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Abstract. The research on functionally graded material (FGM) has received a lot of attention
recently because this material is used in many areas of life. This paper presents an analytical
approach to investigate the dynamic characteristics of the functionally graded cylindrical thin
shell subjected to aerodynamic loads. Based on the first-order shear deformation theory
(FSDT) and the Piston theory supersonic aerodynamic, the governing equations of FGM
cylindrical shell in the moving hypersonic airflow are established. The Galerkin technique
together with Volmirs assumption and the fourth-order Runge-Kutta method are used to
analyze dynamic problems of cylindrical shell. The research target is to find out critical Mach
numbers of airflow, which made the shell unstable when geometrical parameters of shell and
volume fraction index of the constituent material are varied. Numerical results show the
influences of geometrical parameters, the material properties to the nonlinear flutter
characteristics of FGM cylindrical shell. The results are obtained to find out critical Mach of
airflow, which made the shell unstable.
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Tom tat. Cac nghién ciu vé vat liéu c6 co tinh bién thién (FGM) di nhan duoc rat nhiéu sy
quan tam trong thoi gian gan day do vat liéu duoc sir dung & nhiéu linh vuc caa cudc song.
Trong bai bao nay da phan tich cac dac trung dong hoc cta vo tru mong FGM dudi tac dung
cua luc khi dong. Trén co so ly thuyét bién dang truot bac nhat va mé hinh khi dong luc theo
ly thuyét Piston da thiét lap cac phuong trinh co ban cua vo try FGM trong dong khi chuyén
dong vuot am. Phuong phap Galerkin, gia thiét Volmir va phuong phap Runge-Kutta bac 4 da
dugc str dung cho phan tich dong luc ciia vo. Muc tiéu nghién cau 1a tim sé Mach téi han caa
dong khi 1am cho vo mat 6n dinh khi thay d6i cac tham sé hinh hoc caa vo va chi sé phan bd
vt liéu thanh phan. Két qua sé chi ra anh huong cua cac tham sé hinh hoc, céc tinh chat vat
liu dén cac dic trung dong luc phi tuyén caa vo tru FGM. Két qua da dat 1a tim duoc s6
Mach t6i han caa dong khi 1am cho vo mét 6n dinh.

Tir khoa: Vo try, vat lieu FGM, hién tuong tu dao dong, dong luc phi tuyén.

© 2021 Truong Dai hoc Giao thdng vdn tai

1. LOI GIOI THIEU

Vit liéu c6 co tinh bién thién (FGM) duoc nghién ciru dau tién boi mot nhoém céc nha
khoa hoc vat liéu ciia Nhat vao nam 1984 trong du 4n khong gian doi hoi vat liéu c6 chiéu day
nhé nhung d6 chénh léch nhiét d6 cao [1]. Vat liéu FGM duogc dung phé bién nhat hién nay 1a
loai hai thanh phan duoc tao nén tir gém va kim loai bién d6i mot cach tron va lién tuc tir mit
nay sang mat kia theo chiéu day thanh két cau. Vat liéu FGM thudng duoc sir dung trong
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nhiéu linh vuc khéc nhau. Vi du, céc c4u kién co ban trong may bay va 10 phan (ng hat nhan,
trong y hoc va quoc phong [2].

Déi voi phan tich dong luc cia vo FGM, ¢6 nhiéu nghién ctu tap trung vao cc dic trung
dao dong cua vo. Loy va cong su [3] dd nghién ctru dao dong cua vo truy FGM. Pbi tuong
nghién ctru 12 tan sé dao dong, anh huong cua ty s6 thé tich va hiéu qua cua hinh dang cau
trdc vat liéu 18n tan sé dao dong. Huang va Han [4] da trinh bay bai toan 6n dinh dong luc phi
tuyén cia vo try 12 vat liéu c6 co tinh bién thién chiu tac dung cua tai trong doc truc phu thudc
thoi gian bang cach su dung tiéu chuan 6n dinh dong luc cua Budiansky-Roth.

