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1 Ú ó

p�=f3éÄ!Ê�L§¥²~ÏL�.
=�, d�XÚÒ¬u)-���, ÏdXÚI�
�þÑÑUþ�{Z~�C�. Cc5, Ñy
�

äk��5´¢A5�{Z��, X7á��!
gj-!õ�g�±9�
AÏEÜ.M��&
�����{Z~�ì� [1−2], AO´, d7á�
�á��¤��
{Zì3Ê�ÊU!Å��E
±9EÍó��+���
¤õ�A^ [3].

7á��{ZìáuZ�Þ��5{Zì, §
U
«É��·Ä�1Ö, §�kprÝ!pUþ
ÑÑXê, Uó�3p§!$§!@¡!ý�!Ë
���¸¥. �y3��, éuZ�Þ��5{Z
XÚ�©ÛJÑ
éõ�.Ú©Û�{ [4−8], ¿ï
Ä
¹k��5fÝÚ��5{Z�=ÄXÚÄ
åÆ�'¯K [9−12], �´�8cnØþ�O��
{��{8I���$� [2,13]. �é7á��ù�
aZ�Þ��5{ZXÚ, 8cÌ��ïÄÃã´
æ^¢��nØ©Û�(Ü��{ [14,15]. �©�
éA^up�=f�7á��{Z�AÛ�¤A
:, ��
7á����¬, |^¢�9�q5n
ØÚ2Â�IC��{ïá
7á�����å

Æ�., TåÆ�.U
�N7á�����Ì�
�55UÚõ:�>ü��m�Z�ÞÌ�A5.
|^T�.í�
7á��{Z�3Ä1Ö�^
eÄåÆÄ�O�úª, nØ�ý��
7á��
{Z��´¢£�, ¿é7á��{Z��5{Z
A5?1
©Û.

2 7á����åÆ�.

� ï á 7 á � � � � å Æ � ., � � º �
� H × a × b ���N (Xã 1) 7á���� (±
e{¡��), ��á�´ 1Cr18Ni9Ti, 7áj�»
� 0.1 mm, �é�»� 0.1(7áj�»�Ú^ò�
»�'), ����é�Ý 0.2. é��3�¤.�
�?1\1�1¢�, Xã 2(a) ¤«, 1Öl"\
1� Nmax �2�1�"�¤�g\1�1L§,
=ã¥�´¢£�, ã¥�´¢£��3�´¢
£�>.?¿:?1�\1�1L§.

�
O��B, A^ σ-ε �I/ª, Ù¥ σ =
N/(a × b) ����»� ({�) Aå, ε = ∆H/H

��»� ({�) AC, H ����pÝ, ∆H ��
�Ø þ, a, b ©O���î�¡��ÝÚ°Ý.
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ã 1 7á���� (a) ¢Ôã¡; (b) ��Éå«¿ã

ã 2 7á�����´¢£� (a) ¢��; (b) σ-ε
�

Xã 3 ¤«, £ã����´¢£��L«
� [2]

σ(ν, ε, Aε) = σm(ε,Aε) + σY(ν, ε, Aε), (1)

Ù¥ σ �´¢¡Eå¼ê (Aå¼ê); σm ���
5�5¼ê; σY �´¢¼ê; ν �1Ö��Xê;
Aε �AC���Ì�. Ù¥

σm =
1
2
(σ1 + σ2), (2)

σY =
1
2
(σ1 − σ2), (3)

Ù¥ σ1, σ2 �\1Ú�1L§¼ê. ½Â�Þå¼
ê� σf = σ1 − σ2. 7á����3k�ó���

S, k

σm = 5.70876ε − 90.504ε2 + 3704.6962ε3

−37670.35ε4 + 133402.508ε5. (4)

�Þå σf �

σf = 8.479ε − 276.84ε2 + 10703.89ε3

−174815.138ε4 + 1305330ε5

−3707080ε6. (5)

ã 3 ��´¢£�

�
ïÄl��´¢£�>.þ�?¿:�
�Ð©: (σ0, ε0) m©�C/L§. ?12Â�I
�qC�, �IC�Xe

λ =
|σ − σ0|

σf
, (6)

ξ =
|ε − ε0|

a0
. (7)

d�IC�Ãþj¼ê λ(ξ) �£ã�

λ(ξ) = e−5ξ, (8)

Ù¥ a0 �í{C/, Xã 3 ¤«, �Y²����
�´¢£�>.�ü��: σ1(ε1), σ2(ε2) éA�
C/��, = a0 = ε2 − ε1. éu�´¢£�5ù,
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a0(ε) ��L«�

a0(ε) = 1.554ε − 36.693ε2 + 501.165ε3

−3311.808ε4 + 7454.636ε5. (9)

nÜ±þ©Û��3�´¢£�>.þ?�:�
�Ð©:�´¢¡Eå¼êL�ª�

σ(ε, ε0, ν) = σm(ε) + 0.5(−1)ν+1σf(ε)

+(−1)νσf(ε0)

× e−5|ε−ε0|/a0(ε0), (10)

Ù¥ ν = 1 �\1L§, ν = 2 ��1L§.
7á���é�Ý ρ̄ �7á��åÆ5U�

Ì�ëê, éØÓ�é�Ý�7á����, ?1

Ó��¢�, ± ρ̄ � 0.2 ����ë�, ��ØÓ
�é�ÝAå¼ê'~Xê k XL 1 ¤«.

