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: LES ( ), ( ) (Wu 2004)

D = 0.358 m, 0.0537 m(0.15D), 30◦

, Re = 2× 105.

2.5.1.1

2.31 (6 ) Cp

θ . , x/L = 0.3, ,
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. x/L = 0.07 Cp ,

x/L = 0.14 , ,

, . x/L = 0.58 0.75 , (

) . ,

, . 2 (x/L = 0.03 0.07),

, 2

Cp 2 , ,

.

2.5.1.2

2.32 (Hemida 2006),

, x/L ≈ 0.6 ,

Vc1 , Vc1 , ,

. 2.33 ( , 2012), 2

, , ,

, .

2.34 (Hemida 2006). 2 Vc1 Vc2

, Vc1 ,

. Vcu,

Vc1 . Vc1

, . , Vc2

, , . x/D ≈ 1 , Vc3

, , . ,

Vc4, , Vcb , Vc4

, Vcb , , Vc4

, . Vc5

.

(Wu 2004) (Copley 1987) .

2.35 Copley (1987) 30◦ ,

2 . Wu (2004)

30◦ ICE2 ,

,

, , .
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2.32

2.5.1.3

2.36 x/L = 0.538 (Hemida et al. 2009),

x/L = 0.538 .

Vc1, Vc4 Vcu Vcb. t = t0 , Vc1 ,

, . t = t0 + 6Δt , Vc1

. Vc1 , , ,

. , .

t = t0 + 8Δt , , t = t0 + 11Δt , .

2.35 , ,

, .
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2.33

2.34

DES

2.35

2.37 (Hemida et al. 2009).

. , . ,
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2.36

x/L = 0.538 (Δt = 0.1 s)

, . , ,

. .

. 2.37 , 1 ,

, 5D ,

. , ,

, .

, , .

2.5.2

Orellano (2006) 2.31 ICE2

, −30◦ < β < 60◦ 1 ( ) .
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a b

2.37

( )

2.38 (Orellano et al. 2006).

, ,

. 10◦ , , , .

.

, 50◦ , . 12◦ ,

, . , ( )

.

2.39 (Orellano et al. 2006).

,

. 2.39 , , , 50◦

. Re .

. 5◦ , . , 20◦

, . ,

. , , 35◦ , 0.

Re . , ,

. , Re .

.

.

. , .

, , .

, .
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(Matsumoto et al. 1996). Suzuki (2003)

.

, 4 3

( 2.40). 2.40

(Suzuki et al. 2003), , β = 90◦. ,

, . ,

, . ,

, .

, L , .

, . ,

,

.

0 , ,

, .

2.41 E 2 .

75◦ , . 90◦ , 2 ,

90◦ . 2

L , .
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(Andersson et al. 2004),

( 2013) .

2.42 7m E 2 (Suzuki et

al. 2003). , 45◦ , 90˚ ,

, . 60◦∼90◦ ,

E 2 , .

2 .
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.

( 2008),

, .

, . , .

, . ,

, .

2.5.5

,

, :

0.80; 0.80; 10+P0/3, : P0

(kN); 170 kN.

3 , ( 2011a),
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( 2011b).

( 2012), ,

; , .
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. ,

, , .

,

, .

, 2.45

( 2012). 200 km/h∼380 km/h 10 m/s∼30 m/s

, , ,

.
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2.45

--

, --

vtr,mac = 0.176 26v2w − 15.798 09vw + 559.12 (2.1)

, vtr,max vw 90◦ ,

km/h m/s. (2.1),

559.12 km/h.

-- ,

vtr,mac = 0.089 83v2w − 12.368 34vw + 573.232 (2.2)

vtr,mac = 0.130 11v2w − 13.432 97vw + 548.356 (2.3)

(2.2) (2.3) , ,

573.23 km/h, 548.36 km/h. ,

, .

, --

, , 2.46 .

--

vtr,mac = 500.367 9− 8.878 4vw (2.4)

56.35 m/s.

--
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vtr,mac = 501.648 6− 8.176 5vw (2.5)

vtr,mac = 534.854 3− 8.466 9vw (2.6)

61.35 m/s 63.17 m/s.

,

. , , ,

.

, . 20 m/s , 5%;

20∼30 m/s , 5% 14% . , ( 20 m/s)

, 2 ,

( ); ( 20 m/s) ,

( ).

2.6

2.6.1

( 1995).

2.47

(Baron et al. 2001). (a) 1©,

c ; (b) 2©, c ;

(c) 1© 2© . , Ut , c .

2.48 , , ,

, , .
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, , ,

(Kim 1997; Vardy 1996a, 1996b).



260 45 : 201507

0 20 40 60

1

0

-1

-2

/s

/
k
P
a

 200 m

 300 km/h

 4784 m

 75 m2

a b

0 20 40 60

1.0

0.8

0.6

0.4

0.2

0

/s

 
(
x

L

)

2.49

2.6.2

( 2.49) (Mart́ınez et al.

2008), .

.

2.6.2.1

,

, .

2.50 (Mart́ınez et al. 2008).

, ,

, , .

, , . , ,

. Buaierca Sagides , Paracuellos ,

. ,

, , , ,

.

2.6.2.2

(

2011) , , ,

, .

2.51 (Mei 2013),

500 m, 2.5

(Mei 2013). , 2 km, 100 m2. 400 m,

11.89 m2, 300 km/h. 600 m,
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1.39 44% –1.19 54% 1.62 50%

5.03 ( ) –4.84 ( ) 6.56 ( )

3.76 ( ) 25% –2.58 ( ) 47% 4.52 ( ) 31%

16.28 m2, 30 m 40 m. , 0.72 m, 25 m,

79 .

, ,

( 2008; 2014).
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1 , ,

, , . , ,
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63 m/s; A-70 Alstom , 70 m/s; S-87 Simens , 87 m/s)

, . ,
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( 2004) 0.27 ,

( 2.53),
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, .

2.54 2 ,

(Mart́ıez et al. 2008). , , ;
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( R)

(Ogawa et al. 1994, Iida et al. 1990, Vardy 1996b, Yamamoto 1973). ,

2.56 ( 2006),
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pmax = kRNv2 (2.7)

, k ; R ; v ; N

, , N = 1.3± 0.25.

, ,

.

( 2006),

2 , N

N =
ln(p1max/p

2
max) + (α1 − α2) ln(v)

ln(R1/R2)
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, R1, R2 , R1 = 0.2, R2 = 0.13; v ; α1, α2

v ; p1max, p
2
max v R1, R2 .

N 1.1.

2.6.3

, ( ),

, , ,

, ,

, ,

.

, .

, ,

. ,

( ) (

) .

2.6.3.1

,

2.57 ( 2012), ,

2.58 ( 2006), 2 , 250 km/h

, 3 . ,

. 250∼310 km/h

, 20 m 3∼5 .

310 km/h , 3 km , ,

6∼15 .

2.6.3.2

, ( 1 km) ,

;

, 4 km , 7km ,

.

3π/2 100 m2 0.11 ,

350 km/h 380 km/h , 20 m

50 Pa( ) 1.6 km 1.0 km, 2.59 (

2012).
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max ; Nmic .

( 2006), , Nmic = 2.4 ± 0.25. ,
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2.6.3.4

. 2.61 SVM Krig-

ing (Lee et al. 2008). , 2

, ,

. , . 2
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. 2 , SVM Kriging .

2.6.3.5

( 2.62) , .
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Yamauchi et al. 1998).
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. ,

, “ ” ,

(Gregoire et al. 1997, Iida et al. 1996,

Maeda et al. 1993, Matsuo et al. 1997, Ozawa et al. 1991).

(Maeda 2002, 2006;

Ozawa et al. 1978; Peters 2000).

, ,

, (Anthoine

2009, Howe et al. 2006, Murray et al. 2010). ,

, , “ ” , 2.65

(Murray et al.

2010), 1 ,

.

,

( 2007, Kim et al. 2008, 2013) ( 2.6). ,
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(1) , ; (2) ,

; (3) , .

, (Takai
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, 0. , , , .

2.69 (Suzuki 2004).
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-0.48

-0.50

-0.52

-0.54

-0.56

-0.58

-0.60
-3.27 -1.57 -5.08

-0.48

-0.50

-0.52

-0.54

-0.56

-0.58

-0.60
-3.51 -1.95

C
p

C
p

2.74

2.73 (Di-

edrichs et al. 2004), , 0.039h, 0.0262h,

h . , ,

. , ,

(Ishihara et al. 1997).

2.74 (Di-

edrichs et al. 2004). 2 ,

. , 0.22 h.

270 km/h , 100 Hz, ,

. ,

.
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t/181�92

t/183�39

t/89�91

t/92�32

a

b

2.75

2 . (a) ICE2 ; (b) 300

2.75 ICE2

2.62h , z = 0.262h (Diedrichs

et al. 2004). , 2

. ,

.

.

,

. .
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2.6.5

, .

, ,

, ,

. ,

,

( 2012).

2.6.5.1

, ,

; , ;

, , .

, A ,

B ,

, 3 , ,

. ,

Lt

C
=

Lv

v
(2.9)

Lt , C , Lv , v .