Céc nghién ctru & céc bai bao trude day thuong sir dung Iy thuyét vo cb dién dua trén cac
gia thiét Love-Kirchhoff b qua cac bién dang truot ngodi mat phiang. Nguoc lai, ly thuyét
bién dang truot bac nhat (FSDT) va ly thuyét bién dang truot bac cao (TSDT) c6 tinh dén bién
dang ngoai mat phang. Ly thuyét bién dang truot dugc xay dung trén co so ly thuyét cua
Reddy[5]. Bang cach st dung ly thuyét vo TSDT va  phuong phap phan tir hitu han, Shariyat
[6] da nghién ctru bai toan 6n dinh dong luc phi tuyen cua vo tru FGM dudi tac dung cua tai
trong doc truc va &p suat ngoai co tinh dén yéu té nhiét. Dao Huy Bich va Nguyen Xuan
Nguyen [7] da nghién ctru dao dong phi tuyén cua vo tru tron FGM trén co so cac phuong
trinh Donnell cai tién. Dung DV va Nga NT. [8] da nghién ctru phan tich phi tuyén dang diéu
uén va sau udn caa tim FGM khong hoan hao dugc gia ¢b bai vat lieu FGM véi céc tinh chét
vat lieu phu thudc nhiét do trén co so ly thuyét TSDT. Sofiyev [9] da nghién ctru dao dong va
d6 udn cua vo tru sandwich duoc bao boc bai cac 16p pha khac nhau chiu tac dung tac dung
cua &p luc thay tinh bang cach st dung FSDT. Ghosh va cong su [10] da phan tich dao dong
tu do cua tim nhiéu 16p co gia cuong bang céach sir dung TSDT. Javaheri va cong su [11] da
nghién ctu vé tinh 6n dinh nhiét cua tim FGM trén co so ly thuyét TSDT. Lanhe [12] da
nghién ctu tinh 6n dinh nhiét cua tim chit nhat FGM c6 d¢ day tua don. Matsugana [13] da
phan tich dao dong ty do va on dinh cia vo thoai FGM c¢6 sir dung ly thuyét TSDT.

Trong céc nghién ciru cua tac gia tir trude dén nay vé phan tich dong luc phi tuyén caa vo
déu dua trén co s& Iy thuyét vo co dién [14]. Muc tiéu nghién ciru 1a tim sé Mach téi han caa
dong khi 1am cho vo mat on dinh khi thay d6i cac tham sé hinh hoc caa vo va chi sé phan bd
vat liéu thanh phan. Véi muc dich 1a tim s6 Mach t6i han khi xét dén bién dang ngang, trong
bai béo nay tac gia tién hanh phan tich dong luc cua vo tru FGM  dudi tac dung cua luc khi
dong trén co sé ly thuyét FSDT.

2. VO TRU MONG FGM DUOI TAC DUNG CUA LUC KHi PONG

2.1. Vat ligu FGM

Vat ligu c6 co tinh bién thién trong bai bdo nay, duoc gia thiét‘duqc lam tir hon hop cua
ceramic (gom) va kim loai vai ty 1€ thé tich cua vat liéu thanh phan dugc cho theo qui luat
hon hop:

k
22+h) )

Vi (1)1, (1) =1 (2) = 22

O day h 1a chiéu day caa vo tru; k > 0 1a chi s6 ty 18 thé tich cac vat liéu thanh phan; z 1a

toa do chiéu day (—g <z< 2} : C4c chi sb dudi ¢ va m dé chi thanh phan gém va kim loai
tuong tng. Theo quy luat hdn hop, mé dun Young va mat d khéi c6 thé biéu dién dudi dang:
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k
E(2)=EV, +EV, =E, +(E, -E,)[ 22"
2h
k @)
2z+h
,O(Z)Z,Dm mt P c:pc+(pm_pc) T

2.2. Cac hé¢ thirc lién h¢ ing suit - bién dang cua vé tru FGM

Xét v try ¢6 ban kinh R, do day h va d6 dai a ndm doc theo ludng khi chuyén dong voi
van toéc U (Hinh 1). Chon hé¢ truc toa d¢ (X, X,,2) sao cho truc x, X, 1a cac huéng doc truc
va hudng vong con truc z vudng goc véi mat giita vo tru, co chiéu duong hudng vao trong.

