobon
gobobooooooboooobooboboboobooooboooooooooDobDobobOobOobOoDbOon
gbobooboocooooboooobobobobobobobooooooooooobooboobOobOoboboan
oboooooboooon

0000000000000000000000000 Eqn. (EI)O0DO0O0O0ODOOOOOODOOOOOOO0
goboboobooboooboooooboooooooboboooooooobooooboooooobOobOobOoDbOoo
gbooooOobooooboboooobooo

gooooooao

0000000000000 00000000000000UO0OO o[deg) 0000000 prad]CO0O0OOOO
0000 (o) 000000000 dedp 0000000000000 000O000O0O0O0O0OO P(o,p)dodu[O ]
000000 P(o,w)[0 /(degO (1/sec))] OO OO OO OO Probability density function, PDFOO0 0000000
oo0o0dbepO00OOOOODOODODOOODOODOOOODOODOPUOOOODOODOODOODOOO
0000000000000 0000000000o0UOP(e,w) 00000000000 UOOOOOOOOO
gooobooobooobooobooobboooobooobooob bbb o
googobooobooboobuooboobo b0 2b0bobo0o 20000000

gboooooboooon

0000007700000 CEFS10000000O0OO0O0OOU0OOOOOODOO Fig. 0320 800000 CO
obooobOoooobooooobOobooobOoboooboobooooobooooobooooo2b0100200
gooooooooobooooooooboooooooobOo0 1wWbooooboboobobbooooooogo
gboooooboooooboobooooboo9nboboo

good
oooooooooooooon

goobodgboobboobboobooobooboboboboobboobboooboobbooobooa
O0Fig. E300000000ODDOO0OODODOOO0OODOOOOOP=2x10"*0000000000000P0O0O
goboobooboobooobob1obooboobooobooboobbooooooooooobooooboon
ooooo200000000000000D0DO0OC0O0O0O0OODODOODO0O0O0O0O0O0x 1hdeghOOOOOO
gbooooboooooboooobooobooobo 1002000000000 000000DOO0O0DOO0ODOOOO
gboooboboooboboooobobobooboobobobo2000b0oboobob+s o0booooDbOon
gooooooboo

Fig. E4A000POODOODOODOOOODOOODO

/_ : / 180 P(o, p)dodp (E.3)

—180

00000000000 0000000000000O (—oo,u00000000OOOOUOODOOOOODO
obobbp=00000000000000000O000DOO0O0OOO0DOOOOOOOOODOODOOODOOODn
goooobooooooooooboooooboogobooooooooooooooDboobboooobD o020
goboooboobboooboooooobooobooobbooooooobooooboobooobooooboooon
gbobooooooooooooboobOoboobobobooboboooobooobooooooooboOobOoobon
oboooboobobooboobooooboobooboobooooooDo

220,/224



U0 E 00000000

10 - | | | | >\
F - | | | | ‘ﬁ
] 3 I I I I —
Fr Z
© L | | | | ,_8
> | | 2 :
g O Soosbo o [ N=80.0%, Point C
% [ : : : ‘ : ? ' | K (1n flutter at a tuned case)
g 5l Isoline of PDF (P= 29 AN = | ] Tuned system
S Tuned - - R b b P Ty E
0 H = - o= 0.2%f,
S || —— 0.2% Stdev g b =1 0%,
8-10fl —— 1% stdev =] oar— 0
o-10¢ 1% O 6= 2.0%8, -
Q H e—— 20,
< i 2 A) Stdev

\ \ 10
1-51.80 150 120 90 60 30 O 30 60 90 120 150 180 . .
Inter blade phase angle [deg] Aeroelastic damping rate [1/s]

Fig. E.3: Isoline of PDF of the least stable AE mode Fig. E.4: Sensitivity of mistuning on aeroelastic damp-
in IBPA-uag plane (80% speedline, point C) ing rate of the least stable AE mode (80% speedline,
point C)

1IFO00000000000000000

EgEEDDEDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
00000000000000000Fie [E5(2)]00000000000000000000000000000
000000000000000000000200000000000000000000000000000
0000O000Fig E5()|00002000000000000000000000000000000000
0000000000000000000000000000000000000000000 90000000
000000000000000000000000000000000000000000000000000
00 15deg00000000000000D000O0O00D0O00OO0O0DOOO0DOOO0ODOOODOODO00O00
O0000000000000000000000000000000000000000000000000