,

Lt

Lv
=

1

M
(2.10)

M = v/c, . ,

.

, , ,

. A

, B ,

. , ; ,

, . ,

, ,

(2.10).

2.6.5.2

, ,

,



: 279

, x

x+ Lv

c
=

x

v
⇒ x =

MLv

1−M
(2.11)

, ,

Lt1 = Lv + x ⇒ Lt1

Lv
=

1

1−M
(2.12)

, ,

.

, ,

Lt2 = Lv + 2x ⇒ Lt2

Lv
=

1 +M

1−M
(2.13)

, 2 .

, 2 ,

Lt3 = 2Lv + 2x ⇒ Lt3

Lv
=

2

1−M
(2.14)

, , .

, (2.11) (2.12) ,

; (2.12) , , ;

(2.11)∼ (2.14) .

, , 2 16 ( 400 m )

300 km/h , 1 632 m, (2.12) (2.14)

529∼1 060 m.

2.6.5.3

1 600 m , 2.76 ,

( 2.77, 2.76 ):

(1) , , ,

;

(2) , ;

(3) ,

, , ;

(4) , ;

(5) , ;
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0

3

1
2

7

6

4

5

5 10 15 20 25 30

2

1

0

-1

-2

-3

-4

-5

/s

/
k
P
a

隧道长度 1 600 m

2.76

压力：-3000     -2000    -1000        0         1000        2000

-2500     -1500     -500       500        1500

2.77

(Lt = 1600 m)

(6) , ;

(7) , , .

, .

( 4.7 s) ,

.

2.7

, 300 km/h,

, “ ” ,

. :
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(1) .

, ,

. ,

,

, . (

) ( ),

, .

(2) . , ,

,

, , ,

,

, .

, , ,

, ,

,

.

(3) , .

“ ”,

. ,

, , , , ,

, ,

,

( 2012). , 1

,

,

, .

,

,

,

,

.
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3 ∗

3.1

, ,

— — — , ,

, ,

. , ,

. ,

,

, 3.1 . ,

, ,

.

3.2

, ,

.

3.1

--

∗ : , 1, ,
1 E-mail: zhou ningbb@sina.com
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0 10

6

5

4

3

2

1

20 30 40 50 60

/m
/
(k

N
. m

-
1
)

3.2

3.2.1

, , (

), ( ), 3.2 ,

. , ,

, . ,

, , , ,

; , ,

, , . , ,

, ,

. . ,

, .

.

(Collina & Bruni 2002, Lars 1999, Konig & Resch 1995, Fujii & Manabe 1992, Diana et

al. 1998, Petri & Wallaschek 1996).

, ,

, , 20 70 ,

. .

, .

, ,

, ,

. ,

, .
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SA

SB

SA

SB

mD1 mD2 mBT1

mAT1

kD1 kDP

mD2

mD1

mDP

mATW

mBTW

kTWkT1

EIA

EIB

A

B

x

L 

ρ

ρ

3.3

. ,

. ,

. ,

, . ,

PrOSA .

, (1991, 1993, 1997) ,

. . ,

; (1996, 1997a,

1997b) -- , ,

. (1996)

. (1996)

, ,

. Shan Zhai (1998) .

, 2 . 1

, .

. ,

. . ,

, 3.3 . L , kT ,

mAT , mBT , mD , SA SB

. EIA EIB ,

ρA ρB .

, , .

2 .

, .

. -- ,
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S1

θ1 θ2

T
T

m

ym

y1 y2

S2

3.4

Tc, ρc, EIc,

ρc
∂2yc(x, t)

∂t2
+ EIc

∂4yc(x, t)

∂t4
− Tc

∂2yc(x, t)

∂x2
+ kd(ym − yc)δ(x− xn) = Fcδ(x− vt) (3.1)

, yc(x, t) , ym(x, t) , kd , Fc

, v .

, -- , Tm,

ρm, EIm,

ρm
∂2ym(x, t)

∂t2
+ EIm

∂4ym(x, t)

∂x4
− Tm

∂2ym(x, t)

∂x2
+ kd(ym − yc)δ(x− xn) +

ksymδ(x− xs) = 0 (3.2)

, ks .

, , 3.4 , θ1,

θ2 ,

T

[
yc1 − ym

S1
+

yc2 − ym
S2

]
= mÿm (3.3)

, ,

, , ,

, , .

(Ning et al. 2011). ,

. ,

, , ,

,

Mcüc +Ccu̇c +Kcuc = f(t) (3.4)

, Mc , Cc , Kc , uc

, f(t) .
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3.5

/

V

3.6

, , ,

3.5 . ,

. ,

.

3.6 , ,

-- , ,

. ys , (3.2)

ρm
∂2ym(x, t)

∂t2
+ EIm

∂4ym(x, t)

∂x4
− Tm

∂2ym(x, t)

∂x2
+ kd(ym − yc)δ(x− xn) +

ks(ym − ys)δ(x− xs) = 0 (3.5)

, (3.1) .

,
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a b c d

3.7

. (a) , (b) , (c) , (d)

3.8

, (Metrikine & Bosch 2006). ,

, . ,

. , ,

, , 3.7

. . TSG19

, 4 .

, ,

, . 3.8 ,

2 m1 m2, x ,

mhÿh1 + Fc1 − Fh1 − Fa1 = 0 (3.6)

mhÿh2 + Fc2 − Fh2 − Fa2 = 0 (3.7)

, Fc1 Fc2 , Fh1 Fh2
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,

Fh1 = −kh(yh1 − yE + ld sin θh)− ch(ẏh1 − ẏE + ld cos θh · θ̇h) (3.8)

Fh2 = −kh(yh2 − yE − ld sin θh)− ch(ẏh2 − ẏE − ld cos θh · θ̇h) (3.9)

, ,

Jθ̈h + (Fh1 − Fh2)ld cos θh = 0 (3.10)

,

α, ,

f1(α)α̈+ f2(α)α̇
2 + f3(α)α̇+ f4(α, α̇) = 0 (3.11)

, fi(α) (i = 1 ∼ 4) α ( 2011).

, .

, ,

, -- -- , 3.7(b) .

, (

2002, 1998, 2006). , (3.11) ,

m3ÿ3 + c3ẏ3 + k3y3 + F1 + F2 = F0 (3.12)

, , 3.9 .

, , (3.6)∼(3.10) . ,

m3 0, m4 , .

m4ÿ4 + (c4 + c3)ẏ4 + (k4 + k3)y4 − c3ẏ3 − k3y3 = F0 (3.13)

,

. ,

,

. , ,

, , 3.5(c) .

, . ,

, .

, ,

,

Mpüp +Cpu̇p +Kpup = f(t) (3.14)
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3.9

, , ,

, .

,

. ,

(Ning et al. 2011, 2004).

4 , ,

, , ,

. ,

, , ,

. ,

, , ,

, . ,

,

, , . ,

;

, ,

. , ,

, ; ;

, .

3.2.2

, ,

,
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(Bocciolone et al. 2006).

7%∼14% ( 2003), ,

, ,

. , ,

, ,

. , ,

, ,

,

,

.

, ,

, .

, . ,

500 T , , ,

. 700 , 3.10 , ,

, , 4 dB

( , 2005). Ikeda Suzuki (Ikeda, Yoshida, Suzuki 2008, Suzuki, Ikeda,

Koyama 2007, Suzuki, Ikeda, Yoshida 2008, Suzuki, Ikeda, Koyama 2008).

, 2 , 3.11 . ,

120 mm×55.1 mm ,

, 3.12 . , ,

, , ,

3.10

PS207
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55�1
55�6

6
6

120

200

3.11

5
5

2
8

6
0
0

2
8

120

20 20 20 20

A-A'  

↼F6↽

x

x

x

y

y

z

y

A'

A

3.12

3.13 . 2 ,

: , , ; ,

, , 3.14 . ,

, 3.15 . , ,

, .

, Ikeda (2004) , 3

, ,

10 dB . , Noger (2000) ,

TGV , . ,
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3.13

2

0 10 20 30 40 50 60 70 80 90

150

100

50

0

/(m.s
-1

)

/
N

3.14

0 0.05 0.10 0.15 0.20 0.25

25

20

15

10

5

0

/MPa

/
N

3.15

Bocciolone (2006) , ,

. ,

, ,

, .

, ,

( , , 1995; 2006, 2004, 2007; , , 2010),

, . 3.16

Faiveley , 600 km/h.
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3.16

3.17

,

, 3.17 . ,

, ,

. 3.18(a) 3.18(b) 290 km/h

310 km/h 600 m 2 100 m

, ,

, ,

, . ,

,

, ,

.

, ,
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707 708 709 710 711 712 713 714 715 716

/s

0 5 10 15 20 25 30 35 40

/s

/
N

/
N

200

160

120

80

40

0

240

200

160

120

80

40

0

a

b

3.18

. (a) 290 km/h, (b) 310 km/h

. (2010)

Fluent ,

,

, ,

. (2009)

, ,

. (2010) STAR-CCM+,

, ,

, . (2009)

, MSC-Marc STAR-

CD , , .