éL 1 êâ[Ü, '~Xê k ��é�Ý ρ̄ '
X�L«�

k = 0.09 eρ̄/0.0822 − 0.11. (11)

Ï d Ø Ó � é � Ý 7 á � � ´ ¢ ¡ E å ¼
êL�ª�

σ(ρ̄, ε, ε0, ν)

= σ(ε, ε0, ν) · (0.09 eρ̄/0.0822 − 0.11). (12)

L 1 ØÓ�é�Ý7á��AåXêL

ρ̄ k(σρ̄/σ0.2)

0.1 0.193

0.138 0.236

0.15 0.447

0.2 1

0.25 1.661

0.3 3.284

0.343 5.659

0.37 7.836

3 7á��{Z�ÄåA5©Û

c¡®d¢�ÚnØí�
7á�����
´¢A5¼ê'Xª. du7á��á��Ñt
' µ 3R�uØå��þCq�u 0(µ = 0.02), Ï
d7á������5´¢A5Ä�úª���
7á��{Z�ÄåA5©Û�nØÄ:.

ã 4 7á��{Z� (a) Éå«¿ã; (b) ¢Ôã¡

Xã 4 ¤«, 7á��{Z��¥%�» R0,
þÝ� H , °Ý´ b, SC�ýC/þ� ∆, 3
Ä � ^ � e, ¶ ¶ ¥ % ò   l � I � : O �
� O′(x, y) :,  lål^ A 5L«, �©Û�
B, � ¶ % ; , � ¥ » � A � �, ¶ = Ä � �
Ý ω, K A =

√
x2 + y2, x = A cos α, y = A sinα,

α = ωt, =7á��{Z�É{�-y1Ö�^.

é{Z�ÚÄ1Ö5`, ¦Ñ,��� (t = t0)
{�å N Ú�Þå f 3 x ¶Ú y ¶�ÝK´7�
�, 3� x ¶¤ ϕ �����N, �ÝCz dϕ, Ä
k¦ÑT��N�C/þ. -: |OQ| = r, d®�^

��� |OO′| = A, ��N3S»þ�: Q �Ø 
� Q1 :, K Q1 :�I�

xQ1 = A · cos(ϕ − α) · cos ϕ

+cos2 ϕ
{

A2 ·
[
(cos α + sinα · tanϕ)2

− 1
cos2 ϕ

]
+

r

cos2 ϕ

}1/2

,

yQ1 = xQ1 · tanϕ, (13)

Ï� A ¿ r, �

xQ1 ≈ A · cos(ϕ − α) · cos ϕ + r · cos ϕ. (14)

Q :C/þ |QQ1| = |OQ1| − |OQ|, 
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|OQ1| =
√

x2
Q1

+ y2
Q1

=
√

x2
Q1

+ x2
Q1

· tan2 ϕ

=
xQ1

cos ϕ
= A · cos(ϕ − α) + r, (15)

Ïd
|QQ1| = A · cos(ϕ − α). (16)

l��N3 ϕ ��oC/þ�L«�

q(ϕ, α) ≈ ∆ + A · cos(ϕ − α). (17)

�©Û�B, Ø��Ð©:3 α ��, @oÐ©:
�C/ q0 �

q0(ϕ, α) = ∆ + A · (−1)ν , (18)

Ù¥

ν = 1, (0 6 ϕ − α < π),

ν = 2, (π 6 ϕ − α < 2π). (19)

d d � ± � � � � � ± z � � � N A C ε =
q(ϕ, α)/H , Ð©:AC ε0 = qo(ϕ, α)/H , ±9{
�Aå σ(ρ̄, ε, ε0, ν), ��{Z�3,���L
yÑ��5{ZåÆA5, ��u��N7���
±���¤�g\1Ú�1L§, é{�Aå3{
Z��±��þ?1È©, òT¥þ3�I¶þ�
ÝKÚ{Z���Nm��Þå3�I¶þ�Ý
KU\���

Fx = −
∫ 2π+α

α

[
σ(ρ̄, ε, ε0, ν) · b · R0

×(cos ϕ + µ1 · sinϕ)
]
dφ,

Fy = −
∫ 2π+α

α

[
σ(ρ̄, ε, ε0, ν) · b · R0

×(sinϕ − µ1 · cos ϕ
]
dϕ, (20)

ª¥ µ1 ��ÞXê.
ã 5 ´¶¶�Ä��±Ï���7á��{

Z��´¢£�, lã 5 �±wÑ, 7á��{Z
��´¢£�/Xý�, ÏLé´¢£��©Û,
�±^ý��§Cq£ãT´¢£�, ± x ���
~, ý��§�

Fx = kx ± c
√

A2 − x2, (21)

Ù¥ k �7á��{Z��ü� £ÄfÝ; c �
7á��{Z�(�{ZXê.

w,, zÌ��Uþ�ÑÒ´��ý��¡
È ∆E,

∆E =
∮

Fx · dx =
∮

(kx ± c
√

A2 − x2)dx.