0000000000000 100200000 Fig. [E5(c)D Fig. [E5(d)]0000Fig. [E5(c)00 02000
0000000000000000000000D0000000 40degd80deg0 0000000000 0O00OO
00D00000000000000000000 1000000000 2000000000000000 100
0000000000000000000000000000000000000 40degd 80deg0 00 200
00000000000000000000000000000000000000000000000000
000000000000000 40deg080degd 2000000000000000000000000O00O0O
O0000000000000000000000000000000000000000000000000
O000000000000000000

goo

gbooooooboooobooboobobobobobobooooooboooobooooooboboon
OO0O0O00OO0O00O0CEFS1IO00DOOO0O00DOOOODOODOOOOn

e JO00ODOOODOOOOODOOOOODOODOODOOOOODOODOOOODOODODOOOOOOn
000 30deg0OO0DODO

e J0DUODODODDODOLODOUODLOODOODOUOODODDODOODOODLOODLOO

e JO000DOOODOOODOOODOOOLOOODOOOLODOOOOODOODOODOOOOOOOOOOOOOOOn
uboobodbooboboobobooobooboboboboboboobobobobboobobooobo
gboooboobooboooboboon

221/224



U0 E 00000000

L

40 g0 a0

20
Acroclastic damping rate |1/s]

Hdd

1.5

Y Y N

50 an 120 130 1

30

30

0

6
Inter blade phase angle |deg|

-120 -90

-150

-180

(a) Tuned system

I

|

g0

40

20

Acroclastic damping rate |1/s]

Hddd

= b ™
=1 =1 =1

'
'
'
'
'
-
'
|
'
'
'
'

18[5]

Inter blade phase angle |deg|

(b) & = 0.002

Fig. E.5: Effect of mistuning on inter blade phase angle and aeroelastic damping rate of 1F mode family (80.0%

speedline, point C)

222/224



00 E 00000000

40 g0

20
Acroclastic damping rate |1/s]

0.06

S |

120 150 188

a0

=150 120 -90

-180

Inter blade phase angle |deg|

(¢) e=0.01

0.015
0.01

YR T [ B

4---Jooos

e

Acreclastic damping rate |1/s]

Hdd

0.015
s ---—0.01
— 0.005

50 an 120 130 1 8[_%]

30

1200 -90 60 -30
Inter blade phase angle |deg|

-150

-180

(d) e = 0.02
Fig. E.5: Continued.

223/224



g

HpN

gboboobOoboooooboooboobooobooboboooooboooobOoboooooboOoooon
oobooobooooooboobooooboooooboooobooooooobooobooOooooooonn
goobooooboooboooobooobooooooboooboooooobooobooboooobbooboboooooDo
gbobooooooobooooooboobobobobobobooooboooboooooooboobOoboOoboon
gbobooobooooooboooooooobobobobooboooboooooooooobooobooboOobOobOoboan
obooooOobooooboobooboobooboooboobooooobooooboooobobooooboOobo0oooOoDn
gobobobobooobooobooooooobobooobooboobooboooDoboobDobDobDoDooDDbOon
gbboobobooobooboooooboooobobooooobon
boooooboooobooooooboboboboooOooooboooooobOOobobOoboboobooon
oboboooobooooooooooooooboobooboobobooboobooooooooooboobOobOoobon
gobobooooboooboooooboooooooboboboboboobobooboooobooboooDooDoDboo
boooooboooooboboono
oboobooooooooooooobOOoboboboboooobooooooOoobOOobobOoboooboobooon
ooboboboboboboboooooboooobooooobobobobobobOoboboboboboo
goboboobobobooboboobooooooboboobooobDobDobDobDobOobobobobobobOoo
gbobooboooobooboooboooboobooboobooobooboooobooooboooboOoboooboOoDbo
gboooooboooobOobobooobooboooogd
obobooboboobobobobobobobOobOobOobOobOobOobOO0obO0obOobOobOobOobOoDbOo
gobboooboobooooobooooboobobooooboobobooobooobooboooobooooboooon
gbobooboooooobooooboobOobobobOobooboooooooooooooboooboOobOoboban
ooboooboboooooboboooboboooooboooooboobooo
gboobooooooooooboobobobooboboooboobooboooooobDobobDOobobboOobDOoo
Do0ooooO0oobooJaved0D0OOO00ODOOOODOOOODOOOOODOOOODOOOODDOOO
gboocoooboooooboobooooboobooooboooboOoboon
(OH)IHIODOODUOODOOOOOOOOOUOoOOoOOoooOooooooooooomHI-OOoooooooooo
goooooboooooooooooooboooooooooooooobooobooboooobboobooboooDboOoo
gbobooooooobooooooobooobooboboboboboboboooboooooobOoboboboon
obooobOobooooboooobooboooboboooooboooobobooobOobooooboOobooooOoODn
oboobooooboooobooobooboobobobobobobooboooooboobDOobobOoboboboon
goboboboboooooooobooooooooboooooobooooboooDobogooDooooDooboboOoon
gboooboobooooboboooobooooooboooobobooonog
JAXAOOOOOOOOOOOOOOOOOUOOUOUOUUOUOUUOUOUOOOOoOoOoOooDOoODDODODOODODODOODOOO
gboooooooooooooobooboobooboboboooboooooooobobobOobOobOobOobon
gboboooooooobooboobooboboboboboobooooooooooooboobooboOoboboboon
gbobooboooooobooooobooboobooboboboboboboobooooboooooooboobobOoboan
obooooobbooooobobooobooboboboooboobooon
gooboooooboooboooooboooooooobooooooooboooOoobobooboOoooDbOOoDo
goood