(2012)

.
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0 1 2 3 4 5 6 7 8

100

120

140

160

180

200

N

s

3.19

0 1 2 3 4 5 6 7 8

50

60

70

80

90

100

m
m

s

3.20

, ,

, .

, ,

. ,

,

, , 3.19 .

, , ,

, 3.20 ; , (

2013a, Li et al. 2013).

,

;

, (

2013). , , , ,

, , ,

( 2013b). , ,

; ,

, , 3.21 .

, .
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20 m.s
-1

30 m.s
-1

0 20 40 60 80 100 120

-50

0

50

100

150

200

250

300

350

m
m

s

20 m.s
-1

30 m.s
-1

  

3.21

100 200 300 400

0

100

200

300

400

/
N

m

3.22

, 3.22 ,

, . ,

,

, ,

.

, , ,

, , ,

, .

3.2.3

, ,
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A

B

C

3.23

(0∼20 Hz) ,

. ,

, ,

. , ,

, . ,

.

, ,

. , Collina (2006) ,

(0∼20 Hz) . ,

, , ,

. , ,

. Collina (2009)

, .

3.23 3 , 290 mm

, , A (50 Hz∼200 Hz),

, 3.24(a) . B (50 Hz∼200 Hz),

, 3.24(b) . 3.1 3

, B , 50 Hz∼200 Hz , , 2

. , ,

, , ,

.
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加
速
度
频
响

/
(
m

. s
-

1
. N

-
1
) 102

100

10-2

0

-50

-100

-150

-200

50                      100                      150                     200

频率/Hz

实验
F.E.

实验
F.E.

B型滑板中心激振

A型滑板移动激振

频率/Hz

50                      100                      150                     200

102

100

10-2

200

100

t0

-100

-200

50                     100                     150                     200

50                     100                      150                     200

频率/Hz

频率/Hz

加
速
度
频
响
的
相
位

/
(
 。

)
加
速
度
频
响

/
(
m

. s
-

1
. N

-
1
)

a

b

加
速
度
频
响
的
相
位

/
(
 。

)

3.24

. (a)A , (b)B

, (2009) ,

, ,

,

, 3.25 , ,
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3.1 3

/Hz

A B C

1 60.1 81 49.3

2 76.9 177 68.2

3 136 287 73.0

4 224 476 110.1

5 311 — 139.8

6 399 — 153.4

7 437 — 175

0 10 20 30 40 50 60 70 80 90 100
0

4

8

/
N

/Hz

0 10 20 30 40 50 60 70 80 90 100
0

4

8

/
N

0 10 20 30 40 50 60 70 80 90 100
0

1

2

3

/
(
N
. s

)

/Hz

0 10 20 30 40 50 60 70 80 90 100
0

1

2

3

/
(
N
. s

-
2

-
2

)

a b

3.25

. (a) , (b)

, .

, Nagasaka Aboshi(2004)

, ,

2 ,

. , , ,

. , (2000)

, ,

.

,

. , (2012, 2013)

,

, ,

. ,

, ,
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10
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10
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k/0�0833
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↼
m

2
/
m

-
1
↽

10
-6
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-4
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S

↼
m

2
/
m

-
1
↽

k/m

10
-2

10
0

10
-1

k/m

k/0�04

k/0�0133

k/0�04

a b

3.26

. (a) , (b)

; , .

,

, 3.26 .

3.2.4

, , ,

, 3.27 .

, , Aboshi (2000)

, , .

Hayasaka (2004) ,

,

, ; , Zhou (2013)

, ,

, ,

.

,

, , 574.8 km/h

V150 , 40 kN, .

, . ,

, ,

0.7∼0.8 , . ,
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接触网

受电弓

3.27

3.2

/kN /N /(km·h−1) /(km·h−1)

1 30 225.20 537 400 0.74

2 30 100.00 537 425 0.79

3 37 266.43 596 425 0.71

4 37 150.00 596 500 0.84

, , ,

. 3.2 2

. : 30 kN , ,

400 km/h, 0.74, ,

425 km/h, 0.79;

, 37 kN, ,

425 km/h 500 km/h, , 0.71

0.84.

, ,

, ,

. , ,

, (

, )

, , ,

.

3.2.5

, 16 , 2

, 3.28 . 2 ,
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3.28

, . ,

, , DSA380 SSS400+

CX-NG 1 000 A, 1 000 A 700 A. 16

1 000 A , .

, , 16

.

, , ,

. , ,

, (Manabe et

al. 1986, 2002). , , ,

, . , ,

,

.

, ,

. , .

(2009, 2011) DSA250 ,

, ,

, ,

, . ,

, .

, 350 km/h

, ,

3.29 300 km/h 350 km/h , .

350 km/h .

, ,

, .
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0 48 96 144 192 240 288 336 384 432 480 528 576 624 672 720

0
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100
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200

250
/
N

/m

0 48 96 144 192 240 288 336 384 432 480 528 576 624 672 720

0

100

200

300

/
N
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a b

3.29

. (a) 300 km/h, (b) 350 km/h

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750

0

50

100

150

200

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750

0

50

100

150

200

250

/
N

/m

/
N

/m

a b

3.30

. (a) 330 km/h, (b) 350 km/h

, , ,

, 200 m

. 3.30

, , 200 m , 330 km/h∼350 km/h

, , , 350 km/h

.

3.2.6

, , ,

. ,

, , ,

; , ,

; , , ,

, ,

; ,

, ;

,

, ,
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, .

, , ,

, , . ,

, ,

,

, ,

.

3.3

3.3.1

, ,

. ,

3 .

, , .

, 3.31∼ 3.33 .

, ,

, ,

, , 3.34∼ 3.36

Bz-II-12

Bz-II-65 14kN

CuCa-150 20kN

63 m

1
.4

0
 
m

3.31

TGV

Cu 120 16.25 kN

AC 150 Cu 20 kN

Bz 10
60 m

1
.2

5
 
m

3.32
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Bz II 10

Bz II 120 21kN

RiM 120 27 kN

48 m

4.0

1
.4

3.33

Bz-II-10

Bz-II-120 21 kN
Bz-II-35 3.5 kN

RiM-120 27 kN

65 m

5 m

18 m

1
.8

0
 
m

3.34

Re 330

Bz-II-25

TJ-95 15.7 kN

Bz-II-35 3.1 kN

RiM-150 31.5 kN
64 m

4.7 m

18 m

1
.4

0
 
m

3.35

EAC 350

. , Re75, Re100, Re160 3

, Re200, Re250 Re330 . Re ,

.

, . ,

, 1 ,

—— , 3.37 .

, , . 300 km/h

.

, 3 , ,
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JTMH-10

JTMH-120 21 kN
JTMH-35 3.5 kN

CTMH-150 30 kN
50 m

1
.6

14

3.36

ST 180 24.5 kN

PH 150 14.7 kN

GT 170 14.7 kN

5 m

50 m

3.37

, . ,

, , .

, , ,

, . , , .

,

. , .

3.3.2

, ,

T . ,

, , 3.38 300 TPS203B

ETR480 E402B ATR 90 3kV . T

, , , ,

, 3.39 . ,

, 3.40 , 4

. , , .
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a b

3.38

. (a)TPS203B , (b)ATR 90 3kV

3.39

T

3.40

, 2 ,

.
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, 2 ,

, 3.40 , 3.41

TSG3 ; ;

( ), 3.42

AMDE , 70 N∼80 N, ,

9 kg, 1981 2 26 , 380 km/h .

, 3.43

DSA , ATR , GPU ,

3.44 CX 700 TPS301

.

3.43 , , 2 ,

3.41

TSG3

3.42

AMDE
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a b c

3.43

. (a) DSA , (b) ATR , (c) GPU

a b

3.44

. (a) CX , (b) 700 TPS301

. , . ,

, , 2 ,

. , , ,

. 3 , GPU ,

TGV140 , 1990 5 18 , 515.3 km/h

.

, 3.44 ,

, . , TPS301 ,

, 300 , 14dB. ,

, 2 , .

, CX , 30%∼40%,

, TGV150 , 2007 4

3 , 574.8 km/h . ,

, . , ,

.

, , 350 km/h

: TSG19
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(SSS400+) STEMMANN DSA380

, CX25 , 3.45 .

3.3.3

, ,

. , ,

:

(1) , ;

(2) ;

(3) ;

(4) , ,

, .

, ,

. ,

:

(1) , ,

; , ,

.

(2) , , ;

, , ,

; , , .

, 350 km/h ,

, . ,

, ,

.

a b c

3.45

. (a)TSG19 , (b) DSA380 , (c) CX
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4 ∗

4.1

, ,

, . ,

. ,

.

, .

,

.

4.2

, 350 km/h, 500 km/h.

.

. 4.1(a)

. 4.1(a) , OXY Z , OX , OY OZ

, o′x′y′z′ ,

, o′y′ , o′y′ , ω0, o
′x′y′z′

, φ φ̇,

ψ ψ̇, y ,

. ,

,

(120 mm2 )( 1988). ,

, , 4.1(b)

. , ,

, .