Theo 1y thuyét vo bién dang truot bac nhat va tinh phi tuyén hinh hoc von Karman, cac
thanh phan bién dang tai mat gitra va d6 cong, d6 xoan cua vo tru lién hé qua cac thanh phan
chuyenvi u,v,w va ¢,¢, la cac goc quay cua phap tuyen ngang thugc cac truc x,, x, tuong
ung nhu sau [5]:

. ou 1(aw]2 o4,
A1

L0 1 0 8W+¢1
1 ox 2| ox, %, V13 = Vi3 ox,
2
o ov 1 1( ow op, o OW
=W+ - — , =—, = = —+4
& x R A Ve! ox, V23 =72 ox, 9, (3)
0_8u+8V+8W8W _8¢1+8¢2

V12 _8_x2 & axla—xz,llz = ox, | ox,
Cac thanh phan bién dang tai diém cach mit gitta mot khoang z duoc xac dinh bai:

& :810 — X8, :‘92 —ZY 12 :7102 —22y, (4)

Tir (3) nhan dugc phuong trinh twong thich bién dang cua vo nhu sau:

020 %0 Y [ ow ) dwow 1w
2T 2~ - T2 A2 P A2 ®)

0X, OX OXx0X, |OXxo0X, oX, oX; R ox

Quan hé trng suat va bién dang theo dinh luat Hooke [5]
E(z E(z E(z
(71=1_(V2 (51+V52)’0'2Z#(‘?frvgl)'ﬁz:ﬁhz’ ©)
E(z
(01310'23)= 2(1(4_‘)/)(71377/23)

Tich phan céc biéu thirc dinh nghia cua ndi luc mang va mémen, lyc cit caa vo nhu sau:
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E E
lel_:/z(810""/‘93)_—1_?/2()(14"/)(2);
E _ E E 8

szl_i/z (gg"'vglo)_l_iz (Zz"‘VZl)’ N12:2(1_’1_V)7102_(1+2V)Z12 ®)

E E E E
Mlzl_iz(510+V5§)—1_13/2(11+V12);M221_‘2/2(8§+vgf)—l_‘3/2(;(2+v;(1)

E E 5E, (ow 5E, (ow 9)
M, = 2 0___ 38 4  Q=—1> 2 |—— Q, = 1 ow
2= ) 2 L) 40 12(1+v)£8x1+¢1j % 12(1+v)(6x2+¢2j

Trong d6

_ 2
E1=|:Ec+ﬁ:|h; E2= (Em Ec)kh :
k+1 2(k+1)(k+2) (10)

E, = 5+(Em—EC) 1 1 1 )y
12 k+3 k+2 4k+4

T (8) biéu dién nguoc lai, ta co:

1 E 1 E 2(1+v E (11)
510 :E(Nl_VNz)"'EjZl; 52 :E(Nz_VNl)"'EiZz’ 7/102 :QNH +2Ei}(12
Thay thé (11) vao (9) ta nhan duogc
E E,—E2 E E.—E2
M1=_2N1_E13—22(11+V12); M,=—2 2_E13—22(7(z+‘/11)
E ' E(1-v) ECOE(1-v) (12)
E E,—E2
M, Elez E(i_ 22) 12

2.3. Cac phuong trinh co ban cia vé tru FGM chiu téi trong khi dong

Gia thiét vo tru FGM nim doc theo ludng khi chuyén dong véi van tdc vugt am U . Dong
khi tac dung Ién mat cua vo ap luc g, huéng theo phap tuyén ctia mat vo.

Hinh 1. V/é try bang vat ligu c6 co tinh bién thién dudi thc dung cua dong khi. Truc x,, X, la cac
hudng doc truc va hudng vong con truc z hudng vudng goc voi mat gitra vo tru.
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Phuong trinh chuyén dong ciia vo FGM trén co sé bién dang truot bac nhat ¢ dang [5]:

N, , Ny, o’u (13)

ox  ox, ot

Ny N, _ 3 (14)

x o ox, e

2 2 2
0 I\Ql +2a M., +a '\22 +i Nl@+ leﬂ
X OX0X, OX,  OX 0%, oX, (15)
2
+i N12@+N2% +&+qo :pla_\;v
OX, o0, OX, R ot
M, | M g -0 (16)
oX, 0%,
17
8M12+8M2_Q2:0 (17)
oX,  OX,
h
2
: P =P