224/224



	第1章 序論
	1.1 研究背景
	1.1.1 高バイパス比エンジンファンにおける翼振動（フラッター）回避の位置づけと重要性
	1.1.2 ファン形式・翼構造の変遷について

	1.2 ターボ機械の空力弾性現象
	1.2.1 ターボ機械における空力弾性現象の分類
	1.2.2 翼列フラッターの特徴と発生例
	1.2.3 軽量な翼列に生じる翼列フラッター
	1.2.4 翼構造の変遷とフラッター解析手法への要求

	1.3 翼列フラッターの予測手法
	1.4 研究目的
	1.5 論文概要

	第2章 翼振動の記述と解析手法
	2.1 振動方程式と翼振動形態の分類
	2.1.1 翼の変形・運動における連成問題の区分
	2.1.2 翼の振動方程式とその解：翼１枚・１自由度振動
	2.1.3 翼１枚・多自由度の振動（モード合成法）
	2.1.4 翼列の運動方程式
	2.1.5 翼列系に対する強制振動応答の評価について
	2.1.6 翼列の多自由度振動の定式化：複数構造振動モード，複数翼枚数

	2.2 自由振動を利用した空力・構造連成系のモード同定法
	2.2.1 連成解析を利用した多自由度翼列における空気力係数推定法
	2.2.2 固有値解析によるフラッターモード推定

	2.3 モード同定における不確かさ解析
	2.3.1 推定値と数値計算結果との誤差の考え方
	2.3.2 決定係数 R2値
	2.3.3 誤差ベクトルの分散，推定係数の分散
	2.3.4 推定された空力弾性モード固有値の信頼区間

	2.4 2章のまとめ

	第3章 支配方程式
	3.1 連続体の支配方程式
	3.1.1 基準配置と現在配置，物質表示と空間表示，輸送定理
	3.1.2 質量保存則・運動量保存則・エネルギー保存則
	3.1.3 回転座標系における基礎方程式

	3.2 流体の支配方程式
	3.2.1 状態方程式および応力-歪関係式（構成式）
	3.2.2 一般曲線座標系への変換 
	3.2.3 Favre平均Navier-Stokes方程式

	3.3 固体の支配方程式
	3.3.1 仮想仕事式の導出
	3.3.2 応力-歪関係式（構成式）
	3.3.3 仮想仕事式の基準配置への書き換え
	3.3.4 固体の基礎式のまとめ

	3.4 3章のまとめ

	第4章 数値解析手法
	4.1 流体の数値解析法
	4.1.1 有限体積法
	4.1.2 非粘性項の評価
	4.1.3 粘性項および拡散項の評価
	4.1.4 変数変換
	4.1.5 時間進行法
	4.1.6 乱流モデル
	4.1.7 境界条件

	4.2 固体の数値解析法
	4.2.1 有限要素法
	4.2.2 有限要素分割
	4.2.3 増分型定式化
	4.2.4 変位-歪マトリクス
	4.2.5 接線剛性マトリクスおよび質量マトリクス
	4.2.6 外力ベクトルおよび内力ベクトル
	4.2.7 モード分解
	4.2.8 製造形状の逆解析法