,

. ,

,

. ,

∗ : 1, , , , , , ,
1 E-mail: xsjin@home.swjtu.edu.cn
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a b

4.1

(a) , (b)

.

.

,

. 4.2 . , r0

, ,

70 mm ; δL,R , rL,R

, ΔL,R ,

rL,R, φ, φ̇, ψ, ψ̇, y, ẏ, ω, v, ΔL,R δL,R (Garg 1984, Jin et al. 1996, Jin et al.

2001). ,

.

, , , 4.3(a ) ,

, 4.3(b) ,

.

, , / (Jin et al. 1996, 2002).

,

(Zhong et al. 2013).

, .

.

, 4.3(b) . ,

. , ,

.

. , 2
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设置轨底坡 设置轨底坡

轮对内侧距 dw

轮缘踏面
轮对

o（轮对中心）

游间
轨道中心

钢轨

扣件道床 轨枕

橡胶垫

Z

z v
0

y
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, , .
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( ) ( ) .

, (Clayton et al. 1996,

Jin et al. 2004, Ogilvy 1991, 2004). ,
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, .

, 4.3(a) .

, .

4.3

.

5 . 1 Carter 1926 ,

(Carter 1926).

, .

. Carter ,

, ,

. .

Vermeulen Johnson Carter ,

/ , , (Vermeulen

et al. 1964). ,

,

(Kalker 1990). 1967 , Kalker

, /

/ (Kalker 1967). , Kalker

Coulomb , , Kalker

, Coulomb ,

(Kalker 1967, 2006). Vermeulen–Johnson

Kalker ,

(Shen et al. 1983).

, δL,R , δL,R ,

,

90◦, , ,

, . 5 “ ”

, Kalker ,

, ,

, 3 /

. 3 3

, (Kalker 1982).
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. , ,

.

. 20 70

, Kalker , ,

2

. “CONTACT”,

(Kalker 1990, 2006). 5

( 2006),

. , .

Hertz , , Hertz

. ,

, ,

. ,

( ) ( ) .

5

(Carter ), , , Kalker

, ( 2006,

1988). ,

, / , ,

, , ,

CONTACT . Kalker

“CONTACT” (Jin et al. 2001, 2006, 2013),

.

,

( 1997).

, Drucker ,

.

( 2000).

20 80 , . ,

(Oden et al. 1986, Padovan 1987). Oden Lin
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,

(Bass 1987, Oden et al. 1986). ,

(Damme et al. 2003). Nachenhorst

, (Damme et al. 2003),

Arbitrary Lagrange–Euler

, .

, (10 km/h)

(Nackenhorst 1992, 1993).

350 km/h, 500 km/h .

, (

),

.

.

ANSYS/LS-DYNA, ,

(Zhao 2012). ,

, 40∼140 km/h,

“ ” . 4.4

. ,

. ,

.

, 4.5 , 60∼80 mm,

0.02∼0.06 mm. , (2013) 300 km/h

. 60 mm,

0.02 mm, 0.06 mm, 0.1 mm, 0.14 mm, 0.18 mm 0.22 mm. 4.6

300 km/h 60 mm

, ,

, 2 . ,

, ,

, ,
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, ,

, . , 2

, . ,

, (
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, 117 Hz. ,

,

f0 = 30 Hz, ft = 380 Hz,

( fs = v/ls ). , f0 ft ,

, . fs

. , f0

fs , ft fm1 = 117 Hz .

(fm), .

(2012a, Nielsen et al. 2000). ,
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.
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. (Shevtsov et al. 2005, 2013),
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, .
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, .
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. , ,

. , ,
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a b

4.15
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, .
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, “ ”.

“ ” ,

, .
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(Ohyama et al. 1982, Olofsson et

al. 2004). ,

, ,

, 0.05 ,

, (Arias-Cuevas 2010, Gallardo-Hernandez et al. 2008,

Lewis et al. 2009, Li et al. 2009, Olofsson et al. 2004, Wang et al. 2011, Zhang et al. 2002).

,

, 300 km/h .

,

“ ” , ,

.

, 4.16 . Ohyama

( ) ,

(Ohyama 1991). , Chen (2002)
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. (1998, 2000)

, Chen

, , ,

,
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, ( 500 km/h)

,

, ,

. “ ”

, .

, 2 ,

,

( 2011; et al. 2012, 2013a, 2013b). Chen (2005)

,

. ,

(h/σ) ( )

, ,

, . ,
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, ,

. , Moes M = 4203.6,

L = 0.107 2 ( η0 = 0.001 03 Pa·s, u = 50 km/h, w = 14t)

, ,

, ,

512×256×5. 2 : (1)

, ,

, ; (2) , .

,

. , ,

(Wu et al. 2013a). ,
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, ,

(Jin et al. 2007). ,
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.
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.

, ,

.

5.2.1

, ,

. , .

. , . ,

, ,

.

.

.

, . Chu (Chu 1979,

1980; Wiriyachai et al. 1982) .

(1992) ,

, -- , -- .

-- , 10 ,

3 Eu1er , Hertz

. ,

-- .

, .

(1981) 5 17 . (2005)

, 17

. ( , 1994),

.

, Hopf

. . (2008)

, 17 ,

Kalker ,

.

, . , ,

. ,

, , . (2007)
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a b

c

5.1

. (a) ( ), (b) (

),(c) ( )

,

. 5.1 . 5 ,

. , .

(1995) ,

. (1997) --

, 19 , 30

. “ ”

, ,

, Wilson–θ ,

,

. Song (2003) Lagrange

. (2005) ,
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Simulink , .

, ,

.

,

. Bruni (2011)

.

, .

(Gasch et al. 1981, 1983)

. , (Ahmadian et al. 1998a, True 1992, Yabuno et al. 2002,

1994, 1996) .

(Cheng et al. 2009, Dukkipati et al. 2001a, 2002, Lee et al.

2005b). Cheng (Cheng et al. 2009, Lee et al. 2005a) 6 14 20

21 , ,

( 5.2) ( 5.3) . ,

,

. Hannebrink (1977)

, ,

, . Yang (1995)

Hopf . Knothe (1999)

. Zboinski (2011)

. Lee (2005b)

.

( 2001, 2000, 2003, 1992,

2007) , , .

-- ,

. , .

, .

.

, ,

. Runge–Kutta Newmark Wilson–θ .

, , .

(2007) , ,

Newmark , , .

( 2007, 2008) (PEM)
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. MEDYNA, VOCO, NUCARS (DeLorenzo
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5.4

ADAMS/RAIL

. ,

.

, ,

( Runge–Kutta Newmark Wilson–θ ) ,

.

, ,

, . , ,

.

, . (2014)

, .

,

, . ,

, ,

. ,

, ,

, ,

.

, , ,

. ,

. , .

5.2.2

,
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. , (FEM) ,

, . , ,

, . (30∼500 Hz)

( 500 Hz)

. , . ,

10 Hz, , . ,

. ,

,

, ,

(Escalona et al. 2013, Popp et al. 1999).

, -- (ALE) (Kaiser et

al. 2003, Seo et al. 2006, Shabana 2005), , Finite-segments method

(Hamper et al. 2012), (Galv́ın et al. 2007), Discrete element method (DEM)

(Ergenzinger et al. 2012, Lim et al. 2005) . ,

, .

, .

, (Baeza

et al. 2008, Kaiser et al. 2006).

(Jaiswal et al. 2002, Meinders 1998, 2008, 5.5∼ 5.7)

. ,

, . ,

, .

, ( ),

. Szolc (1998) ,

.

. Kaiser (Kaiser et al. 2003, 2006; Popp et al. 1999) ,

. ,

. ,

. ( ),

.

(2005) , ,

. ,

. ,

. Dietz (1998) ,
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, ,
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, . ( , , , 2004;

, , 2004) ,
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Y

X

Z

5.8

( 2012)

, ,

.

, ( 2012 ( 5.8), 2012,

2009, 2009) .

,

. , , ,

, .

, ,

. .

,

, ,

.

,

. ,

Carlbom (2000)

. 4

, ,

. Diana (2002) .

. 0∼50 Hz 33

, ,

, .

(2005) 3

, . ,



: 355

a b
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. (a) 11.3Hz, (b) 12.4 Hz

5.10

, . Tomioka (2003)

. ,

. , ,

. ,

. Suzuki (1997) ,

,

. Young (2003) Timoshenko ,

Timoshenko , ,

. ( 2008)

, . 5.9

.

Stribersky (2002) SIMPACK

, 5.10,

, .

Cheli (2011) ADTreS

, .
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5.11

0∼25Hz 33 ,

/ / . .

. (2012)

SIMPACK

,

. . ,

. ( 2006;

2006, 2007) SIMPACK

. ,

, ,

.

(2014) SIMPACK ANSYS ,

5.11.

,

. , ,

.

, . 5.12

.
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. . ,

, .

(Fehr et al. 2010, Yoo et al. 1986) . ,
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, ,

, (Modal Neutral File),

ADAMS . SIMPACK (Eichberger et al. 2007,

2009, 2010, 2006), ,

. ,

(SID ). SID FEMBS

FEM , SIMPACK .