Trong do = z)dz=| p,+—"—== |h 18
g P Ihp( ) (pc — j (18)

2

Theo ly thuyét Piston tuyén tinh bac nhat, lyc khi dong xac dinh theo céng thtc [15]
(19)
3 ——wa(M @+i@J
ox, a, ot

Trong d6 » 1ty s6 nhiét dung cua chat khi; a_la van toc am; P, la 4p suat khi chua bi

nhiéu; M la sé Mach; M 221 U la van téc dong khi.
a

2 2
Sur dung gia thiét Volmir, gt—‘j%o,%%o, Viu= W, v= w, hai phuong trinh (13),

(14) thoa méan dong nhat khi ta dwa vao ham ng suat ¢ sao cho:

% op o%p
N,=—5 ,N,=—5 N, =— 20
ot oo axox, (0)
Phuong trinh (15) dwa vé dang:
2 2 2 2 2 2 2
8|\£Il+28M12+8|\/I22+ 16VZV+2N12 ow +N26V2V+&+q0:pla—\;v (21)
OX; OX,0X,  OX, OX, OX,0X, oX;, R ot

Thay (11) vao phuong trinh (5) va st dung (20) dua phuong trinh twong thich vé:
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2 2 2 20 A2
1 10w (8wj O0°W O°W (22)

L arp=_LW, _
E 0T RoC \oxex,| o ok

Thay (11) vao cac phuong trinh (16), (17), (21) va su dung (20) ta c6 cac phuong trinh
chu dao:

Pw_EE-EL(0, 0 04 34 180 Fpdw,
P TE -\ o¢  adox, oo ¢ ) Rak ok of

2 2 2 2 (23)
O dw _d'pdtw, Pw(Maw 1awj 0

OX,0X, OX,0X, OX’ OX;

EE,-E) o' EE-E ¢  EE,-E] 0% _ 5E [aw ¢J:0 o
1

E(1-v?) & 2E,(1-v )oxdx, 2E(1+v )ox; 12(l+v) ox

_E2 A2 _E2 2 _E2 A2
E,E, 522 ¢, , EE B 04 | EE B O 58 [ow 3 4 -
E(1-v?) o  2E(1-v )oxdX, 2E(1+v ) o 12(L+v)(ax,

Céc phuong trinh (22) —(25) chira 4 anw, @, @, ¢, dugc st dung nghién ctru dao dong phi
tuyén va 6n dinh dong luc caa vo tru FGM trén co so ly thuyét bién dang truot bac nhat.

3. PHAN TiCH PONG LUC PHI TUYEN CUA VO TRU
Gia thiét vo try tya don ¢ hai dau, diéu kién bién c6 dang:
w=0,M,=0,N,=N,, =0 tai x, =0va x, =a (26)

Tim nghiém théa man diéu kién bién va phai dat dwgc muc tiéu tim sé Mach téi han. Dat
nghiém

w= f,(t)sin % in 22 4 1, (t) sin Msin% (27)
a R a R

Thay (27) vao phuong trinh (22) va giai phuwong trinh nay ta xac dinh ham ¢ng suat nhu
Sau:
Mz,

(m —i—l)ﬁx1 2mrzx,

. . NX, . . NX, 2nx,
@ =@, sin sm?ﬂpzsm sm?+¢3cosT+¢4cos

(28)
2(m+1 2m+1 2m-+1
@5 Cos%ﬂﬂa COS% + COS—E;(l + @5 Cos( " )% cos 22:(2 +

Vs 2nx
+¢, COS 74 s e
7 a

O day ky hiéu
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f,m?a’E f,(m+1)" a’E E
h= : 2 21 o2 P = 1( )2 : 2P = > 2[f12m2+f22(m+1)2}
Rz m? +n%2? | Rz2 [(m+1) +n2/12] 32n%4 29
o - fEM2T o RENYE RRENAE -fifEN]
oomt T 2(mer)’ T 42mer) 4
~f, f,En*A® _ B HENA® (2m +1)°