(22)

ù´�IOÈ©, �¦Ñ

∆E = πcA2. (23)

d (23) ª��, 7á��{Z�zÌ��Uþ�Ñ
�ªÇÃ', �C/Ì�k'. {Z���5³
U�

E =
1
2
kA2, (24)

KUþÑÑXê�

ψ =
∆E

E
=

2πc

k
. (25)

ã 5 7á��{Z�´¢£�

4 7á��{Z�¢�ïÄ

Xã 6 ¤«, |^g��¢��?1
7á�
�{Z�ÄåA5�[¢�. ¢�^7á��{Z
�º��: R0 = 88 mm, b = 45 mm, ∆ = 0.3 mm,
ρ̄ = 0.22. ¢�L§Xe: ò7á��{Z�±�
½�ýC/þ��¶« 5 ��@ 7 ¥m, °Äå\
1ì 10 ¦Ù\1�ý½1Ö, ,�þ!^=�Ý
� 1, ¦7á��{Z� 3!¶« 5 	���@ 7 �
å=Ä, P¹åDaì 9 Úz©L 2 Ú 6 êâ, ��
���ü���´¢� (½Â� x ��Ú y ��).

3ýC/ ∆ Ä:þ?1
7á��{Z�Ø
Ó £Ì�Ä�¢�, Xã 7 (a)—(d) ¤« (ã¥�
�Ñ 4 «�¹), ã¥�¢��7á���´¢£�
nØO��, � “©” Ú “♦” ÎÒ�J�� x, y �
�¢��. lã 7 ¥�±wÑ, nØ��¢��Î
Ü�'�Ð, y²
��åÆ�.��(5.

�â (21)—(25) ª, O�
7á��{Z�Ä
�fÝ k!UþÑÑXê ψ, nØO���¢��
Xã 8 Ú 9 ¤«.
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ã 6 7á��{Z�Ä·1¢�� (a) ¢��(��nã, 1 ��Ý�, 2, 6 �z©L, 3 �7á��{Z�, 4 �ØÄ¶, 5
�¶«, 7 ��@, 8 �\1¶«, 9 �åDaì, 10 �å\1ì; (b) ¢��ì¡

ã 7 7á��{Z�ØÓ�� £´¢£� (a) A = 0.014 mm; (b) A = 0.049 mm; (c) A = 0.089 mm ; (d) A = 0.146 mm

7á��{Z��3ýC/�, lã 8 �±w
ÑfÝ� £Ì�O�~�, ù´duýC/¦
�{Z�SÜ7áj�m®²�)Ü©�éw£,

�XÌ��?�ÚO��)w£:Oõ, ?fÝ
~�. lã 9 �±wÑ ψ � £Ì�O�´k~�
�O�¿ªu�~�, ù´du3ýC/Ä:þ�
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XC/Ì��O��5³UO\, ¿�O\�Ý�
é�¯, Ïd ψ ¥y~�ª³, ��XÌ��?
�ÚO�, 7á��SÜ�>:Oõ, z��>:
�ÞåO�, oNþ�ÞåO�, ´¢�¡ÈO
\�é�¯, d� ψ O\, �XC/Ì��?�Ú
O\, �5³UÚ�Þå�õªu½, Ïd ψ ª
u~�.

ã 8 fÝ� £Ì�'X

ÏLénØ�¢�(J©Û, fÝ�¢�(J
��Ø� 8%, ψ ��Ø� 10%, TØ��)��Ï
´du¢���\ó�SCØ���\1ì\1
\���Ø��3Ó�²¡, ¦���3^=L§

¥�)aÄ.

ã 9 UþÑÑXê� £Ì�'X

5 ( Ø

1) ïá
7á����åÆ�., ��
ØÓ
�é�Ý7á������5´¢¡EåL�ª,
Uk�/é7á��{Z�ÄåA5?1©Û.

2) 7á��{Z�ÄåA5¢�ïÄ(J�
nØ�ý(J�Î. nØ�¢�ïÄ(JL², 7
á��{Z��3ýC/�, ÙÄfÝ�X £Ì
��O�~�, UþÑÑXêLyÑk~��O
�¿ªu~��CzL§.

3) 7á��{Z��ÄåA5ïÄ�e�Ú
=fXÚÄåXÚ�OÚ©ÛJø
7�^�.
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Analysis of dynamic performance of metal rubber
damping ring applied in high-speed rotor system∗
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Abstract
Based on the nonlinearity of metal rubber components and its different elastic damping mechanical properties with different

structures, the mechanical model of hysteresis loop boundary deformation process of metal rubber components with different relative
densities was established by the experiment method combining theory. Dynamic characteristics of metal rubber damping ring were
analyzed under harmonic excitation load and experimental study was conducted. The elastic damping performance of the damper with
preliminary deformation was researched and the experimental result showed good agreement with the theoretical analysis one, which
provides a theoretical basis for practical application of this kind of damper.

Keywords: metal rubber component, mechanical model, nonlinear hysteresis restoring force
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