, , , ( 2003,

1999, 1991) ( Guyan

Ritz ),

.

, .

.

,

.

5.3

5.3.1

,

. ,

( 1994). .

,

.

( ),

,

(Cui et al. 2012, 2008). , 6

, : (4 ) (2 ) .

. ,

( );

,

.
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Ẋ = AX, A = [∂fi/∂xj ]|x=x0 , i, j = 1, 2, · · · (5.1)

, X , x0 , A

. , A , ,

Vcr. 5.13 : 0 ,

; 0 , , ;

0 , .

. (Zeng 2001, ,

1994, 2005) ,

. Kim

(2010, 2011) . Ahmed Sankar (Ahmed

et al. 1987, Waak et al. 1987) . He
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McPhee (He et al. 2002) ,

. Wang Liao (Wang et al.

2010) ;

12 AutoSimTM ,

, 16 ,

. Cheng Hsu (Cheng 2012)

, , 27 14

; , 14 27

, . Cheng

(2012) , 28

, , ;

; ,

. Meisinger (Reinhold 1999)

, ,

. Lee Cheng (2005a, 2005b, 2006)

, ,

; , ,

.

,

.

( 300 km/h ),

, . , (

2013) ,

MŸ +C(CL, CD, CC, CMx, CMy,U ,V )Ẏ +K(CL, CD, CC, CMx, CMy,U ,V )Y = 0 (5.2)

, CL, CD, CC, CMx, CMy

, U ; V ; M , C, K

; K(CL, CD, CC, CMx, CMy, U , V ), C(CL,

CD, CC, CMx, CMy, U , V ) .

,

. ( 10.7 m/s) ,

, 5.14 .

, 25.4%. ,
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), ( ) ,

. 20 , ,

.

5.3.3.1

, .

,

. Hannebrink, Lee, Wein-

stock Hedrick (1977)

. , ;

. Meijaard De Pater (1989) ,

, , ,

, . Knudsen, Feldberg, True, Slivsgaard, Rose (Knudsen et al.

1992, 1994) ;

, . Ahmadian Yang (1998b)

, Hopf ,

. Yabuno, Okamoto Aoshima (2002)

,

. von Wagner (2009) ,

. Mohan

Ahmadian (2004) --

, ,

, ; ,

,

.

, ,

. , .

5.3.3.2

,

,

. 2 1 , .

, .

, . Wickens

(1965) , ,
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. Ahmed Sankar (Waak et al. 1987)

, . (1995)

,

. Ahmadian Yang (1998a) ,

Hopf ; ,

. , ( 2004)

Cooperrider , Hopf . ,

(2007)

. Sedighi Shirazi (2012) (equivalent functions)

, ; ,

; , ,

( )

. Eom, Kang Lee (2013) , ,

, .

5.3.3.3

,

. ,

. ( 5.16 ( 2004)),

( 5.17 ( 1994)) ; , -- --

; .

.
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5.17

(1)

,

. ,

. Tuten, Law Cooperrider (Tuten et al. 1979)

, ,

, . (1994)

, 27 . ,

, (2009) 4 ,

LMA 300 km/h∼350 km/h ,

XP55 250 km/h∼300 km/h , LM

, S1002 .

, ,

. .

, , , (2008) ,

. , (2010) CRH5

, ,

,

.

(2000) 31 ,

, . Baeza, Carballeira Roda

(2006) ,

; , . ,

(2008) 17 , ,

, ; ,
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.

,

. .

, . , ,

(2005) Simpack 6 6

, .

, ; , . ,

(2003) ,

,

.

(2)

,

, . Stichel (2002)

, ,

. , , ,

( 2007) ,

.

Younesian, Jafari Serajian (2011) ,

, ,

. (2012) 250km/h

, . ,

, (2012) ,

,

.

, ,

. Hirotsu, Terada, Hiraishi Yui (1991a)

,

,

. (2005)

, .

, ,

. Abood Khan

(Karim et al. 2010) .
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Alonso, Giménez Gomez (Alonso et al. 2011) ,

-- ,

;

. ,

. , ( 2005)

Simpack , ,

. Cui, Li, Jin Ding (2012)

, Ruzicka ,

.

, .

, . Froment, Aubry

Castel (1998)

, .

(3)

, , .

,

.

,

, Dukkipati Narayana (2001b)

,

( 2 );

( ,

), , ;

, , ,

. Dukkipati Narayana (2001a)

,

. , Zboinski

Dusza , . Zboinski Dusza (2006)

,

; ,

; , . (Zboinski

et al. 2008) 4 4

,

, 4 --
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, . Zboinski Dusza (2010)

, 2

, ; . ,

(Zboinski et al. 2011)

.

. Durali Ba-

habadi (2004) 43 ( 2

12 , ),

. Sugiyama, Matsumura, Suda Ezaki (2011)

,

. Lee Cheng (2008) (

), ,

.

(4)

,

. , ,

, ( ) ( 2007). Zhai

Wang (2010) ,

, . (

2011) -- ( ) ,

. Gialleonardo, Braghin Bruni (2012)

( ) , ,

,

. , (2012) -- ( )

,

.

,

. , (2008) Simpack ,

, ,

.

(5)

,

,

. (1994) ,
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. (1996)

Hopf . (1996)

, . (2000)

, ,

. (2008)

. Polach Kaiser (2012) 2

: brute-force , 2 ; ,

,

( 2 ),

brute-force , , ,

. Dong, Zeng Xie , CRH2

CRH3 , 2 . Huang, Zeng

Liang (2013)

; : ,

; ;

. True (2013)

, .

(6)

,

. , 5.18 .

. Zeng Wu (2004) ,

, . (2004)

,

; ,

, , . (2008) 3

, ,

; ,

.

5.4

, .

, , , , , ,

( 2011). ,
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-- (stick-slip) . :

, -- ,

, .

2 . 1 ,
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, .
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, .
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1996, 2001, 2004, 2009; Zhao et al. 2002; 2007).

, -- .

. , , , --

, -- ,

. .

,

,

. Eular

Timoshenko 2 , ,

, . (2003, 2004, 2006)

Timoshenko Eular 2 ,

Timoshenko . Timoshenko ,

Eular , .

(2009) , ,

5.29 . 35

, 2 ,

3 . 2 ,

. ,

. .

, . (2007, 2011)

,

, . (2009) -- ,

CA ,
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5.29

, . (Lei et al. 2010,

2006) CRTSII , -- --

, CA

. :

. Sun (2002, 2003, 2007) ,

, .

350 km/h . ,

, ,

: , , 1/2

.

, , ,

(2014) SIMPACK ANSYS ,

5.30.

.

. ( 5.31) ,
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弹性车体

弹性钢轨

扣件
赫兹接触

轨道板轨下垫层
板下垫层

支承层

V

5.30

翘曲轨道板
无翘曲轨道板

3.25 m/34.18 Hz

6.45 m/17.22 Hz

0 100频率/Hz

车
体
垂
向
振
动
加
速
度
功
率
谱
密
度

/

(
(
m

/
s
)
2
/
(
1
/
s
)
)

0.004

0.002

0

5.31

, 2 ,

(17.22 Hz) 1/2 (34.18 Hz), .

5.7

, ,

, . ,

. ,

.
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频率加权的垂向加速度有效值比

后转向架上
方中心处

前转向架上
方左侧墙处

前转向架上
方中心处

车体中心上
方左侧墙处

前转向架上
方中心处

后转向架上
方左侧墙处
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/
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5.32

, , ,

, . Gerhard (2007)

,

5.32 . Hansson (2004)

1:5 ,

. Gerhardl ,

3 .

SIMPACK Simulink , ,

. Kozek (2011)

5.33 ,

. ,

, , .

,

, . ,

, 5.34 . ( 2009)

,

. , ,

, .

, .

, , ,
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5.33

a b c

K C

m

X
1

X
2

.

.

K KC C

m m

X
1

X
2

.
X

2

.

.
X

1

.

5.34

. (a) , (b) , (c)

, . ( 2006, 2002)

, , ,

.

.

, Wu Zeng (2004)

. Foo Goodall (2000)

.

. 300 km/h 500

( 2013).
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:

. E2-1000

40%, 25% ( 2005).

, .

5.8

,

, .

, ,

. ,

, , ,

.

, , ,

, .

, , ,

.

. ,

, , ,

, .

, .

,

, : , ,

, , .

—– , .

,

. ,

( 2013),

, .
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6 ∗

6.1

.

, , 209HS

, CW-160

,

“ ” “ ”

. 2008 8 , CRH1, CRH2, CRH3

CRH5 , 17 km,

, ,

( 6.1 6.2) , ,

.

,

( 1992, 2006, 2007).

(Beretta et al 2005, Zerbst

et al. 2005a, 2005b). , AAR

. ,

UIC . ,

, JIS .

,

.

6.2

(

) 3 . , ,

; , ,

;

, , .

6.3 ( 2009).