"o 4[(am+2y +4m2/12T i 4[1+4n°27

Thay (27) vao cac phuong trinh (24) va (25) ta xac dinh dugc cac ham ¢, ¢, nhu sau:

mx,

m+1
& = ¢, COS ﬂsin%
a

sin n—;z+¢11 cos
30
(Mm+1)mx  nx, 0

mz nx :
% cos e 4 ¢y, SIn—————Cc0s—=
R a R

¢2 = ¢zo sin
O day

b = S5faE, (niA,-mA, b = 5faE, [ mA,-nlA;
O\ ALA, -AL )T 12(1v) ALA, - A

4, = 2026 rIﬂbBlz—(mH)Bzz_qj _ 5faE, [(m+1)B,-niB,
' 12(1+v)z| B,B,-BS | 12(1+v)z| BB, -B}

E 2m*  , , b5a’E E 2n°A>  , B5a’E
= A2 A = b}
A [(1—v)+n YoEs | 2(1+v) (1—v)+m " 6ER?

(31)

EmnA E [2(m+1)2

— +n212+5a2E1 ’E:ElEs_Ezz
2(1+v)

(1-v) = E,

+1)2 +

B
2 2(1+v)

E {2&12

(1_V)+(m

5a’E, E(m+1)ni
2 1812 =
6Ex 2(1—1/)

Thay thé céc biéu thirc (27), (28), va (30) vao phuong trinh (23) va ap dung phuong phap
Galerkin , ta duoc:

at . 5a°(EE,—E})(m*+n°A%)[m’A, +n°A°A, —2mniA, |

—f+
T 12(1-v°)(1+v) 2* (AuA, — A, .
4.4 4
m‘a‘E, . _fzmmﬂhif1 + (32)
R (et A amel)
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AU mz(m+l)2+ (2m+1)* . 1
16 25 [1ean?? T [(2m+1) +an22? |

S +4 |+
3E1 4 4047 _
+fl Elim +n/1}—0

at . 5a°(EE—E})|(m+1) +n2% || (m+1) B, +n"A"B, ~2(m+1)n 2B, |

Rl f
P a2t 12(1—v2)(l+v)ﬂ2(811522_8122) 2
4 4 4
r (m+1) a E1 . f2+7pwa_4|:_ 1M if.z:|+
R27r4[(m+1)2+n212] " a(zm+1) a,
(33)
2
L LEAE M (mel)”  (2m+1)t ! +4 |+

16 'A% [1ean?2?] [(Zm +1) +4n222}2

= 4 a4
f, 16[(m+1) +n* }_O

Tir cac phuong trinh (32),(33), ta nhan duoc hé thirc xac dinh tan sé dao dong riéng
cua vo:

[K-0’H|=0 (34)
a.4
<0
Trong do: K= 0 = 8 7
0 K, ’ 0 a’ ,
Pz
T
5a° (E,E, — E; )(m? +n°4%)[ m*A,, +n?2°A, —2mn A, | m*a’E
Ky = + L -
12(1-v2)(1+v) 7° (A, A, - AY) R2z* [ m? +n?27]
. _5aZ(ElE3—Eg)[(mﬂ)z+n2ﬂ[(m+1)2 BZZ+n2/12811—2(m+1)nﬂBlzJ+
. 12(1-v?)(1+v)7* (BB, - B)
(m+1)"a’E,
R%z* [(m +1)2 + nzﬂZT

_ Hé hai phwong trinh vi phan phi tuyén (32) va (33) mo ta dao dong cia vo, két hop vei
dieu ki¢n dau va str dung phuong phap Runge-Kutta bac 4 va chuong trinh phan mem Matlab
ta s€ nhan dugc do thi dap ung dong luc cua vo. Van dé dat ra la véi cac gia tri khac nhau cua
s6 Mach M =U/a,_, ta can tim s6 Mach t6i han dé tir ¢6 vé mat 6n dinh. S6 Mach téi han
duoc ky higu 1aM,, . KhiM > M, , vo try mét 6n dinh.
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4. KET QUA SO VA THAO LUAN