	4.3 流体-構造連成法
	4.3.1 分離型反復解法
	4.3.2 変位の伝達法
	4.3.3 流体力の伝達法
	4.3.4 格子変形の手法

	4.4 4章のまとめ

	第5章 検証計算
	5.1 平板単独翼のクラシカルフラッター
	5.1.1 問題設定
	5.1.2 解析的空力微係数を用いたシステムモード求解法：p-k法
	5.1.3 近似Theodorsen関数を用いた状態空間解法
	5.1.4 時間領域モード同定法のVerification
	5.1.5 連成解析における数値解析の設定
	5.1.6 解析結果の比較と考察

	5.2 平板翼列のクラシカルフラッター
	5.2.1 問題設定
	5.2.2 境界要素法（LINSUB）による空力微係数を用いたシステムモード求解法
	5.2.3 連成解析における数値解析の設定
	5.2.4 解析結果の比較と考察
	5.2.5 モード間連成の影響: 複合モードと単一モードの比較，質量比の効果

	5.3 5章のまとめ

	第6章 NASA Rotor 67に対する連成解析
	6.1 問題設定
	6.1.1 解析対象
	6.1.2 解析対象の作動条件と特性評価法
	6.1.3 数値解析の設定

	6.2 構造解析
	6.3 流体解析の検証と流れ場
	6.3.1 特性曲線
	6.3.2 翼間の流れ場と翼後方のフローパターン

	6.4 静変形を考慮したファン特性の解析
	6.4.1 連成解析における条件
	6.4.2 静連成解析と流体解析のみのファン特性解析結果の比較
	6.4.3 連成/非連成解析間の流れ場の変化
	6.4.4 特性曲線に沿う翼形状の変化
	6.4.5 翼形状の変化と特性変化の大きさに関して

	6.5 連成振動解析によるファン振動特性
	6.5.1 解析方法
	6.5.2 連成解析で得られる翼振動時間履歴と非定常流れ場の概観
	6.5.3 翼列に空力弾性モード同定法を適用して得られる解について
	6.5.4 翼面上の圧力変動場と局所仕事分布の可視化

	6.6 6章のまとめ

	第7章 ファン動翼に生じる遷音速翼列フラッターの解析
	7.1 解析対象 - ECO-CEFS1ファン
	7.1.1 解析対象の概要
	7.1.2 数値解析の設定

	7.2 構造解析
	7.3 定常流れ場の解析
	7.3.1 乱流モデルの影響
	7.3.2 乱流モデルの決定
	7.3.3 ファン特性マップ
	7.3.4 フラッター境界付近における流れ場の特徴

	7.4 翼列フラッター解析とフラッター境界
	7.4.1 解析条件
	7.4.2 空力弾性モードの固有値分布
	7.4.3 同定誤差の評価
	7.4.4 1Fモード群の各作動点における空力弾性モード
	7.4.5 1Fモード以外の不安定モード
	7.4.6 翼負荷パラメータ，無次元振動数，マッハ数で整理した1Fモードフラッター境界

	7.5 フラッター境界近傍の非定常空気力特性
	7.5.1 局所的な自励空気力分布の概観と衝撃波の役割
	7.5.2 低回転数側のフラッター境界不一致の原因の考察

	7.6 モード同定の精度悪化の原因の考察
	7.6.1 流れ自身の変動成分について
	7.6.2 同定精度の悪化した点で同定された不安定翼振動について

	7.7 空力弾性モードと翼質量の効果
	7.7.1 Ti-6Al-4Vの翼における空力弾性モード形状
	7.7.2 翼質量の振動特性への感度

	7.8 7章のまとめ

	第8章 結論
	8.1 結論
	8.2 今後の展望
	8.2.1 プロップファンおよびCounter-Rotating Open Rotor への応用
	8.2.2 システム同定手法の翼振動計測のリグ試験への応用
	8.2.3 高精度非定常流体解析と翼振動解析を接続するスケール分離型翼振動解析


	参考文献  
	付録A  コードの基礎的な検証
	A.1 流体ソルバおよび移動境界問題に対する検証
	A.1.1 流体ソルバおよび移動境界問題に対する検証
	A.1.2 一様流保存問題
	A.1.3 乱流モデルに対する検証

	A.2 固体ソルバに対する検証
	A.2.1 梁の有限変形
	A.2.2 張力を有する梁の振動数
	A.2.3 片持ち板のモード解析

	A.3 流体-構造連成法に対する検証
	A.3.1 付加質量効果の再現
	A.3.2 静空気力による変形

	A.4 まとめ

	付録B  並列計算法
	付録C  マルチブロック法
	付録D  連立一次方程式と固有値問題の解法
	付録E  ミスチューニング
	謝辞  