∗ : 1,
1 E-mail: wjwang@bjtu.edu.cn
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6.1

6.2

Goodman

6.3

. ( )

. ,
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TIME=3
2SR  (AVG)
TOP
DMX=0.723468
SMN= 125.362
SMX=106.764

b1

b2

a1

a2

125.362     99.57     73.778     47.986    22.194     3.597        29.389        55.181         80.973          10
File: chelun

6.4

. (a1) , (b1) , (a2)

, (b2)

, .

( 6.4) , ,

, .

,

.

(UIC515-4/1993, UIC615-4/1994, EN 13262: 2004, EN 13261: 2003, EN12663-2000,

JIS E 4208-1988) , GOODMAN Haigh

( 6.5), 1 000 .

: ,

; , ,

,

.

-- ,

( )

, ,
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5 

100

150

200 

250

-350 -250 -150 -50 50 150 250 350  0

6.5

,

, .

6.3

. ,

. ,

, ( 2000).

, .

,

. ,

.

6.3.1

.

, .

. ,

-- , . ,

. ,

, .

3 , ,

( 2009).
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, ,

,

( 2001); ,

, .

,

, ,

, ( 2012).

,

,

. 6.6

. ,

, ,

,

.

6.7

. (1) ; (2)

( ) ; (3)

, 49 MPa,

2 , 1 ;

, 4.7 MPa( 17%). 6.8 CRH5

CRH3 , : (1)

, , ; (

) ; (2)

( ) , 350 km/h

300 km/h, , .

6.3.2

,

, ,

( 10%∼90%) , P–S–N ;

, -- ( , 6.6).

P–S–N , 6.9 (

2009).

, ,
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. (a) , (b) ,
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, .
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6.7

. (a)

, (b) , (c)

, . (6.1)

σaeq =

[
L

L1N
Σni(σi)

m

]1/m
(6.1)

, L ; L1 ; σi

i ; ni σi ; m S–N

, , 3.0∼3.5; , m ; N

. , N = 2× 106 ;

, N = 107 .

, GB 50017-2003 BS
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35 40 45 50 55 60

D3

D1

D7

D5

/km

/ km

350 km/h降为300 km/h

/
M

P
a

/
M

P
a

b

a

30

25

20

15

10

5

0

CG60

CG55

CG58

CG56

CG59

秦沈客运专线 石太线
齿侧制动梁

Τ10
6

Τ10
4

6.8

. (a) CRH5

( ), (b) CRH3

N1 N2

n2

ni

10
7

σ1

1/m

(Miner)

D＝S      ＝   +    +    +...

σ2

P S N

P S N ni

Ni

n1

N1

n2

N2

n3

N3

1 1

D ni

Ni

( ) T =   =       
S

6.9



: 393

a b

6.10

. (a) , (b)

7608 (GB 50017-2003) JSSC (BSI.BS

7608-1993) AWS D1 1/D1 1M IIW doc.XIII-1965-

03/XV-1127-03 (AWS.AWS D1.1/D1.1M-2006)

AAR(Hobbacher 2007) S–N 200

; JIS E4207(JIS E 4207-2004)

, 2 .

, 99%

200 ,

, . 2009 ,

( 6.10)

, (20∼50) km.

,

, , ,

.

, . 6.11

1 200 km .

6.4

,

. ,

--

, ( 2002).

, ,

(90% ) , ( 2000).
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6.11

1 200 km

,

. 20 90

, , (Schutz et al.

1994, Palma 2002, Firat & Kocabicak 2004, Conle & Chu 1997, Lee 2005).

EQ1030T ,

( 1999), (2005)

(2006) .

, AAR VII ,

, (AAR

1999). , ,

( 1980, Grubisic 1994, Smith 2002, Le 2003, Epaarachchi & Clausen 2006,

Hewitt & Weiss 2003, Jernej & Matija 2008, Hong et al. 2006, Miroslaw 2008),

.

, , 3

: (1) : / ,

, ; ,

. (2) ,

, . (3) : ,

, -- , ,

. 3 , , , 2

. , ,

.
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6.12

6.4.1

( 6.12). 4

, ;

, ;

, ;

;

.

6.4.2

, (

2012). , ,

. ,

, , ,

, .

, 4

4 ( 6.13 6.14),

,

. ,

. , ,

. ,

, , .
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. , 40%,

.
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6.20

6.1 (kN)

3-H 71.4 58.7 6.4

4-H 63.8 55.8 4.0

3-H 67.1 61.5 2.8

4-H 61.9 56.3 2.8

6.2 (kN)

3-H 20.9 –20.9 20.9

4-H 24.7 –16.7 20.7

3-H 7.3 –15.3 11.3

4-H 19.6 –6.3 13.0

6.4.4

“ ”. ,

, ,

, , ( 2011).

.
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6.3 (×107/C)

1 0.025 0.036 0.069

2 0.035 0.014 0.084

3 0.026 0.011 0.026

4 0.037 0.072 0.130

5 0.021 0.018 0.040

6 0.050 0.041 0.074

7 0.055 0.037 0.056

8 0.180 0.015 0.180

9 0.023 0.012 0.041

, 4 4 ,

,

. ,

, ,

, . ,

, ,

( 2010). 6.19 4

. , , ,

. 6.20 , ,

. 6.3

. ,

,

,

.

6.5

.

(1) ,

, , ;

(2) ,

;

(3) , .

,

.
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7 ∗

7.1

, . (2006) ,

200 km/h, 300 km/h , “

, ”.

, .

, (International Union of Railways, UIC)

, 300 km/h , 68 dBA,

25 m , 3.5 m 91 dBA. ,

350 km/h, , 300 km/h

. ,

. .

. ,

, .

3 : (Talotte

et al. 2003). , . ,

, . ,

,

. ,

, .

, ,

. , ,

, .

.

. (

2010), ,

.

, .

,

∗ : 1, , ,
1 E-mail: qschen@imech.ac.cn
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, , .

.

, . ,

(DNS) (LES) (RANS)

. , DNS LES , DNS

LES . ,

,

(Sun & Song 2012). . Lighthill (1952, 1954) 20

50 Lighthill , . Curle (1955) Kirchhoff

Lighthill . Ffows Williams Hawkings

(1969) Curle , Ffows

Williams–Hawkings ( FW–H ). Goldstein (1974) Green

Lighthill . Hawkings (1979) Kirchhoff

. Farassat (1981,1988) Kirchhoff

. Francescantonia (1997) Kirchhoff

FW–H K–FWH (Kirchhoff–Ffows William and Hawkings)

. K–FWH FWH ,

(Farassat 2006). FWH , . ,

. K–FWH

.

(Grosche et al. 1980).

(Peters 1973; Remington 1976a, 1976b; Rudd 1976; Ver

1976; Galaitsis & Bender 1976; Barsikow et al. 1987), (King III

1977, 1978, 1979a, 1979b; Bechert et al. 1978; Stiewitt et al. 1980; Pfizenmaier & King

III 1984; Hanson 1993). (International Workshop on Railway Noise,

IWRN) . 2013

9 , :

.

.

, (Holmes et al. 1997)

(Kitagawa & Nagakura 2000) (Sassa et al. 2001) (Takaishi

et al. 2002) 2 (Masson et al. 2012) ,

(Holmes et al. 1997, Sassa et al. 2001)
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Green (Takaishi et al. 2002) (Masson et al. 2012).

, .

350 km/h .

, .

, , ,

. .

(2008a, 2008b) ,

. (2010, 2012) CRH3

300 km/h . (2009, 2010, 2011)

,

. (2010, 2012)

.

, , .

(2009, 2011, 2012)

. : ,

; ,

4.27 dB(A). (2011, 2012a, 2012b)

, . 270 km/h 2.5 kHz

, 90 dB ,

97 dB, . ( & 2012,

Yang et al. 2012) ,

, ,

. , ,

.

7.2

7.2.1

2008 , ,

. 2009 ,

( 2011, 2012a, 2012b, 2013; 2013,

Yu & Li 2013a, 2013b), 11

( 7.1). 11 : Rocket, River, Horse, Dragon, Sword, Crane,

Emu08, 9, 11, Warrior n+ p.
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7.1

, (1) Rocket, (2) River, (3) Horse, (4) Dragon,

(5) Sword

.

CAA++ , 7.2 .

CAA++ (RANS) .

, (NLAS)

, NLAS Navier–Stokes ,

, . ,

K–FWH .

: (a) 3

1:1 , . (b)

. . (c)

, 5 .

.