4.1. Panh gia do tin cay

Dé danh gia d¢ tin cdy cua chuong trinh tinh toén, tan s6 dao dong riéng cua vo tru FGM
dat duoc tur bleu thirc dugc so sanh vei Loy va cong sy [3], Bich va Nguyen [7]. Theo [3], xét
vo6 tru FGM gdm cac thanh phan Stainless Steel va Nickel véi cac tinh chat vat liéu

N

-, =B166 K9 E - 223,05x10° Nz p, =8900

E_ =201,04x10° —; =8900—,v,, =v,=0,31
m

Khi dua cac s6 ligu nay vao chuong trinh Matlab, két qua nhan duoc tan s6 dao dong
riéng d¢ so sanh d§ tin cdy. So sanh tan s6 dao dong riéng dugc thé hién ¢ Bang 1, loai trir so
hang dau véi m=n=1, c&c so hang khac sai khac khong dang ke.

Bang 1. So sénh céc tan s6 dao dong riéng khac nhau (Hz) twong tng véi s song tron n véi m=1,
h/R=0,002, a/R=20, k=2.

n Bai bao Bich va Loy va cong
Nguyen [7] su [3]
1 19,1056 19,0079 13,321
2 5,237 5,0554 45114
3 4,8699 4,4188 4,1827
4 7,8389 7,3179 7,0905
5 12,1164 11,5577 11,329
6 17,4144 16,8187 16,587
7 23,69 23,0521 22,454
8 30,9337 30,2487 30,014
9 40,5814 38,4063 38,171
10 48,4015 47,5242 47,288

4.2. Pap tng hién twong tw dao dong phi tuyén va s6 Mach téi han

Bing cach str dung phuong phap Runge — Kutta bac 4 va ngon ngit lap trinh Matlab dé
giai hé phuong trinh (32)-(33). Xét vo tru FGM nhém-oxit nhém vai cac tham s6 hinh hoc va
vatliéu[14]:
h=0,003m,R =1m,a=3m,k =1 E_=380x10°N/m?, p, =3800kg /m*,E, =70x10°N/m?,
P, =2720kg/m*,v=0,3 va cac dic trung ctia khi dong luc [15]: y=14,a, =340m/s

P, =99473,4N /m?. iéu kién dau f (0) =1e-10, f,(0) =0, f,(0)=1e—10, f,(0)=0.

Hinh 2 13 dap tng dong luc phi tuyén cua vo tru FGM véi M=2.3676, v6 chua mat 6n
dinh. Ham f, dao dong diéu hoa véi bién do nho. Ham f, dao dong véi bién do tang trong
khoang thoi gian dau t < 0,05s sau d6 véi t > 0,05s thyc hién dao dong diéu hoa. Khi sé Mach
tang 0,0001 (twong ¢ng van tdc ting ~0,034 m/s), tuc la Mth 2,3677, bién do tang lién tuc,

v6 mét 6n dinh (Hinh 3). Khi so séanh vai ly thuyét vo ¢ dién [14], M,, giam khi co bién
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dang truot ngang. Theo [14], M, =2,3684 ddi véi vo tru cling kich thudc va vat liéu, sai so 1a
0,0007.

k=1, a/R=3, h=0.003, M=2.3676
x10'88‘ ' o ' ' '

B

1l

k=1, a/R=3, h=0.003, M=2.3677

x10%

0.

[6,]

o

f1&f2
o
(S]

0 2 4 6 8 10 12 14 16 18 20x102 120 1 2 3 4 5 6 7 8 9 10x10¢
t t
Hinh 2. Dép tmg dong lyc cua vo tru véi sd Mach  Hinh 3. Dap ting dong luc ctia vo tru mat én
M= 2,3676. dinh véi M, =2,3677.

a) Anh huong cua diéu kién dau

Khi thay d6i diéu kién dau, chang han tai t = 0, f(0)=1e-5,f,(0)=1e-5 va
f,(0) = f,(0) =0, dap tGmg dong luc thé hién trén cac Hinh 4 va Hinh 5. Hinh 4 véi s6 Mach
M = 2,3676 do thi thé hién dao dong giam dan. Khi M = 2,3677, dap tmg dong lyc thay doi so
v6i Hinh 3 trong cung khoang thoi gian. Do anh huong cua dieu kién dau, bién d6 dao dong
lac dau gidm sau d6 c6 xu huong dieu hoa. Do yeu to luc can khi dong va yeu to phi tuyen
trong phuong trinh (32) va (33) bién d¢ dao dong khong tang dén v6 cung ma dén thoi diém
nao d6 hién tugng tu dao dong la diéu hoa.