NLAS . ,

Cubic k–ε . Cubic k–ε (Graft et al.
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CAD

CAA

CFD

N-S

N-S

Kirchoff

FW-H噪

压力探针

S-A

k-ε

SST

(ICEM)

Cubic k-ε

RNG k-ε

Realise k-ε

7.2

1999)

∂ρ̄k̃

∂t
+

∂ρ̄ũik̃

∂xi
=

∂

∂xi

[(
μ+

μt

σk

)
∂k̃

∂xi

]
+ Pk − ρ̄ε̃ (7.1)

∂ρ̄ε̃

∂t
+

∂ρ̄ũiε̃

∂xi
=

∂

∂xi

[(
μ+

μt

σk

)
∂ε̃

∂xi

]
+ [Ce1Pk − (Ce2ρ̄ε̃− E)]T−1

t (7.2)

, Pk = −ρ̄u′
iu

′
i

∂ũi

∂xj
, ρ̄u′

iu
′
j = αρ̄

2

3
k̃δij−μtS

∗
ij+c1

μtk̃

ε̃
(S∗

ikS
∗
kj−

1

3
S∗
klS

∗
klδij)+c2

μtk̃

ε̃
(ΩikS

∗
kj+

ΩjkS
∗
ki)+c3

μtk̃

ε̃
(ΩikΩjk− 1

3
ΩlkΩlkδij)+c4

μtk̃
2

ε̃2
(S∗

kiΩlj+S∗
kjΩli)S

∗
kl+c5

μtk̃
2

ε̃2
(ΩilΩlmS∗

mj+

S∗
ilΩlmΩmj − 2

3
S∗
lmΩmnΩnlδij) + c6

μtk̃
2

ε̃2
S∗
ijS

∗
klS

∗
kl + c7

μtk̃
2

ε̃2
S∗
ijΩklΩkl, S∗

ij = (
∂ũi

∂xj
+

∂ũj

∂xi
) − 2

3

∂ũk

∂xk
δij , Ωij =

(
∂ũi

∂xj
− ∂ũj

∂xi

)
, S =

k̃

ε̃

√
1

2
S∗
ijS

∗
ij , Ω =

k̃

ε̃

√
1

2
ΩijΩij .

Tt =
k̃

ε̃
max{1, ξ−1}, ξ =

√
Rt/Cτ , Rt = k̃2/(υε̃), Cτ =

√
2. :

μt = αCμfμρ̄k̃
2/ε̃. : Cμ =

2/3

A1 + S + 0.9Ω
, C1 =

3/4

(1 000 + S3)Cμ
, C2 =

15/4

(1 000 + S3)Cμ
, C3 =

−19/4

(1 000 + S3)Cμ
, C4 = −10C2

μ, C5 = 0, C6 = −2C2
μ, C7 = −C6,

fμ =
1− e−AμRt

1− e−
√
Rt

, E = AEτ ρmax[k̃

1

2 , (υε̃)

1

4 ]
√
ε̃TtΨτ , Ψτ = max

{
∂k̃

∂xj

∂τ

∂xj
, 0

}
, τ = k̃/ε̃.
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7.2.2

(NLAS),

. NLAS Navier–Stokes ,

, (Batten et al. 2004)

∂q′

∂t
+

∂F ′
i

∂xi
− ∂(F v

i )
′

∂xi
= −∂q̄

∂t
− ∂F̄i

∂xi
+

∂(F v
i )

∂xi
(7.3)

, 1 , 2 , 3 ,

.

q′ =

⎡
⎢⎢⎣

ρ′

ρ̄u′
j + ρ′ūj + ρ′u′

j

e′

⎤
⎥⎥⎦

F ′
i =

⎡
⎢⎢⎣

ρ̄u′
i + ρ′ūi

ρ′uiuj + ρ̄uiu
′
j + ρ̄u′

iuj + p′δij
u′
i(ē+ p̄) + ui(e

′ + p′)

⎤
⎥⎥⎦+

⎡
⎢⎢⎣

ρ′u′
i

ρ̄u′
iu

′
j + ρ′u′

iuj + ρ′uiu
′
j + ρ′u′

iu
′
j

u′
i(e

′ + p′)

⎤
⎥⎥⎦

(F v
i )

′ =

⎡
⎢⎢⎣

0

τ ′ij
−θ′i + u′

kτki + ukτ
′
ki

⎤
⎥⎥⎦

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(7.4)

NLAS , ,

LES , . NLAS

, RANS , NLAS

. , 3 000 .

7.2.3 K–FWH

NLAS ,

, K–FWH . K–FWH

(Francescantonia 1997)

(
1

c20

∂2

∂t2
−∇2

)
p′ =

∂2

∂xi∂xj
(TijH(f))− ∂

∂xi
(Liδ(fb)) +

∂

∂t
(ρ0Unδ(fb)) (7.5)

, Lighthill Tij = ρuiuj − Pij − c20ρ
′δij , Ui = vi +

ρ
ρ0
(ui − vi), Li = −Pijnj +

ρui(un − vn), p′ = c20ρ
′, Pij , c0

. K–FWH , Kirchhoff , FW-H ,

. FW–H

Kirchhoff FW–H , ,
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Hermanns L, Giménez J, Alarcón E. 2005. Efficient computation of the pressures developed during high-

speed train passing events. Computers & Structures, 83: 793-803.

Hewitt R L, Weiss J P. 2003. Spectrum editing for a full-scale fatigue test of a fighter aircraft wing with

buffet loading. ASTM Special Technical Publication, No1439: 113-126.

Hirotsu T, Terada K, Hiraishi M, Yui S. 1991a. Simulation of hunting of rail vehicles: The case using a

compound circular wheel protile. JSME International Journal. Ser. 3, Vibration, Control Engineering,

Engineering for Industry. 34: 396-403.

Hirotsu T, Terada K, Hiraishi M, Yui S. 1991b. Simulation of Hunting of Rail Vehicles: The Case using a

Compound Circular Wheel Protile. JSME International Journal. Ser. 3, Vibration, Control Engineering,

Engineering for Industry, 3: 396-403.

Hobbacher A F. 2007. The new IIW fatigue design recommendations—Newly revised and expanded. Welding

in the World, 51: 243-254.

Holmes B S, Dias J B, Jaroux B A, Sassa T, Ban Y. 1997. Predicting the wind noise from the pantograph

cover of a train. International Journal for Numerical Methods in Fluids, 24: 1307-1319.

Hong C H, Qiao S Y, Wu M. 2006. Simulating study of dynamic load spectra identification method of

machinery in cepstrum domain. Journal of China University of Mining and Technology, 16: 22-24.

Hoppmann U, Koenig S, Tielkes T, Matschke G. 2002. A short-term strong wind prediction model for

railway application: Design and verification. Journal of Wind Engineering and Industrial Aerodynamics,

90: 1127-1134.

Howe M, Iida M, Maeda T, Sakuma Y. 2006. Rapid calculation of the compression wave generated by a

train entering a tunnel with a vented hood. Journal of Sound and Vibration, 297: 267-292.

Hsu C W, Lee Y, Liao C H. 2010. Competition between high-speed and conventional rail systems: A game

theoretical approach. Expert Systems with Applications, 37: 3162-3170.

Huang C, Zeng J, Liang S. 2013. Carbody hunting investigation of a high speed passenger car. Journal of

Mechanical Science and Technology, 27: 2283-2292.

Hwang J, Yoon T S, Lee D H, Lee S G. 2001. Numerical study of unsteady flowfield around high speed

trains passing by each other. JSME International Journal Series B, 44: 451-464.



: 445

Iida M, Maeda T. 1990. Numerical calculation of pressure transients in railway tunnels. RTRI Report, 4:

54-62.

Iida M, Matsumura T, Nakatani K, Fukuda T, Maeda T. 1996. Optimum nose shape for reducing tunnel

sonic boom, Institution of Mechanical Engineers Paper C514/015/96.

Ikeda M, Takaishi T. 2004. Perforated pantograph horn aeolian tone suppression mechanism. QR of RTRI,

45: 168-174.

Ikeda M, Yoshida K, Suzuki M. 2008. A flow control technique utilizing air blowing to modify the aerody-

namic characteristics of pantograph for high-speed train. Journal of Mechanical Systems for Transporta-

tion and Logistics, 1: 264-271.

Ishihara T, Utsunomiya M, Okumura M, Sakuma Y, Shimomura T. 1997. An investigation of lateral vibra-

tion caused by aerodynamic continuous force on high-speed train running within tunnels. In: Proceedings

of World Congress on Railway Research E, 531-538.

Iwnicki S. 2006. Handbook of Railway Vehicle Dynamics. Florida: CRC Press.

Jaiswal J, Blair S, Stevens A, Kay T, Iwnicki S D, Bezin Y. 2002. A systems approach to evaluating rail

life. Railway Engineering, 2002. 3-4.

Jensen C N, True H. 1997. On a new route to chaos in railway dynamics. Nonlinear Dynamics, 13: 117-129.

Jernej K, Matija F. 2008. Improved modelling of the loading spectra using a mixture model approach.

International Journal of Fatigue, 30: 1298-1313.

Jin X S, Wang Z F. 2001. Analysis of creep forces of wheel/rail. Chinese Journal of Mechanical Engineering

(English Edition), 14: 67-73.

Jin X, Wen Z, Wang K. 2005. Effect of track irregularities on initiation and evolution of rail corrugation.

Journal of Sound and Vibration, 285: 121-148.

Jin X, Wen Z, ZhangW, Shen Z. 2005. Numerical simulation of rail corrugation on a curved track. Computers

& Structures, 83: 2052-2065.

Jin X, Wen Z. 2007. Rail corrugation formation studied with a full-scale test facility and numerical analysis.

Proceedings of the Institution of Mechanical Engineers, Part J: Journal of Engineering Tribology, 221:

675-698.