k=1, a/R=3, h=0.003, M=2.3676 k=1 a/R=3. h=0.003. M=2.3677
paos T Qaos T T e
0.8 osﬁﬂﬂﬂﬂ”ﬂ” ﬂ
0.6 0.6
0.4 0.4 ”
0.2 0.2/
0 0
502 02
F-04 = -0.4
-0.6 -0.6/
-O.S,HUMHWW
-1 e e -1 . 2N : o
01 2 3 4 56 7 8 9 10x10? 0 1 2 3 4 56 7 8 9 10x10°
t t
Hinh 4. Bap tng dong luc cua vo tru voi Hinh 5. Bap trmg dong luc cua vo tryu voi
M=2,3676 khi thay d6i diéu kién dau. M=2,3677 khi thay d6i diéu kién dau.

b) Anh huéng cua ty s6 h/R
Khi ting chiéu day cta vo, M, ting. Xét vé véi kich thuéc k = 1, a=3m, R = 1m.
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Khi d6 véi h=0,004m, M, = 4,6375, hién twong mét 6n dinh xay ra trén Hinh 6, véi
M,, =7,798, h=0,005m, hién tuong mét 6n dinh xay ra trén Hinh 7. Khao sat cho thay giai
doan chwa mét 6n dinh, su thay ddi cua s6 Mach anh hudng khong dang ké dén tan sé dao
dong. Khi chiéu day h cta vo try ting, M, ting nhanh. Bang 2 thé hién M, khi ty s6 h/R
tang. Khi xét Iy thuyét vé co dién [14] gia tri M, = 4,6397 ddi véi vé clng kich thuéc va vat
ligu. Sai khac cia M, giita hai ly thuyét 12 0,0022. Nhu vay khi xét bién dang trugt do mat
6n dinh cua vo dén nhanh hon. Ranh gidi gitra 6n dinh va khdng 6n dinh véi su thay doi cua
s6 Mach 12 0,0001 thi sy sai khac 0,0022 khéng phai 1a nho. Gia tri caa M, trong két qua trén
1a chinh x4c hon so véi nghién ciu theo Iy thuyét vo cd dién.

k=1, a/R=3, h=0.004, M=4.6375 k=1, a/R=3, h=0.005, M=7.798

X109 x10°

f1&f2
f1&f2

- e R -3 R e
01 2 3 4 5 6 7 8 9 10x10? 01 2 3 45 6 7 8 9 10x10®
t t
Hinh 6. P4p tmg dong lyc ciia vo tru mét én  Hinh 7. Pap tmg dong luc cia vo try mét 6n dinh
dinh véi M\, =4,6375, h=0,004m. voi My, =7,798, h=0,005m.

Bang 2. M,, khi ty s6 h/R thay d6i, k =1, a = 3m.

R(m?(m) 0,002m | 0,0025m | 0,003m | 0,0035m 0,004m 0,0045m | 0,005m
Im 0,9233 1,5534 2,3677 3,4001 4,6375 6,1392 7,798
1,1m 0,811 1,3637 2,0872 3,0045 4,0879 5,3842 6,9571
1,2m 0,7211 1,2157 1,8715 2,6641 3,66 48114 6,1282
1.3m 0,6527 1,097 1,6717 2,4166 3,2783 4,3173 5,5781
1,4m 0,588 0,9909 1,5271 2,1746 2,9784 3,9592 5,01
1,5m 0,5409 0,9065 1,3859 1,9905 2,7377 3,5707 4,5768

521



Transport and Communications Science Journal, Vol 72, Issue 5 (06/2021), 510-524

¢) Anh huong cia ty sé a/R

oo k=1, a/R=2, h=0.005, M=11.8008

f1&f2

8 9 10x10°
{
Hinh 8. Pap tmg dong luc ciia vé try mat on dinh véi M, =11, 8008.