Jin X, Xiao X, Wen Z, Zhou Z. 2008. Effect of sleeper pitch on rail corrugation at a tangent track in vehicle

hunting. Wear, 265: 1163-1175.

Jin X, Zhang J. 2001. A complementary principle of elastic bodies of arbitrary geometry in rolling contact.

Computers & Structures, 79: 2635-2644.

Jin X, Zhang W, Zeng J, Zhou Z, Liu Q, Wen Z. 2004. Adhesion experiment on a wheel/rail system

and its numerical analysis. Proceedings of the Institution of Mechanical Engineers, Part J: Journal of

Engineering Tribology, 218: 293-304.

Jin X, Zhang W. 1996. Analysis of creepages and their sensitivities for a single wheelset moving on a tangent

track. Journal of Southwest Jiaotong University, 20: 128-136.

Jin X S, Wen Z F. 2001. Analysis of creep forces of wheel/rail. Chinese Journal of Mechanical Engineering,

14: 67-73.

Jin X S, Wu P B, Wen Z F. 2002. Effects of structure elastic deformations of wheelset and track on creep

forces of wheel/rail in rolling contact. Wear, 253: 247-256.

JIS E 4207-2004. Truck Frames for Railway Rolling Stock—General Rules for Design.

JIS E 4208-1988. Test Method of the Static for Truck Frames and Truck Bolsters of Railway Rolling Stock.



446 45 : 201507

Johnson K. 1958. The effect of spin upon the rolling motion of an elastic sphere on a plane. Journal of

Applied Mechanics, 25: 332-338.

Johnson K. 1970. Regimes of elastohydrodynamic lubrication. Journal of Mechanical Engineering Science,

12: 9-16.

Jorritsma P. 2009. Substitution opportunities of high speed train for air transport. Aerlines Magazine, 16:

1-4.

Joseph A S. 2001. Aerodynamics of high-speed trains. Annual Review of Fluid Mechanics, 33: 371-414.

JSSC. Fatigue Design Recommendations for Steel Structures.

Kaiser I. Popp K. 2003. Modeling and simulation of the mid-frequency behaviour of an elastic bogie, In:

System Dynamics and Long-term Behaviour of Railway Vehicles, Track and Subgrade, Springer.

Kaiser I, Popp K. 2006. Interaction of elastic wheelsets and elastic rails: Modelling and simulation. Vehicle

System Dynamics, 44: 932-939.

Kaiser I. 2012. Comparison of methods analyzing bifurcation and hunting of complex rail vehicle models.

Journal of Computational and Nonlinear DynamicsOctober, 7: 041005-1.

Kalker J. 1964. The transmission of force and couple between two elastically similar rolling spheres. Proc.

Kon. Ned. Akad. van Wetenschappen B, 67: 135.

Kalker J. 1973. Simplified theory of rolling contact. Delft Progress Rep, 1: 1-10.

Kalker J. 1982. A fast algorithm for the simplified theory of rolling contact. Vehicle System Dynamics, 11:

1-13.

Kalker J. 1988. Contact mechanical algorithms. Communications in Applied Numerical Methods, 4: 25-32.

Kalker J J. 1967. On the rolling contact of two elastic bodies in the presence of dry friction. The Netherlands:

Delft University Delft.

Kalker J J. 1990. Three-Dimensional Elastic Bodies in Rolling Contact. New York: Springer.

Karim H A A, Rasheed A K. 2010. Investigation to improve hunting stability of railway carriage using

semi-active longitudinal primary stiffness suspension. Journal of Mechanical Engineering Research, 2:

97-105.

Khier W, Breuer M, Durst F. 2000. Flow structure around trains under side wind conditions: A numerical

study. Computers & Fluids, 29: 179-195.

Kikuchi K, Uchida K, Nakatani K, Yoshida Y, Maeda T, Yanagizawa M. 1996. Numerical analysis of pressure

variation due to train passage using the boundary element method. Railway Technical Research Institute,

Quarterly Reports.

Kim H D. 1997. Aerodynamic analysis of a train running in a tunnel (1). Korean Soc Mech. Eng (KSME),

21: 63-72.

Kim P, Jung J, Seok J. 2011. A parametric dynamic study on hunting stability of full dual-bogie railway

vehicle. International Journal of Precision Engineering and Manufacturing, 12: 505-519.

Kim P, Seok J. 2010. Bifurcation analysis on the hunting behavior of a dual-bogie railway vehicle using the

method of multiple scales. Journal of Sound and Vibration, 329: 4017-4039.

Kim S H, Moon Y O, Seok J H, Kim K L, Kim C D, Yoo H S. 2008. A study on tunnel cross-section

design with particular consideration of aerodynamic characteristics for the Honam HSR. In; Underground

Facilities for Better Environment and Safety, World Tunnel Congress, India.

Kim Y, Kwon H, Kim S, Kim C, Kim T. 2003. Correlation of ride comfort evaluation methods for railway

vehicles. Proceedings of the Institution of Mechanical Engineers. Part F : Journal of Rail and Rapid



: 447

Transit, 217: 73-88.

King III W F, Bechert D. 1979a. Aerodynamic noise generated by high-speed trains. Noise control Engi-

neering, 13: 13-23.

King III W F, Bechert D. 1979b. On the sources of wayside noise generated by high-speed trains. Journal

of Sound and Vibration, 66: 311-332.

King III W F. 1977. On the role of aerodynamically generated sound in determining wayside noise-levels

from high-speed trains. Journal of Sound and Vibration, 54: 361-378.

King III W F. 1978. On measurements of aerodynamic noise generated by a high-speed electric train.

Physics Letters A, 69: 297-300.

Kitagawa T, Nagakura K. 2000. Aerodynamic noise generated by shinkansen cars. Journal of Sound and

Vibration, 231: 913-924.
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Poetsch G, Evans J, Meisinger R, Kortüm W, Baldauf W, Veitl A. Wallaschek J. 1997. Pantograph/catenary

dynamics and control. Vehicle System Dynamics, 28: 159-195.

Poetsch G, Wallaschek J. 1995. Proceedings of the International Symposium on Cable Dynamics, 565-572.

Poetsch. G W, Thorsten S. 2001. Simulation der wechselwirkung zwischen stromabnehmer und oberleitung.

ElektrischeBahnen, 99: 386-392.



: 451

Polach O. 2010a Application of nonlinear stability analysis in railway vehicle industry. In: Non-smooth

Problems in Vehicle Systems Dynamics, Springer.

Polach O, Vetter A. 2004. Year Methods for running stability prediction and their sensitivity to wheel/rail

contact geometry. In: Paper on the 6th International Conference on Railway Bogies and Running Gears,

Budapest, Hungary.

Polach O. 2005. Influence of wheel/rail contact geometry on the behaviour of a railway vehicle at stability

limit. In: Proceedings of the ENOC-2005, Eindhoven University of Technology, The Netherlands, 7-12.

Polach O. 2006a. Comparability of the non-linear and linearized stability assessment during railway vehicle

design. Vehicle System Dynamics, 44: 129-138.

Polach O. 2006b. On non-linear methods of bogie stability assessment using computer simulations. Pro-

ceedings of the Institution of Mechanical Engineers. Part F : Journal of Rail and Rapid Transit, 220:

13-27.

Polach O. 2010b. Characteristic parameters of nonlinear wheel/rail contact geometry. Vehicle System

Dynamics, 48: 19-36.

Popp K, Kruse H, Kaiser I. 1999. Vehicle-track dynamics in the mid-frequency range. Vehicle System

Dynamics, 31: 423-464.

Raghunathan R S, Kim H D, Setoguchi T. 2002. Aerodynamics of high-speed railway train. Progress in

Aerospace Sciences, 38: 469-514.

Reinhold M. 1999. Curving simulation and stability of a creep-controlled wheelset for high speed rail-vehicles.

Journal of the Brazilian Society of Mechanical Sciences, 21.

Remington P J. 1976a. Wheel-rail noise—Part I: Characterization of the wheel/rail dynamic system. Journal

of Sound and Vibration, 46: 359-379.

Remington P J. 1976b. Wheel-rail noise—Part IV: Rolling noise. Journal of Sound and Vibration, 46:

419-436.

Rudd M J. 1976. Wheel-rail noise—Part II: Wheel squeal. Journal of Sound and Vibration, 46: 381-394.
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Abstract As a result of the ”Speed Up” campaigns initiated in the end of last century

when commercial train service averaged 48 km/h, China now has the world’s longest high

speed rail (HSR) network. In the past decade, China Railway High-speed (CRH) has under-

gone numerous technological innovation to ensure their safe, eco-friendly, and economical

operation. With the privilege of involving in the construction and operation of such a large

scale and long distance HSR network, researchers and engineers in the field have gained sys-

tematic and deep understanding about the dynamic system composed of train, wheels and

rails, catenary and pantograph, and aerodynamic resistance. In this review paper, we sum-

marize current research progress covering aerodynamics, catenary-pantograph interaction,

dynamics and related issues of carbody, stability analysis, rail-wheel interaction, reliability

of key components, and mechanisms about noise-generation. At the end, we supply our

perspective about opportunities and challenges for future research and development on the

mechanics of high speed rail.
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