01 2 3 4 5 6 7

Anh huong cua ty sé a/R dén dap ung dong luc cua vo FGM dugc chi ra trén Hinh 8 voi
a/R =2, h=0,005m. Khi M, =11,8008, vé mét 4n dinh. Bang 3 thé hién khi ty sé a/R thay ddi,
M, thay d6i. Khi a/R ting, M, giam. C6 dinh R=1m, khi chiéu dai cua vo try ting, do cang
cuia vo tru giam nén do 6n dinh caa vo giam. Két qua nay hoan toan pha hop véi thuc té.
Bang 3. S6 Mach téi han ting vdi ty s6 a/R va h thay d6i (k =1, R = 1m).

H(m)
0,002m 0,003m 0,004m 0,005m
a/lR

1 2,8399 7,6033 14,5026 25,138
15 1,8556 4,8205 9,5422 16,1756
2 1,3859 3,5707 7,088 11,8008
2,5 1,1082 2,8451 5,5732 9,5247
3 0,9233 2,3677 4,6375 7,798

d) Anh huong cia chi s6 k

Khi cho chi s thé tich k thay d6i, M, thay dbi. Vat licu FGM duoc gia thiét 1am tir hdn
hop caa ceramic va kim loai véi ty 18 thé tich cua thanh phan duoc cho theo qui luat (1). Khi
k=0, V, =1V, =0, vat li¢u hoan toan la kim loai, M, nho. Khi k=0, V, =1V_ =0, vat li¢u
hoan toan 1a ceramic, M, ting rd rét. Diéu ndy hop ly vi md dun dan hoi cta cua thép nho
hon ceramic nhiéu. Trén Bang 4 thé hién s6 M, thay d6i khi k, h thay d6i. Hinh 9 va Hinh 10
thé hién dap tng dong luc cua vo khi mat 6n dinh véi k=0,5 va k=5.

Bang 4. M, khi cho ty sb thé tich k va chiéu day h thay doi véi a/R=3.

k
h(m) 0 0,2 0,5 1 2 5 00
0,002m 0,3207 0,5518 0,7408 0,9233 1,115 1,3563 1,7405
0,003m 0,8314 1,4291 1,9067 2,3677 2,8614 3,4772 4,5129
0,004m 1,6303 2,8021 3,7361 4,6375 5,6034 6,8111 8,8497
0,005m 2,7265 4,6885 6,2694 7,798 9,43 11,4495 14,8007
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«10° k=0.5, a/R=3, h=0.005, M=6.2694 «10° k=5, @/R=3, h=0.005, M=11.4495

2 "'!.'!

1 |

01 2 3 4 56 7 8 9 10x10° 01 2 3 4 56 7 8 9 10x0°

1 t
Hinh 9. Dép tmg dong luc ciia vo try mat én dinh ~ Hinh 10. Déap g dong luc cua vo try mat on
voi M, =6,2694. dinh véi M, =11,4495.

5. KET LUAN

Trong bai b4o nay da nghién ctru dong luc phi tuyén cua vo tru FGM dudi tac dyng cua
luc khi dong theo ly thuyét Piston bang cach si dung Iy thuyét bién dang trugt bac nhat. Cac
két qua s6 cua dap ung dong luc cua vo tru FGM di dat duoc bang phuwong phap Runge-Kutta
va chuong trinh Matlab. S6 Mach t6i han c6 gi tri nho hon so véi vat liéu cing kich thudc
khi so sanh véi Iy thuyét vo co dién. Piéu d6 ching to rang hién tuong mat on dinh cua vo
dén sém hon. Tuy nhién sai khac ciia s6 Mach téi han theo ly thuyét vo c6 dién va ly thuyét
bién dang truot bac nhat 1a nho. Cac tham s hinh hoc van dong vai tro quan trong trong hién
tuong tu dao dong caa vo FGM. Khi ty s6 h/R tang, M, ting nhanh. Khi ty s6 a/R ting ,

M,, giam nhanh.
LOI CAM ON
Nghién ciru nay duoc tai tro boi Truong Dai hoc Giao thong van tai trong dé tai mi sb
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